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The bioavailability and maturing clearance of doxapram in
preterm infants

Robert B. Flint@'*3, Sinno H. P. Simons’, Peter Andriessen?, Kian D. Liem?, Pieter L. J. Degraeuweé, Irwin K. M. Reiss', Rob Ter Heine?,
Aline G. J. Engbers’, Birgit C. P. Koch? Ronald de Groot®, David M. Burger®, Catherijne A. J. Knibbe”®, Swantje Véller” and DINO Research Group

BACKGROUND: Doxapram is used for the treatment of apnea of prematurity in dosing regimens only based on bodyweight, as
pharmacokinetic data are limited. This study describes the pharmacokinetics of doxapram and keto-doxapram in preterm infants.
METHODS: Data (302 samples) from 75 neonates were included with a median (range) gestational age (GA) 25.9 (23.9-29.4) weeks,
bodyweight 0.95 (0.48-1.61) kg, and postnatal age (PNA) 17 (1-52) days at the start of continuous treatment. A population
pharmacokinetic model was developed using non-linear mixed-effects modelling (NONMEM®).

RESULTS: A two-compartment model best described the pharmacokinetics of doxapram and keto-doxapram. PNA and GA affected
the formation clearance of keto-doxapram (CLrormation KeTO-DOXAPRAM) @Nd clearance of doxapram via other routes (CLpoxapram
oTHER RouTes)- For a median individual of 0.95 kg, GA 25.6 weeks, and PNA 29 days, CLrormaTiON KETO-DOXAPRAM Was 0.115 L/h (relative
standard error (RSE) 12%) and CLpoxapram oTHER RouTEs Was 0.645 L/h (RSE 9%). Oral bioavailability was estimated at 74% (RSE 10%).
CONCLUSIONS: Dosing of doxapram only based on bodyweight results in the highest exposure in preterm infants with the lowest
PNA and GA. Therefore, dosing may need to be adjusted for GA and PNA to minimize the risk of accumulation and adverse events.
For switching to oral therapy, a 33% dose increase is required to maintain exposure.
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IMPACT:

® Current dosing regimens of doxapram in preterm infants only based on bodyweight result in the highest exposure in infants
with the lowest PNA and GA.

® Dosing of doxapram may need to be adjusted for GA and PNA to minimize the risk of accumulation and adverse events.

® Describing the pharmacokinetics of doxapram and its active metabolite keto-doxapram following intravenous and
gastroenteral administration enables to include drug exposure to the evaluation of treatment of AOP.

® The oral bioavailability of doxapram in preterm neonates is 74%, requiring a 33% higher dose via oral than intravenous
administration to maintain exposure.

INTRODUCTION
A common symptom of neurological and respiratory under-
development in preterm born infants is apnea of prematurity
(AOP). AOP decreases oxygen saturation and can result in hypoxic
episodes that are harmful to the infant’s short- and long-term
neurodevelopmental outcomes.! Endotracheal intubation is a
potentially dangerous procedure in patients as small as preterm
babies, and invasive ventilation is related to chronic lung disease.*
Although caffeine is the first-choice pharmacological agent for
the treatment of AOP with a good efficacy and safety profile,*® in

a proportion of patients AOP persists despite adequately dosed
caffeine treatment and maximal noninvasive respiratory support.
In these patients, the additive use of doxapram in the therapy has
been shown to prevent a large proportion of endotracheal
intubation and invasive ventilation.”® Doxapram has been
frequently used for reducing apnea and hypoxic episodes in very
preterm infants in countries such as Germany, Belgium, the
Netherlands, Austria, Japan, Australia, Canada, France, Denmark,
and ltaly, although its use in children and neonates is off-label.
Evidence about efficacy and safety has been described in a few
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studies reporting successful control of AOP that was unresponsive
to methylxanthines.>'® Oral administration has also been
reported, using a 2-fold higher dosage than the reported
intravenous (IV) dosage, despite an unknown bioavailability.'®

Doxapram stimulates respiration by inhibition of the K*
channels of the peripheral chemoreceptors located in the carotid
bodies.'® Furthermore, doxapram increases minute ventilation and
tidal volume via the respiratory neurons in the central nervous
system.'*'® Doxapram is primarily metabolized by CYP3A4, and to
a lesser extent by CYP3A5, into keto-doxapram, which has a
pharmacological activity of ~80% compared to doxapram.'’~"?
Maturation of CYP enzymes is likely to play a significant role in
doxapram pharmacokinetics (PKs), which affects the individual
drug exposure and therefore the effectiveness and safety. As
hardly any data are available on doxapram PKs and pharmaco-
dynamics (PDs) in prematurely born neonates, further investiga-
tion is urgently needed.

