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Abstract

Background: Apnea of prematurity can persist despite caf-
feine therapy in preterm infants. Doxapram may addition-
ally support breathing. Although multiple small studies have
reported the efficacy of doxapram, the structural co-treat-
ment with caffeine impedes to ascribe the efficacy to doxa-
pram itself or to a pharmacokinetic (PK) interaction where
doxapram increases the exposure to caffeine. We examined
whether there is a PK drug-drug interaction between doxa-
pram and caffeine by developing a PK model for caffeine in-
cluding infants with and without doxapram treatment.
Methods: In preterm neonates receiving caffeine, we deter-
mined caffeine plasma concentrations before, during, and
directly after doxapram co-treatment and used these to de-
velop a population PK model in NONMEM 7.3. Patient char-

acteristics and concomitant doxapram administration were
tested as covariates. Results: 166 plasma samples were col-
lected from 39 preterm neonates receiving caffeine (median
gestational age 25.6 [range 24.0-28.0] weeks) of which 65
samples were taken during co-treatment with doxapram
(39%, from 32/39 infants). Clearance of caffeine was 9.99
mL/h for a typical preterm neonate with a birth weight of 0.8
kg and 23 days postnatal age and increased with birth weight
and postnatal age, resulting in a 4-fold increase in clearance
during the first month of life. No PK interaction between caf-
feine and doxapram was identified. Discussion: Caffeine
clearance is not affected by concomitant doxapram therapy
but shows a rapid maturation with postnatal age. As current
guidelines do not adjust the caffeine dose with postnatal
age, decreased exposure to caffeine might partly explain the
need for doxapram therapy after the first week of life.
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Introduction

Neurological and respiratory immaturity in preterm
infants is thought to contribute to apnea of prematurity.
Apnea-related hypoxic episodes are harmful to the in-
fant’s neurodevelopment [1]. Caffeine is standard of care
to support breathing after preterm birth, due to its ben-
eficial effect on short- and long-term outcome [2, 3]. Caf-
feine reduces the number of apneic events and the dura-
tion of mechanical ventilation [2, 4].

If apnea persists despite optimal noninvasive ventila-
tory support and caffeine treatment, coadministration of
doxapram may be considered. This off-label respiratory
stimulant has been associated with a reduced rate of hy-
poxic events and duration of mechanical ventilation as well
as less bronchopulmonary dysplasia [5-8]. A reduction in
oxygen requirements has also been shown but is limited by
the small number of studies [7-10]. Ten Hove et al. sug-
gested that doxapram is associated with an improved neu-
rodevelopmental outcome at the age of 2 years [11].

The limited evidence on doxapram efficacy, together
with the structural co-treatment with caffeine, calls for an
investigation whether the observed effects upon start of
doxapram treatment can be attributed to doxapram itself.
In the past, when therapeutic drug monitoring caffeine
was still part of routine care, occasionally very high caf-
feine concentrations were observed when doxapram
therapy was coadministered (unpublished data). Before
doxapram can become a structural part of the apnea of
prematurity treatment plan, it is essential to exclude the
existence of a pharmacokinetic (PK) interaction between
caffeine and doxapram. Therefore, the current study
aimed to investigate if doxapram co-treatment affects caf-
feine PKs in preterm infants as a result of a PK interac-
tion. To this end, a population PK modeling approach
was applied, as this approach allows for the analysis of
clinically obtained (sparse) data and can provide knowl-
edge on the PK of a drug in clinical practice [12, 13]. For
our research question, caffeine concentration data from
individuals before, during, or after co-treatment with
doxapram together with data from individuals that re-
ceived caffeine treatment only, that were all obtained dur-
ing opportunistic sampling as part of the DINO study,
and were analyzed together. The results were used to de-
velop a population PK model for caffeine in preterm in-
fants to examine the existence of a 1-way drug-drug in-
teraction between doxapram use and caffeine PKs. Addi-
tionally, the population PK model was used to evaluate
the exposure to caffeine upon the use of different dosing
strategies.

