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Caffeine dosing in premature neonates: impact of birth weight
on a pharmacokinetic simulation study
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BACKGROUND: The optimal caffeine dosing in extremely premature neonates remains elusive. This study aimed to evaluate the
impact of birth weight on caffeine pharmacokinetics and various dosing regimens.
METHODS: In this pharmacokinetic simulation study, we generated the body weights (0–49 days of postnatal age [PNA]) of
neonates <28 weeks gestational age with different birth weights (550, 750, and 1050 g). Their pharmacokinetic parameters were
determined based on published pharmacokinetic models. Then, we simulated and compared the caffeine base concentration-time
profiles of standard versus off-label caffeine citrate dose regimens.
RESULTS: The half-life decreased and the weight-adjusted clearance increased more significantly in neonates with lower birth
weights, resulting in lower caffeine plasma concentrations. The neonate with the lowest birth weight did not achieve a threshold
trough concentration of 15 mg/L after receiving the standard dose (5 mg/kg/day), while the higher-birth-weights (≥750 g) had
trough concentrations below the threshold around the second week of life. Higher caffeine doses (10 mg/kg/day) resulted in peak
concentrations of <36 mg/L by 10–14 days of PNA while maintaining trough concentrations above 15mg/L throughout the
49 days PNA.
CONCLUSION: Higher-than-standard caffeine dosing may be needed for extremely premature neonates, especially for those with
lower birth weights.
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IMPACT:

● Extremely premature neonates with a lower birth weight may require a higher weight-based caffeine dosing due to their higher
weight-adjusted clearance and shorter half-lives.

● Not only do these extremely premature neonates have a higher risk of developing bronchopulmonary dysplasia due to their
structurally underdeveloped lungs, but the low birth weight-related underdosing may further contribute to the reduced
caffeine effectiveness.

● Higher-than-standard caffeine citrate dosing (e.g., 10 mg/kg/day maintenance dose) may be needed to further prevent
bronchopulmonary dysplasia.

INTRODUCTION
Apnea of prematurity (AOP) occurs in almost all extremely
premature neonates (<28 weeks gestational age [GA]).1 AOP is
associated with bronchopulmonary dysplasia (BPD) due to the
lung injuries resulting from long-term oxygen use and mechanical
ventilation.1,2 Caffeine is a respiratory stimulant that effectively
treats AOP and reduces the rate of BPD.1,3 Despite the prevalent
use of caffeine, BPD occurs in one-third of neonates <28 weeks
GA.4 Not only do these extremely premature neonates have a
higher risk of developing BPD due to their structurally under-
developed lungs, but the optimal caffeine dosing in this
population remains unknown.5,6 Caffeine has a US Food and
Drug Administration (FDA)-labeled indication for AOP in neonates
between 28 and 33 weeks GA, and the caffeine citrate standard
dose regimen is a 20 mg/kg loading dose (LD) followed by a 5mg/

kg daily maintenance dose.7 In neonates with <28 weeks GA,
doses larger than 5mg/kg/day are commonly used off-label,
aiming to improve the caffeine effectiveness.4,8 Identifying the
optimal caffeine dosing in neonates <28 weeks GA may further
reduce AOP and prevent BPD and the related complications.
In premature neonates, because rapid growth and maturation

significantly affect drug distribution and elimination, the
upward titration of caffeine doses during the first few weeks
of life is needed to maintain a similar steady-state plasma
concentration.9,10 Furthermore, neonates with different birth
weights have different rates of weight gain; the birth weight could
further complicate the relationship between the weight-based dose
and caffeine plasma concentrations.11 For example, premature
neonates with a lower birth weight gain weight slower; however,
their postnatal caffeine clearance improves at a rate comparable to
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those with a higher birth weight.11–13 As a result, the caffeine
clearance of neonates with lower birth weights improves relatively
faster. Therefore, higher weight-based caffeine dosing may be
needed for neonates with lower birth weight. To demonstrate the
impact of birth weight on caffeine dosing, this study aimed to (1)
compare the caffeine pharmacokinetics among premature neonates
<28 weeks GA with different birth weight, and (2) evaluate the
plasma concentrations obtained from off-label (>5mg/kg/day)
versus standard (5mg/kg/day) caffeine dose regimens.

METHODS
Study design
This was a pharmacokinetic simulation study of premature neonates. The
simulation was performed using a similar approach described in a previous
study by Koch et al.10 Briefly, the simulation involved three steps: (1) create
virtual patients with body weight that changes from 0 to 49 days of
postnatal age (PNA) based on the age-weight relationship published in the
literature;11 (2) determine the pharmacokinetic parameters (i.e., clearance,
volume of distribution [Vd], and half-life) based on published pharmaco-
kinetic models that account for significant covariates (i.e., body weight,
PNA, and GA); and (3) simulate caffeine base (one-half of the dose when
expressed as caffeine citrate) concentration-time profiles of various
caffeine citrate dosing regimens based on the pharmacokinetic parameters
determined in the previous step. Institutional review board approval was
waived, as this study did not meet the criteria for human subject research.
To evaluate the impact of birth weight on caffeine weight-based dosing,