Population PKs and PD modeling are increasingly applied to
data from preterm infants as it can efficiently handle sparse and
infrequently collected data.?® Besides quantifying PK parameters,
it offers the possibility to quantify inter-individual variability and
identify covariates, and can thereby be used to optimize drug
dosing.?'*> Reported evidence on a PK-PD relationship of
doxapram in preterm infants is limited to two small cohorts:
Barbé et al.”® on side effects and Jamali et al.** on effectiveness;
Ogawa et al.'® described the population PKs in 34 preterm
Japanese neonates (gestational age (GA) 24-33 weeks)'® and
found that the total clearance (CL) of doxapram was affected by
postmenstrual age (PMA), bodyweight, and aspartate aminotrans-
ferase levels. Volume of distribution was influenced by GA. Despite
this maturation of doxapram CL, dosing has yet been based on
bodyweight alone, leading to marked differences in exposure
between patients. Herewith, over- and undertreatment are caused.

Generating more evidence on the PKs and PDs of doxapram
and keto-doxapram is therefore of great importance. In this study,
we aimed to investigate the PKs of doxapram and keto-doxapram
following IV administration, as well as oral administration using
population PK modeling. Covariates were defined and current
dosing regimens were evaluated.

METHODS

Study and treatment protocol

Data were obtained from the DINO (Drug dosage Improvement in
NeOnates) study that prospectively studied nine drugs, including
doxapram, in preterm infants (inclusion criteria GA 24-32 weeks)
in four Dutch NICUs. Doxapram was used as standard of care and
all included infants were born before 32 weeks of gestation. The
Erasmus MC ethics review board approved the protocol and
written informed consent from parents/legal guardians was
obtained  prior to  study initiation  (MEC-2014-067,
NL47409.078.14, ClinicalTrials.gov by NCT02421068). Doxapram
administration (as hydrochloride, Dopram®, Manage, Belgium) was
initiated if the attending physician judged that apnea or
bradycardia persisted despite optimal caffeine therapy and
maximal noninvasive ventilatory support. The treatment decision
was left to the treating physician and was not further defined in
the protocol. To reach steady-state blood concentration immedi-
ately, doxapram therapy could be started with a loading dose of
2.0-2.5 mg/kg administered in 15 min. The maintenance dose of
0.5-2.0 mg/kg/h was started either by continuous IV infusion or
continuous gastroenteral administration of the IV solution via a
nasogastric tube. Gastroenteral administration was only consid-
ered when enteral feeding was well tolerated. If treatment was
effective, doxapram dose could be decreased in a non-
standardized stepwise manner, and the route of administration
could be switched from IV to gastroenteral, both on the initiative
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of the attending physician. Doxapram treatment was stopped
when the patient required endotracheal intubation for mechanical
ventilation or when apnea was absent with a low doxapram
dosage <0.5 mg/kg/h.

Blood samples

Blood samples of 0.2mL were collected in EDTA tubes. To
minimize the burden for the infants, blood withdrawal was only
allowed from an indwelling arterial catheter or in combination
with a routinely scheduled blood collection for clinical patient
care. This resulted in sparse, opportunistic sampling and small
sample volumes. Directly after collection the samples were stored
at 2-8 °C, and within 24 h the sample was centrifuged, and plasma
was stored at —80 °C until quantification.

Bioanalytical analysis

Doxapram and keto-doxapram plasma concentrations were
measured using ultra-performance liquid chromatography-
electrospray ionization-tandem mass spectrometry at the Phar-
macy Department of the Erasmus Medical Center, Rotterdam, the
Netherlands.?® The assay was validated according to Food and
Drug Administration (FDA) guidelines, required 50 pL plasma
volume, and was linear over a range of 0.05-4.5mg/L for
doxapram, and over 0.05-5.0 mg/L for keto-doxapram. The lower
limits of the ranges represent the lower limits of quantification
(LLOQs). Concentrations were below the LLOQ for 24 (8.1%)
doxapram concentrations with a median of 0.02mg/L (range
0.002-0.04 mg/L) and for 25 (8.5%) keto-doxapram concentrations
with a median of 0.02 mg/L (range 0.001-0.046 mg/L). Six (2.0%)
doxapram concentrations were above the upper limit of
quantification with a median of 48 mg/L (range 4.7-6.3 mg/L).
These concentrations were reported by the laboratory and were
used in the analysis.