No PK Interaction between Caffeine and
Doxapram

Methods

Patients and Treatment

Patients were admitted at the neonatal intensive care unit of
Erasmus Medical Centre and were enrolled in the Drug dosage Im-
provement in NeOnates (DINO) study, in which preterm neonates
born before 32 weeks of gestation were included. The local Ethics
Committee approved the protocol, and written informed consent
from parents/legal guardians was obtained (MEC-2014-067,
NCT02421068). Patients were treated with caffeine (as base, 10 mg/
mL, Pharmacy A15, Gorinchem, The Netherlands) starting with a
loading dose of 10 mg/kg, followed by 1 daily maintenance dose of
5 mg/kg. Additional caffeine doses were allowed, and the mainte-
nance dose could be increased up to 8 mg/kg. Doxapram adminis-
tration (as hydrochloride, Dopram®, Eumedica, Manage, Belgium)
was initiated if the attending physician judged that apnea or brady-
cardia persisted despite caffeine therapy and noninvasive ventila-
tory support. A doxapram loading dose of 2.5 mg/kg was adminis-
tered intravenously over 15 min at discretion of the attending physi-
cian, followed by a maintenance dose of 2.0 mg/kg/h via continuous
intravenous infusion or gastro enteral administration. In case of
clinical improvement, the doxapram dose could be decreased step-
wise. Doxapram was stopped upon need for endotracheal intuba-
tion or upon disappearance of apnea, regarded as treatment success.
Both caffeine and doxapram were allowed to be switched to gastro
enteral administration once enteral feeds were well tolerated.

Blood Samples

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. Samples were collected
during caffeine and caffeine plus doxapram treatment period. Op-
portunistic sampling did not exceed 1% of the total blood volume
per day and 3% of the total blood volume per 4 weeks. Directly
after collection, samples were stored at 2-8°C. Within 24 h, the
sample was centrifuged, and plasma was stored at —80°C until
quantification.

Bioanalytical Analysis

Caffeine plasma concentrations were measured using ultra-
performance liquid chromatography-electrospray ionization-tan-
dem mass spectrometry (UPLC-ESI-MS/MS) at the Pharmacy De-
partment of the Erasmus Medical Centre, Rotterdam, The Nether-
lands. The assay was validated according to FDA guidelines,
required 50 pL plasma volume, and was linear over a caffeine con-
centration range of 0.75-50 mg/L (coefficient of variation intra-
assay: 2.4%, coefficient of variation inter-assay: 3.5%). The lower
limit of the range represents the lower limits of quantification, and
the limit of detection was 0.46 mg/L. Concentrations below the
lower limit of quantification (0% of caffeine concentrations) and
above the upper limit of quantification (4%) were reported by the
laboratory and were used in the analysis.

Model Development

A population PK model was developed in NONMEM V7.3
(ICON Development Solutions, Ellicott City, MD, USA). R version
3.5.1 was used in R-studio version 1.1.463 to build the dataset and
visualize the data and model output.

Population PK model development was based on change in ob-
jective function value (dOFV), evaluation of goodness of fit (ob-
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Table 1. Patient characteristics

Median (range)

Patient characteristics
patients, n [%male]
Birth weight, g
Gestational age, weeks
Small for gestational age

Postnatal age during caffeine treatment, days*
Current body weight during caffeine treatment, g*

Patients receiving doxapram, n (%)
Postnatal age at doxapram initiation, days*

Postnatal age during doxapram treatment, days*
Current body weight during doxapram treatment, g*

39 [62]
800 (485-1,290)
25.6 (24.0-28.0)
9 (23%)
23 (0-61)
990 (450-2,160)
32(82)
21 (5-40)
32 (5-61)
1,160 (700-2,160)

Caffeine and doxapram treatment and dosing

Caffeine treatment duration, days 38 (3-61)
Caffeine loading dose, mg/kg [% L.V. doses] 10 (5-11) [100]
Caffeine maintenance dose, mg/kg/24 h* 5(3-10)
Caffeine maintenance doses per patient during study [% 1.V. doses], n 35 (1-60) [41]
Additional caffeine doses, mg/kg 5(3-9)
Additional caffeine doses per patient (1) [% L.V. doses], n 5 (1-52)[45]
Doxapram

Doxapram treatment duration, days 14 (1-49)
Doxapram administrations per patient (1) [% L.V. doses], n 7 (2-23) [46]

Total doxapram dose per patient, mg/kg

Doxapram dose per patient per day, mg/kg/day*
First doxapram loading dose, mg/kg/15 min [% L.V. doses]
First doxapram maintenance dose, mg/kg/h [% L.V. doses]

349 (25-1,463)

22.8 (1.0-68.6)
2.4 (1.0-2.7) [81]
2.0 (0.9-2.9) [71]

* Of time-changing characteristics, the median numbers of individual median throughout the treatment

period are presented.

served concentrations vs. population and individual predicted
concentrations, conditional weighted residuals vs. population pre-
dicted concentration and time after last caffeine dose) plots, and
numerical performance (relative standard error below 30%). Due
to limited plasma caffeine samples in the absorption phase during
oral administration, we fixed the absorption rate to 4.0 h™! and
bioavailability to 100% [14].