caffeine pharmacokinetics and plasma concentration were compared at
various PNAs among neonates <28 weeks GA with different birth weight,
who were given higher versus standard caffeine dose regimens. Caffeine
base plasma concentrations of 15–20mg/L have been suggested to be
more efficacious than lower concentrations.10,14 For this study, 15 mg/L
was used as a reference therapeutic threshold for caffeine therapy.
Caffeine citrate dose regimens used in the simulation included (1) a 20mg/
kg LD followed by 5mg/kg every 24 h (i.e., standard dose); (2) a 20mg/kg
LD followed by 5mg/kg every 12 h (5BID); and (3) a 20mg/kg LD followed
by 10mg/kg every 24 h (10Daily). The weight-based dosing was calculated
for each day and accounted for the daily body weight.

Pharmacokinetic simulation
Caffeine pharmacokinetic parameters are influenced by body weight, GA, and
PNA as described in the published pharmacokinetic models.15–18 Three virtual
neonates categorized as extremely premature (<28 weeks GA) and with very
low birth weight to extremely low birth weights (1050, 750, and 550 g) were
selected in this study to compare the impact of birth weight on the
pharmacokinetics of caffeine.19 Subsequently, the mathematical growth
models reported by Ehrenkranz et al.11 were utilized to determine the daily
body weight from 0 to 49 days of PNA. A neonate typically has an initial
decrease in body weight, but will regain birth weight within 2 weeks, followed
by a weight gain of approximately 15 g/kg/day.11 The weight-age relation-
ships for neonates of different birth weight reported in Ehrenkranz et al.11

were expressed in a piecewise quadratic function; however, the estimated
parameter values were not reported (see Supplementary material for details
on the growth models). Growth curves were digitized using WebPlotDigitizer
(http://automeris.io/WebPlotDigitizer/) and estimated the parameters using
Phoenix® WinNonlin® version 8.3 (Certara, Inc., Princeton, NJ). The parameters
that describe the weight change were then used to determine the daily body
weight and the daily caffeine dose used in our simulations.
Using the body weight and PNA that were determined for each virtual

patient from 0 to 49 days of PNA, their daily pharmacokinetic parameters
were calculated. Similar to the approach described by Koch et al.,10 the
pharmacokinetic parameters (i.e., clearance and Vd) in this study were
determined using the average value of the pharmacokinetic parameters
from the models by Charles et al.15 and Falcao et al.16 (see Supplementary
material for details on the pharmacokinetic models). The pharmacokinetic
models from other authors17,18 were not used as they either reported an
abnormally high Vd or assumed a constant Vd. The weight-adjusted
clearance was calculated using the daily clearance value divided by the
daily body weight. Half-life (T1/2) was derived using the following equation:

T1=2 ¼ 0:639 � Vd
Clearance

Then, the caffeine base concentration-time profiles were estimated
using the predicted pharmacokinetic parameters. A one-compartment
model well described the caffeine pharmacokinetic profiles and was used
for the simulation:

C ¼ C0 ´ e�
Clearance

Vd �t

where C is the caffeine concentration, C0 is the concentration immediately
after dosing, and t is time after dosing. Caffeine concentrations were
calculated based on the amount of caffeine base administered, which is
half that of caffeine citrate. As caffeine was given repeatedly, caffeine
concentrations determined from the daily pharmacokinetic parameters of
a virtual patient from nth dose superimposed the concentrations
determined from the (n – 1)th dose, resulting in the accumulation of
caffeine plasma concentration. The simulation used intravenous bolus
administration as the route of administration, and caffeine therapy was
initiated on the day of birth. Caffeine base concentration-time profile
simulations were performed in RStudio version 1.4.1106 (PBC, Boston, MA).

RESULTS
Body weights from 0 to 49 days of PNA of the three virtual
neonates with 550, 750, and 1050 g birth weight that were
extracted from the data reported by Enrenkranz et al.11 are shown
in Fig. 1a. The simulated caffeine Vd, clearance, and half-life of the
virtual neonates at each PNA are illustrated in Fig. 1b–d. The Vd of
caffeine was directly proportional to their body weight; therefore,
the changes in Vd over time resembled the changes in body
weight (Fig. 1a, b). As such, both body weight and Vd slightly
decreased during the first few days of life and increased
thereafter, with neonates of lower birth weights having a slower
rate of gaining body weight and Vd. As expected, neonates with
greater birth weights had a higher clearance throughout the
49 days of PNA. While comparing half-lives (a function of
clearance and Vd), the half-life of all virtual neonates shortened
rapidly with increasing PNA. The half-life of the neonate with the
lowest birth weight (550 g) decreased most significantly and
became the shortest after a few days of life (Fig. 1d).
After adjusting for the body weight, the clearance was higher in