Dataset

From September 2014 to July 2017, 302 plasma samples from 75
newborn infants (28 females, 47 males) were evaluable for analysis
(Table 1). In 294 samples, doxapram and keto-doxapram were
quantified, and in eight samples only doxapram was measured. In
44 (59%) newborns, doxapram therapy was started with an IV
loading dose (median 2.3 mg/kg, interquartile range 2.0-3.0),
while the remaining 41% started therapy without a loading dose.
Eleven newborns (15%) started with a gastroenteral maintenance
dose. The median gastroenteral and IV maintenance dose at the
start of therapy was 2.0 mg/kg/h (interquartile range 1.9-2.0 mg/
kg/h). In total, 30 newborns (40%) were switched from IV to
gastroenteral doxapram therapy for a median duration of 11 days
(range 1-41 days). Covariates birthweight, actual bodyweight, GA,
postnatal age (PNA), PMA, and gender were retrieved from the
Case Record Forms of the DINO study.

Table 1. Patient characteristics of 75 subjects.

Median (range)

25.6 (23.9-29.4)

47/28

0.82 (0.39-1.29)
17 (1-52)

0.95 (0.48-1.61)

Gestational age (weeks)

Gender (male/female)

Birthweight (kg)

Postnatal age at the start of doxapram therapy (days)

Actual bodyweight at the start of doxapram

therapy (kg)
Total duration of treatment (days) 17 (1-47)
8 (1-28)

11 (1-41)

Duration of intravenous treatment (days)

Duration of oral treatment (days)
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Population PK analysis

The analysis was performed using non-linear mixed-effects
modelling (NONMEM®, version 7.3, ICON Development Solutions,
Ellicott City, MD, USA), supported by Perl-speaks-NONMEM
(PsN") version 3.4.2 and Xpose version 4.3.52° Amounts of
administered doxapram hydrochloride, and concentrations of
doxapram and keto-doxapram in plasma, were expressed in
molar equivalents. Model development was performed in four
steps: (1) selection of a structural model, (2) selection of an error
model, (3) covariate analysis, and (4) model evaluation. A model
for doxapram and keto-doxapram was developed by first
developing a model for doxapram only (parent model, see
Supplemental File), after which the observations of keto-
doxapram were included in the analysis of both doxapram and
keto-doxapram data (parent and metabolite model). The
absorption rate constant (k,) was fixed to a value of 1Th™', as
the sparse opportunistic sampling resulted in very few samples
taken after the initial bolus dose, which did not allow for a
reliable estimation of k,. A sensitivity analyses on the chosen
fixed value between 0.01 and 100 for k, showed no influence on
parameter estimates (data not shown). The central volume of
distribution of keto-doxapram (V3) could not be estimated and
was therefore fixed to a value of 1L, due to model identifiability.
Formation of keto-doxapram from doxapram was assumed to
only occur from the central compartment (Fig. 1). The first-order
conditional estimation method with interaction was used
throughout model development. In case of missing covariate
information, the last value observed in the subject was carried
forward. For current bodyweight, linear interpolation between
available measurements was performed. Parameter uncertainty
presented as the relative standard errors (RSE) were calculated
with the sampling importance resampling procedure.?”

The objective function value (OFV) was used to compare nested
models. A drop in OFV of more than 3.84 for one degree of
freedom was considered statistically significant (p <0.05) for
structural model selection.

The covariates birthweight, current bodyweight, GA, PNA, PMA,
and gender were evaluated using a stepwise covariate modeling
procedure.®® A significance level of p<0.01 was used for the
forward inclusion and a significance level of <0.005 for the
backward elimination. Key models as well as the final model were
evaluated using goodness-of-fit plots and normalized prediction

Vs

peripheral
doxapram

Intravenous
administration

Ka

V2
central
doxapram

Depot oral

administration
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distribution errors (npde)®® based on 1000 simulations of
the model.