A covariate analysis was performed testing the available patient
characteristics and doxapram use as potential covariates. Birth
weight, current weight, postnatal age, gestational age, gender, and
small for gestational age were plotted against inter-individual vari-
ability (IIV) of clearance and volume of distribution to select co-
variates to test on the structural model. The effect of doxapram
therapy was tested on caffeine clearance as doxapram naivety
(clearance before doxapram therapy vs. clearance during- and af-
ter-doxapram administration) and as concomitant doxapram
therapy (clearance before- vs. during- vs. after-doxapram admin-
istration). To prevent missing an interaction as a result of a slower
offset effect of doxapram on caffeine CL, samples taken up to 24,
48, or 72 h after stopping doxapram administration were included
in the during-doxapram administration group in a sensitivity anal-
ysis. Covariates were included if dOFV was <-6.6 (p < 0.01). A
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backward elimination procedure with a minimal dOFV of 10.8
(p < 0.001) was initiated when inclusion of covariates did not fur-
ther improve the model. The final model was validated by per-
forming a bootstrap, a normalized prediction distribution error
(NPDE) analysis and a prediction corrected visual predictive
check, each based on 1,000 simulations.

Dose Evaluation

Based on the final model that was developed in this study, ex-
posure to caffeine was illustrated for a median preterm infant with
a GA of 26 weeks and a birth weight of 0.83 kg. Postnatal weight
loss and gain were based on predictions by https://www.growth-
calculator.org/. According to clinical practice, during the first 14
days of life, the caffeine dose was based on birth weight, and above
14 days, the absolute dose was based on current weight. Three dif-
ferent dosing regimens were evaluated, all starting with a loading
dose of 10 mg/kg caffeine base. The maintenance dosages were
either 2.5 mg/kg/day and 5 mg/kg/day or as proposed by Koch et
al. [15], that is, 2.5 mg/kg/day during the first week, 3 mg/kg/day
during the second week, 3.5 mg/kg/day during weeks 3 and 4, and
4 mg/kg/day from week 5 to 8 [15]. Median caffeine concentra-
tions were calculated from 1,000 simulations.

Engbers/Voller/Poets/Knibbe/Reiss/
Koch/Flint/Simons
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Fig. 1. Observed caffeine plasma concentrations versus time after
last dose.

Results

Patients and Samples

In 39 patients, 166 plasma caffeine samples were col-
lected. Doxapram therapy was initiated in 32 patients
during the study period. Sixty-three samples (38%) were
taken before doxapram therapy was initiated, 65 (39%)
during-doxapram administration, and 38 (23%) samples
after stopping doxapram. Of the latter 38 samples, 10
samples were taken within 24 h after stopping doxapram
administration, 11 within 24-48 h, and 2 (1%) within 48—
72 h after stopping doxapram. Patient characteristics as
well as dosing information are presented in Table 1. Ob-
served caffeine plasma concentrations are presented in
Figure 1.

Population Pharmacokinetic Model

A one-compartment model with a proportional resid-
ual error model described the data best. ITV was identified
on CL but could not be identified on volume of distribu-
tion (V). Addition of a power-relationship between clear-
ance and PNA to the base model resulted in a dOFV of
—134.0 (p < 0.001) and explained 8.3% of the IIV on CL.
Addition of a power-relationship between clearance and
birth weight further decreased the OFV with 15.5 points
(p <0.001) and explained another 5% of the IIV on CL.