Evaluation and optimization of dosing regimen

Based on the developed model, different dosing regimens were
evaluated. As the study population mainly consisted of preterm
neonates aged between 24 and 28 weeks of gestation (Table 1),
1000 Monte Carlo simulations were performed for a median
individual birthweight of 0.75kg and GA of 26 weeks and a
birthweight on the 25th and 75th percentile (i.e., birthweight 0.6
and 1.0kg corresponding with a GA of 24 and 28 weeks,
respectively) of the population. In order to account for changes in
weight during the course of doxapram treatment, the weight of
these neonates was assumed to change according to the growth
curves published by Anchieta et al.*° for preterm neonates. For
the simulations, a continuous infusion of 2 mg/kg/h starting on
PNA days 1, 10, 20, and 30 was administered over 10 days, with
and without a 2.5mg/kg bolus doses at start, which was the
median bolus and infusion dose in this cohort. Dosing was
adjusted to the changing bodyweight of the patient. As no target
concentration has yet been defined for doxapram and keto-
doxapram in preterm neonates, different dosing regimens were
evaluated for their ability to achieve comparable exposure (e.g.,
steady-state concentrations) across infants with different gesta-
tional and PNAs.

RESULTS

We here describe and evaluate a combined population PK model
of doxapram and keto-doxapram (parent and metabolite), and
refer to the Supplementary Material for the doxapram alone
(parent) model.

Population PK analysis of doxapram and keto-doxapram (parent
and metabolite model)

Modeling of 302 plasma concentrations of doxapram and 294
keto-doxapram concentrations resulted in a two-compartment
model for doxapram with intra-individual variability on CL and
volume (Fig. 1). Keto-doxapram concentrations were also best
described by a two-compartment model. A combined propor-
tional and additive error yielded the best description of the
residual variability. PNA and GA were found as best predictors for

Vs
peripheral
keto-doxapram

C LFOHMAT\ON
KETO-DOXAPRAM V3
central
keto-doxapram

CLKETO-DOXAPHAM

OTHER ROUTES

Fig. 1 Pharmacokinetic model for doxapram and keto-doxapram. CLpoxapram oTHER ROUTEs Clearance of doxapram through other routes
than metabolization to keto-doxapram, CLrormation keTo-Doxapram fOrmation clearance of keto-doxapram from doxapram, Clyero-poxapram
clearance of keto-doxapram, V; compartment for oral administration, Q, intercompartmental clearance doxapram, Q, intercompartmental
clearance keto-doxapram, V,, 3 volume of distribution of central compartment, V,, s volume of distribution of peripheral compartment, K,

absorption rate constant of doxapram.
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Fig. 2 Maturation with PNA and GA of formation clearance of keto-doxapram and clearance of doxapram via other routes. Population
clearance expressed in L/h (left) and in L/kg/h (right) of clearance of doxapram through other routes than metabolization to keto-doxapram
(CLpoxaPram OTHER RouTEs) (@) and formation clearance of keto-doxapram from doxapram (CLrormaTion keTo-Doxapram) (B) for premature infants
with a gestational age of 24 (lowest line), 26 (middle line), and 28 (upper line) weeks versus postnatal age [days].

changes in the different CL parameters. This applied to the
elimination of doxapram through routes other than metaboliza-
tion to ketO-dOXapram (CLDOXAPRAM OTHER ROUTES) (p <0.001 (—17.9
points in OFV)) for PNA, and for GA (p < 0.005 (—8.4 points in OFV))
(Fig. 2a). This was also the case for the formation CL of keto-
doxapram from dOXapram (CLFORMATION KETO-DOXAPRAM) (p<0001
(—21.8 points in OFV for both GA and PNA)) (Fig. 2b). Although the
OFV also decreased with —23.1 points with PMA as a covariate on
CLrormaTION KETO-DOXAPRAM, WE preferred to describe the separate
influence of GA and PNA in the final model because this better
reflects physiology with intra- and extra-uterine maturation,
respectively. No other covariates were found. After introduction
of all covariates, inter-occasion variability was identified on
CLDOXAPRAM OTHER ROUTES (p <0.001 (—132.7 pOintS in OFV)). Figure 2
shows how CLpoxapram oTHER RouTEs aNd CLEORMATION KETO-DOXAPRAM
change with PNA for an infant with GA 24, 26, and 28 weeks. Oral
bioavailability was estimated at 74% (RSE 13%).

The goodness-of-fit plots of the final model for doxapram and
keto-doxapram (Fig. 3) show that the model provides a good
description of the data. The inter-individual variability in doxapram
CL (CLpoxapram oTHeR rouTes as Well as CLrormation KETO-DOXAPRAM)
and volume of distribution of the final model showed no
correlation to parameters relevant for maturation and develop-
ment. This indicates that the chosen covariates explain most of the
variability caused by maturation (Supplementary Fig. S5). There are
no remaining trends with respect to time, concentration, GA, or
PNA (Supplementary Fig. S6). The npde analysis showed no trends
towards a model misspecification for doxapram (Supplementary
Fig. S7) and keto-doxapram (Supplementary Fig. S8). The final
parameter estimates are displayed in Table 2 as well as their RSEs
calculated with the sampling importance resampling procedure.?’”
Parameter estimates for doxapram in the combined model (parent
and metabolite) were comparable to those estimated in the model
for the parent compound (Table 2).
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Evaluation and optimization of dosing regimen

In case of dosing according to bodyweight only, steady-state
concentrations predictions varied substantially between preterm
neonates of different PNAs and GAs (Fig. 4). In case a continuous
infusion (2 mg/kg/h) was started at PNA day 1, more than 2-fold
higher doxapram concentrations were observed during the first
week of life when compared to infants who started at older PNAs
(e.g., 10, 20, or 30 days, Fig. 4a). In addition, infants with a GA of
24 weeks showed higher steady-state plasma concentrations
compared to those born after 26 or 28 weeks of gestation. Stable
doxapram plasma concentrations were reached after a PNA of
~15 days and were 2.5, 2.0, and 1.7 mg/L for a GA of 24, 26, and
28 weeks, respectively. Starting doxapram treatment with a
loading dose of 2.5 mg/kg compared to without a loading dose
resulted in a predicted doxapram concentration at 0.5 h post dose
of 1.6L versus 0.5 mg/L and 2.0 versus 0.7 mg/L for a GA of 24 and
26 weeks, respectively, at PNA day 1. Figure 4b also illustrates the
additive value of a bolus at the start of doxapram therapy.

When aiming for a similar steady-state concentration across the
entire gestational and PNA range in this study, reducing the
continuous dose by 50% up to PNA day 9, and by 25% from PNA
day s10 to 15, will reduce the observed high exposure in the early
days for all GAs (Fig. 4c in comparison to Fig. 4b). After this
adjustment, differences caused by GA can be observed (Fig. 4c), which
can be corrected for by (additionally) reducing the dose by 40% for 24
and 25 weeks, and by 20% for 26 and 27 weeks of GA compared to 28
and 29 weeks. Figure 4b illustrates how keto-doxapram concentration
time profiles of preterm neonates change with different gestational
and PNAs, after a bolus dose of 2.5 mg/kg followed by a doxapram
continuous infusion of 2 mg/kg/h over a period of 10 days.

Due to an estimated bioavailability of 74% following gastro-
enteral administration of doxapram, a 33% dosage increase
compared to the IV route would be required in order to achieve
comparable exposure.
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Fig. 3 Goodness-of-fit plots of the doxapram (above) and keto-doxapram (below) model building of the final doxapram and keto-
doxapram model (parent and metabolite combined). a, b, e, f show population predicted versus observed values plotted on linear (left) and
log scale (right). ¢, d, g, h show individual predicted versus observed values plotted on linear (left) and log scale (right).
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Table 2.
(parent) model.

Pharmacokinetic parameter estimates of the final doxapram and keto-doxapram model (parent and metabolite) and final doxapram

Parameter

Final doxapram and keto-doxapram model:
Estimate (SIR RSE %) [SIR Cl]

Final parent model: Estimate (SIR RSE
%) [SIR CI]

Fixed effects
Clrotal = CL, X (PNA/29)°7MA x (GA;/25.6) 9%
CL, [L/h]
Bpna [exponent for influence of PNA on CL]
Oca [exponent for influence of GA on CL]

CI—DOXAPRAM OTHER ROUTES,p [L/h]
Bpna [exponent for influence of PNA on
CLpoxaPrRAM OTHER ROUTES]

OTHER ROUTES]
V> centraL poxapram [L]
Q1 poxapram [L/h]

Va periPHERAL DOXAPRAM [L]