Comparison of doxapram naive versus doxapram
treated caffeine clearance suggested a 17% higher caffeine

No PK Interaction between Caffeine and
Doxapram

Table 2. Parameter and bootstrap estimates of the final population
PK model

Final model
estimate (RSE %)
[shrinkage %]

Bootstrap estimate
(95% CI)

CLing = CLpop X (PNA;ua/ 23 days)®™ 4 x (WTg q/ 0.8 kg®"'B

CLyops mL/h 9.99 (4) 9.93(9.20-10.7)
BOPNA 0.505 (16) 0.519 (0.401-0.815)
OWTB 0.707 (20) 0.732 (0.438-1.049)
Vina = Vpop

Vpop, mL 513 (16) 526 (414-896)

Inter-individual variability

IIV on clearance, % 20.5 (11)[11] 19.6 (14.9-23.9)

Residual unexplained variability
Proportional error 0.0462 (20)[9] 0.0435 (0.0246-

0.0628)

CLing, individual caffeine clearance in mL/h; CL,,p,, population
caffeine clearance in mL/h for a typical individual with a postnatal
age of 23 days and a birth weight of 0.8 kg; PNA;,4, individual
postnatal age in days; WTp 4, individual birth weight in kg; Vi,
individual volume of distribution in mL; V,,,,, population volume
of distribution in mL for a typical individual with a postnatal age
of 23 days and a birth weight of 0.8 kg; IIV, inter-individual
variability; PK, pharmacokinetic; RSE, relative standard error.

clearance in doxapram treated patients, but this effect did
not meet the significance and precision criteria (dOFV
-3.5 [p > 0.05] and relative standard error 99%). In the
sensitivity analysis, dOFV ranged from —4.7 when con-
comitant doxapram use was defined for samples taken
during-doxapram infusion to —3.6 when samples taken
up to 72 h after stopping doxapram infusion were consid-
ered as concomitant doxapram use as well (p > 0.05).
Based on these results, doxapram therapy was not includ-
ed as a covariate and did not significantly affect the clear-
ance of caffeine.

As no other significant covariates were identified,
backward elimination analysis was performed in which
both covariates, that is, birth weight and PNA on clear-
ance, remained significant (dOFV +15 and +145, respec-
tively). Final model parameters and bootstrap estimates
are presented in Table 2. The estimated maturation of
clearance is visualized in Figure 2 and compared with pre-
viously reported maturation profiles in Figure 3. Good-
ness of fit plots of the final model is presented in (see on-
line suppl. Fig. 1, 2; for all online suppl. material, see www.
karger.com/doi/10.1159/000513413), remaining IIV on
CL is presented in online suppl. Fig. 3, results of the nor-
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Fig. 3. Caffeine clearance as described in literature (14.23-25)
(dashed lines). For the present study, population clearance versus
postnatal age is given for the median birth weight of 0.8 kg. For
other studies, weight was predicted by a linear regression model
based on observed weights in the study population. For each study,
the predicted maturation is presented only for the range in post-
natal age.
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the middle scenario the maintenance dose was 5 mg/kg/day. For
the right scenario, based on Koch et al. [15], the maintenance was
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2.5 mg/kg/day during the first week, 3 mg/kg/day during the sec-
ond week, 3.5 mg/kg/day during the third and fourth week, and 4
mg/kg/day from the fifth week and up. Solid lines represent the
median concentration and dots represent a trough concentration,
both based on 1,000 simulations.

Engbers/Voller/Poets/Knibbe/Reiss/
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malized prediction distribution error analysis are present-
ed in online suppl. Fig. 4, and a prediction corrected vi-
sual predictive check is presented in online suppl. Fig. 5.

Dose Evaluation

In Figure 4, the exposure to caffeine following differ-
ent dosing strategies is presented. A constant mainte-
nance dose of either 2.5 or 5 mg/kg/day results in rela-
tively high trough concentrations during the first week of
life (maximal concentration of 17.6 and 28.3 mg/L, re-
spectively). During the second and third week, the trough
concentrations decrease until a minimum is reached dur-
ing the fourth week (8.2 and 16.4 mg/L, respectively),
from where they remain stable. The maintenance dose
adjustments to PNA, as suggested by Koch et al. [15], pre-
vent the large differences between trough concentrations
throughout the treatment period but still lead to a de-
crease in trough concentrations after the first week of life
(from 17.6 in week 1 to 11.5 mg/L in week 4).

Discussion

We studied the PKs of caffeine in preterm newborns
before, during, and after doxapram therapy, to investigate
whether there is an interaction between doxapram and
caffeine PK. In the current study, such a PK interaction
was not identified.