CL rormaTION KETO-DOXAPRAM,p [L/]
Bpna [exponent for influence of PNA on
CI-FORMATION KETO*DOXAPRAM]

KETO-DOXAPRAMI
CL elimination kero-poxapram
V3 cenTrAL KeTo-DOxAPRAM [L] 1 (fixed)
Q> keto-noxapram [L/h]
Vs peRIPHERAL KETO-DOXAPRAM [L]
Inter-individual variability (eta)
On Clqotal [%]
On Clpoxapram oTHER RouTEs (%]
On V; centraL poxapram [%]
On CL rormaTION KETO-DOXAPRAM [%0]
Inter-occasion variability
On CL poxapram oTHER RouTEs (%)
Residual variability
Proportional [%)]
Additive [mg/L]

CLpoxapram oTHER rouTEs, = CLpoxapram oTHER RoUTES,p X (PNAY/. 209)%PNA x (GA/25.6)°"
0.645 (9 %) [0.544-0.767]
0.634 (20 %) [0.394-0.881]

BOca [exponent for influence of GA on CLpoxapram  5.92 (23 %) [3.38-8.78]

1.54 (26 %) [1.02-2.60]

0.103 (18 %) [0.074-0.146]

2.18 (18 %) [1.46-3.04]

0.735 (10 %) [0.616-0.900]

cL —cL ©OPNA 6GA

FORMATION KETO-DOXAPRAM,i = CLFORMATION KETO-DOXAPRAM,p X (PNA/29) x (GA/25.6)

0.115 (12%) [0.090-0.147]

0.377 (16%) [0.263-0.501]

BOca [exponent for influence of GA on Clrogmation 1.96 (41%) [0.41-3.51]

0.256 (12%) [0.202-0.323]
0.0443 (43%) [0.0148-0.0867]

1.24 (34%) [0.63-2.29]

50.2 (25%) [38.2-62.3]
119.6 (31%) [86.0-155]
25.8 (36%) [17.5-35.4]

55.6 (17%) [47.4-65.8]

31.3 (9%) [28.9-34.3]
0.0092 (17%) [0.0063-0.0125]

0.788 (7%) [0.683-0.901]
0.631 (14%) [0.453-0.794]
6.09 (21%) [3.60-8.39]

2.66 (17%) [1.84-3.61]
0.0366 (28%) 0.021-0.061]
6.40 (139%) [1.25-31.5]
0.738 (9%) [0.616-0.874]

41.1 (23%) [31.6-50.3]

74.7 (45%) [49.8-112]

30.4 (25%) [23.3-38.5]

31 (15%) [26.4-35.7]
0.0094 (31%) [0.0057-0.0169]

CLpoxarram oTHer routes,i Clearance of doxapram through other routes than metabolization to keto-doxapram for an individual patient i, CL ropmation keTo-
poxaprami formation clearance of keto-doxapram from doxapram for an individual patient j, V, central volume of distribution doxapram, V, peripheral volume
of distribution doxapram, Q; intercompartmental clearance doxapram, V; central volume of distribution keto-doxapram, Vs peripheral volume of distribution
keto-doxapram, Q; intercompartmental clearance keto-doxapram, F; oral bioavailability, GA gestational age (median GA = 25.6 weeks), PNA postnatal age
(median PNA = 29 days), p population mean value of a parameter for an individual with PNA of 29 days and BW of 1 kg and a gestational age of 25.6 weeks.

DISCUSSION

To our best knowledge, we successfully developed the first
population PK model to systematically describe the maturation of
PKs of doxapram and keto-doxapram in very preterm neonates
considering data from both continuous gastroenteral administra-
tion and IV infusion. We illustrate that important knowledge may
be obtained, despite being limited to observational data from
clinical care, and the use of opportunistic, sparse sampled blood to
minimize the burden. PKs of doxapram and keto-doxapram were
each best described by a two-compartment model. We found that
in our data PNA was the most important factor determining the
formation CL of keto-doxapram and the CL of doxapram that was
eliminated through other pathways. GA also influenced the two
CLs, but to a lesser extent. These findings are of relevance for
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adequate dosing in clinical care, as they reveal the unequal
exposure following the current uniform bodyweight-based
doxapram dosage regimen. In addition, we report the bioavail-
ability in preterm neonates. Our model-based estimation was 74%.

Our final model suggests that the conversion of doxapram into
keto-doxapram and the CL of doxapram other than via this route
are subject to intra- and extra-uterine maturation as the
parameters were influenced by both GA and PNA, respectively.
Namely, intra- and extra-uterine maturation are two separate
processes with different rates and drivers. Despite PMA, present-
ing a combination of GA and PNA, on conversion of doxapram
into keto-doxapram led to a comparable OFV reduction as the
separate estimation of the two factors, we preferred to describe
the separate influence of PNA and GA in the final model. From
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Fig. 4 Doxapram (left) and keto-doxapram (right) concentration time profiles (n = 1000), with the solid line representing median and
gray shaded areas 90% confidence intervals for preterm neonates with a birthweight of 0.60, 0.75, and 1.0 kg at a postnatal age of 1, 10,
20, and 30 days. a A continuous intravenous infusion of 2 mg/kg/h over a period of 10 days without a bolus dose. b A bolus dose of 2.5 mg/kg
followed by a continuous infusion of 2 mg/kg/h over a period of 10 days. ¢ compared to a 2.5 mg/kg bolus and 2 mg/kg/h continuous infusion
for all patients (see Fig. 5b), continuous infusion was adjusted as follows: PNA: 50% until PNA day 9, 75% from day 10 to 15, and 100% above
day 16. GA: 60% for GA 24 and 25 weeks, 80% for 26 and 27 weeks, and 100% for 28 and 29 weeks.

Table 2 it can be observed that most parameters could be
estimated with good reliability. The residual standard error of the
peripheral volume of distribution for doxapram in the model for
the parent compound showed a rather large residual variability
(130%). This is due to the data containing only few samples within
5h after a loading dose, which complicated the estimation of
distribution volumes with the largest impact on the peripheral
volume of distribution. Population parameter estimates of the
parent model were in line with the model for doxapram and keto-
doxapram; total doxapram CL of 0.788 versus 0.760 L/h (sum of
Clooxapram otHer routes @nd CLrormaTiON OF KETO-DOXAPRAM), CENtral
volume of distribution of 2.66 versus 1.54 L, and bioavailability of
74% versus 74%, respectively, indicating a good predictive
capacity of the combined model. The comparability of parameter
estimates from both models also indicates that the covariates
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found in the metabolite model were not influenced by the
assumptions made.

Previously, Ogawa et al."® have described the population PKs of
intravenously administered doxapram in preterm Japanese infants
with a one-compartment model. In line with our findings, Ogawa
et al.'"® found a CL of 0.698 L/kg/h and volume of distribution of
3.682 L/kg. They also found a correlation between CL and age
(postmenstrual age and current bodyweight), albeit without
reporting a separate influence of GA and PNA. Although relevant,
their model incorporates only IV administration of very low
dosages up to 0.4 mg/kg/h in older preterm neonates (median GA
29.1 weeks) and does not describe the PKs of keto-doxapram.
Recently, gender and postmenstrual age were used to individua-
lize doxapram dosing and led to a decreased variability in
measured  concentrations when compared to standard
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Fig. 5 Influence of gestational age (GA) and postnatal age (PNA) on the proportion of doxapram population clearance that is converted
to keto-doxapram (CLrormaTioN OF KETO-DOXAPRAM) @nd the proportion metabolized through other routes (CLpoxapram oTHER ROUTES). Three
bars for PNA days 1, 5, 15, and 30 represent the population clearance values for GA 24 (left), 26 (middle), and 28 (right) weeks.

bodyweight dosing.®" In our model, gender was not a significant
covariate (Supplementary Fig. S5). We cannot provide an
explanation for this.

As in adults, doxapram is primarily metabolized by CYP3A4, and
to a lesser extent by CYP3A5 in the liver, which produces the
pharmacologically active metabolite keto-doxapram.'”'® An
increased CL may be explained by enzyme maturation as well as
by an increase in liver blood flow.>*33 This has also been reported
for other drugs in preterm born infants who are substrates for
CYP3A4, such as midazolam 3**°

The high estimated oral bioavailability of 74% (RSE 10%) is
somewhat higher than the reported 60% in healthy adults by
Robson et al3® in 1979. A higher proportion reaching the
systemic circulation may be explained by an age-related lower
first-pass effect due to low CYP3A activity in the liver and in the
gut wall of newborns.>” Our model shows that, for a preterm
infant with a median GA (25.6 weeks) and PNA (29 days),
conversion of doxapram into keto-doxapram encompasses 15%
of dOXapram elimination. As both CLDOXAPRAM OTHER ROUTES and
CLFORMATION OF KETO-DOXAPRAM arle influenced by GA and PNA with
different maturation rate, the proportion of the total doxapram
CL that follows the conversion into keto-doxapram changes with
GA and PNA (Fig. 5).