For our study, we had access to data representative of
the clinical setting that was collected without causing any
burden to the patient. The population PK approach used
in this study allowed the identification of the PK of caf-
feine based on sparse data and has proven its worth before
for similar datasets of preterm infants [16, 17]. Concom-
itant doxapram therapy was a covariate of special interest
due to its structural co-treatment to caffeine. The covari-
ate analysis did not identify doxapram treatment naivety
or concomitant doxapram treatment as significant pre-
dictor of caffeine clearance. Even when the concomitant
doxapram therapy definition was extended to 24, 48, or
72 h after stopping doxapram, the effect remained insig-
nificant, which excludes the presence of a PK interaction
between doxapram and caffeine. A drug-drug interaction
can also be of a pharmacodynamic (PD) nature. A syner-
gistic PD interaction between caffeine and doxapram is
not expected because they act via different mechanisms,
but based on our study, this cannot be excluded. Recent-
ly, novel methods have been identified to quantify the
amount of apnea using monitor data that might be useful
for the investigation of a PD interaction between doxa-

No PK Interaction between Caffeine and
Doxapram

pram and caffeine [18, 19]. Based on the present results,
we can conclude that the previously reported effects of
doxapram on apnea in preterm infants cannot be attrib-
uted to increased caffeine concentrations [5-7].

In our analysis, we observed an important maturation
of caffeine clearance with PNA. Next to the important ef-
fect of PNA, we also found that clearance is predicted by
birth weight which was independent of PNA, and for
which, a cutoff value of PNA for the effect of birth weight
could not be identified. The PK of caffeine has been de-
scribed previously, with clearance of caffeine predicted by
PNA and current body weight [14, 20-23]. In Figure 3, the
reported increase in clearance with PNA is presented for
the current and previous studies, which shows that the pre-
dicted effect of PNA on caffeine clearance is in line with
previously reported maturation profiles [14, 20-23]. Fig-
ure 4, left and middle panel, shows how exposure to caf-
feine changes throughout the treatment period when the
2.5 or 5.0 mg/kg maintenance dose is not adjusted for
PNA. The decreasing trough concentrations after the first
week of treatment are a result of the rapid increase in CL.
After the fourth week of treatment, a slight increase in
trough concentrations is observed, which is likely to be an
effect of the rapid increase in body weight but a less rapid
increase in CL. In other words, body weight and, therefore,
absolute dose increase more rapidly than CL at higher
PNAs. From these results, we can even speculate that the
lower caffeine concentrations in our population might
have contributed to the decision to start concomitant
doxapram therapy that was initiated at a median PNA of
21 days in our population. A stepwise increase in absolute
dose with increasing PNA, as suggested by Koch et al. [15]
(Fig. 4, right panel), results in a smaller difference in trough
concentrations after the first week of life. Therefore, clini-
cians should be aware that patients might require a higher
caffeine dose in mg/kg after the first week of life.

The opportunistic sampling method allowed us to col-
lect samples from a vulnerable population, with minimal
burden for the patients. Because of this approach, most
samples were obtained from routine blood sampling for
clinical purposes, which was mostly scheduled around
8:00 a.m. As patients were scheduled to receive their caf-
feine maintenance dose at 2:00 p.m., most samples were
taken around 18 h after the last caffeine dose (Fig. 1). Al-
though our developed caffeine PK model was suitable to
detect a potential interaction with doxapram, the small
variation in time after dose limits the complete character-
ization of caffeine PK in preterm infants, especially for
volume of distribution. Even though the population PK
approach we used resulted in a population PK model
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whose estimated parameters are well in line with previ-
ously reported studies, caution is requested upon inter-
pretation of the peak plasma concentrations presented in
Figure 4. [14, 20-23]. Because we could not identify an
influence of weight on V in our data, in Figure 4, the peak
plasma concentrations increase with an increase in dose,
which may not be realistic, and therefore, this model is
less suitable to evaluate potential toxicity. Since CL was
well identified in the model, the predicted trough concen-
trations are likely to be reflective of reality.

In our analysis, doxapram therapy was tested as a cat-
egorical covariate yes/no. As doxapram metabolism is re-
ported to increase with PNA and GA [24], neonates may
have been exposed to varying concentrations of doxa-
pram. If our results would have suggested the presence of
an interaction between doxapram and caffeine, doxa-
pram concentrations would have provided a more precise
investigation. Since we did not observe any signs for the
presence of this interaction upon the maximum described
doxapram dose administered, we do not expect that this
interaction will arise when doxapram concentrations are
studied in the model.

Conclusion
Caffeine clearance is not affected by doxapram thera-

py, but it does show a rapid maturation with postnatal
age. The potential therapeutic effect of doxapram can,
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