Although a target concentration for doxapram has not yet been
defined, Jamali et al.** have speculated that a target concentration
of 1.5 mg/L should be aimed for, and Barbe et al.* suggested an
association with high risk of side effects above a concentration of
9mg/L for doxapram plus keto-doxapram. Yet, validated target
concentrations are lacking and the desired concentration might
be a moving target and may vary with age due to development of
the respiratory center and sensitivity of carotid bodies.33°
Nevertheless, our study offers the possibility to compare the
exposure of different dosing regimen using simulations, which
may lead to optimized dosing advices. The performed simulations
aimed at achieving comparable steady-state concentrations over
all studied gestational and PNAs. Consequently, the dose should
be reduced in newborns with low GAs and PNAs. In particular, the
continuous dose may be reduced by 50% up to PNA day 9, and by
25% from PNA days 10 to 15. It is important that clinicians are
aware of this need for lower dosing because doxapram therapy is
increasingly used in these first weeks of life. In addition but less
profound, dosing should also be corrected for GA by reducing the
dose by 40%, and 20% in newborns with GAs of 24 and 25 weeks
and 26 and 27 weeks, respectively, compared to 28 and 29 weeks
GA (Fig. 4). Another important finding for clinical practice is the
estimation of an oral bioavailability of 74%, which requires a 33%
dosage increase compared to the IV route, in order to achieve
comparable exposure. Furthermore, our population PK model
serves to predict the exposure to doxapram and keto-doxapram in
individual patients. By integrating continuous physiological PD
data with model-based drug exposure and data on adverse drug
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reactions (ADRs), we might set one step towards precision
medicine in neonatology, as has been illustrated by Poppe
et al."® ADRs are also important to take into account as the use of
one bodyweight-based dosage may have led to overexposure to
doxapram in a proportion of this vulnerable population in the
past. This may have increased the frequency of ADRs that have
been reported in preterm infants, including QT interval lengthen-
ing*" possibly resulting in an atrioventricular heart block,*?
gastrointestinal problems,*"** tachycardia,?® increased electroen-
cephalographic activity and less sleep-wake cycling,** irritability
and agitation,”>** and hypokalemia.*>**¢

Despite the valuable new findings for clinical practice, our
model has certain limitations. First, a possible effect of bodyweight
on volume of distribution of doxapram may have been missed in
our model due to the limitation that the data consisted only of
continuous doxapram administration with very few samples taken
during the first hours of therapy, which made it difficult to make
an accurate estimation of the volume of distribution. Second,
although reported by the lab, 27% of the doxapram concentra-
tions were above the upper limit of quantification. This may
increase the inaccuracy of these measurements, although Fig. 2
does not indicate inaccurate predictions of high concentrations
doxapram and keto-doxapram. Third, as inter-individual variability
could not be estimated for the elimination CL of keto-doxapram,
the estimate of the inter-individual variability might be higher on
the conversion rate than it is in reality and the individual
predictions of the keto-doxapram concentrations might be less
accurate than those for the parent compound. Fourth, below a
PNA of 5 days the model has limited predictive capacity, due to
sparse data in this period as doxapram use in these first days is
currently retained.

In conclusion, our description of the PKs of doxapram and keto-
doxapram in preterm born infants following IV and gastroenteral
administration is of great additional value to the recent
improvements with regard to treatment of AOP. Steps have been
made in the evaluation of the respiratory condition and therewith
the effectiveness of treatment.” The effectiveness of doxapram
on arterial oxygenation has been confirmed, as well as some
associated side effects. This promising drug urgently needs
further investigation. Eventually, an algorithm may be developed
to link defined patterns in oxygen saturation profiles to covariates
that influence effectiveness of pharmacotherapy, such as changes
in doxapram exposure. Herewith, dose adjustments may be
proposed tailored to the individual intensively monitored child
with a minimal risk of accumulation and consequent adverse
events.
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