neonates with lower birth weights compared to those with higher
birth weights (Fig. 2a). Consistently, the caffeine base plasma
concentrations were lower among neonates with lower birth
weights after receiving a caffeine citrate LD of 20 mg/kg followed
by 5mg/kg daily (Fig. 2b). The three neonates with <28 weeks GA
and different birth weights had an initial increase in caffeine
concentrations that peaked around 7–14 days PNA (peak
concentration range: 17.6–18.9 mg/L; trough: 14.8–16.1 mg/L).
After the 7–14 days PNA, the caffeine concentration decreased
and stabilized around day 28 PNA (Fig. 2b). The neonates with
birth weight of 750 and 1050 g achieved the therapeutic through
concentration threshold within 7 days of therapy. However, the
caffeine trough concentration fell below 15mg/L at 12 and
16 days of PNA for the neonate with the birth weight of 750 and
1050 g, respectively. For the neonate with 550 g birth weight, the
standard dose did not produce a caffeine trough concentration
that is above the 15mg/L therapeutic threshold throughout the
first 49 days of life.
While comparing the various dosing regimens, the higher doses

(5BID and 10Daily) resulted in caffeine concentrations that are
greater than the 15mg/L threshold within 2 days of therapy and
stay above threshold through day 49 of PNA (Fig. 3a, b). These
higher doses approached peak concentrations of <36 mg/L by
10–14 days of PNA, compared with a peak of <20 mg/L from the
standard dose. Only slight differences in the caffeine
concentration-time profiles were observed between the 5BID
and 10Daily doses. The 10Daily dose produced 1–2mg/L higher
peak and lower trough concentrations compared with the 5BID
dose (Fig. 3b).
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DISCUSSION
Our simulations showed that the neonates <28 weeks GA with
lower birth weights had lower weight-adjusted clearances, shorter
half-lives, and lower plasma concentrations after receiving the
FDA-labeled caffeine citrate dose regimen compared with those
with higher birth weights. The trough concentrations of the
neonate with the lowest birth weight (550 g) did not achieve the
therapeutic threshold; meanwhile, the trough concentrations of
the higher-birth-weight neonates fell below the threshold after
2 weeks. These findings suggest that the FDA-labeled weight-
based caffeine dose regimen is insufficient in neonates <28 weeks
GA, especially in those with a lower birth weight. Consistently, our
previous study showed that two-thirds of premature neonates
required a caffeine dose >5mg/kg/day, which the majority of
these requiring 10mg/kg daily or 5 mg/kg twice daily.20

As caffeine is primarily (85%) excreted unchanged in the urine
during the first few weeks of life, the rapid increase in renal
function in premature neonates results in the increase in clearance
and decrease in half-life of caffeine.21 Although renal function
improves slower in premature neonates compared with the term
neonates, the velocity of renal function improvement appeared to
be comparable among premature neonates with birth weight
<2500 g.13,22 Likewise in our simulations, the caffeine clearance
increased at a similar rate for all neonates, with a slightly faster
rate for the neonate with the highest birth weight of 1050 g
(Fig. 1c). Since those with lower birth weight had a significantly
smaller weight gain (Fig. 1a; 80 and 250 g weight gain by 28 days
PNA for birth weights of 550 and 1050 g, respectively), their
weight-adjusted clearance increased to a greater degree com-
pared with those with higher birth weights (Fig. 2a). On the other
hand, Vd increased in proportion to the body weight in all
neonates. As the weight-adjusted Vd stayed constant, and weight-

adjusted clearance increased, the resulting half-life decreased with
neonatal growth. Because neonates with lower birth weights had
higher weight-adjusted clearance compared with those with
higher birth weights, they had shorter half-lives. Collectively, the
results suggest that neonates with a lower birth weight require a
higher weight-based caffeine dosing due to their higher weight-
adjusted clearance and shorter half-lives.
Because of the increasingly higher weight-adjusted clearance

among the lower-birth-weights, the constant weight-based dosing
is expected to produce lower steady-state plasma concentrations
over time compared with neonates with higher birth weights. Our
simulations demonstrated that the virtual premature neonate with
the lowest birth weight (i.e., 550 g) who received the standard
dose had the lowest caffeine concentration and a higher risk of
being subtherapeutic. A target caffeine base concentration of >15
mg/L was selected as it was associated with an increased efficacy
of caffeine for AOP and a reduction in BPD occurance.14,23–25

Interestingly, the neonate with the lowest birth weight did not
achieve the 15mg/L trough target throughout the 49 days PNA.
For neonates with birth weight ≥750 g, the caffeine trough
concentration fell below the 15mg/L threshold around 12–16 days
of PNA. Therefore, all neonates <28 weeks GA are likely requiring
doses higher than the standard caffeine citrate dose in order to
achieve the therapeutic goal.
Doses higher than the standard dose have been shown to be

beneficial in decreasing apnea frequency, improving neurodeve-
lopmental outcomes, and preventing BPD among premature
neonates with very low birth weight.6,26,27 In an observational
study, Salemi et al.20 reported that neonates who received a
standard caffeine dose regimen required a dose increase to >5
mg/kg/day around 2–3 weeks PNA, at a postmenstrual age of
approximately 30 weeks in an effort to decrease the number of
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apnea events. The timing of such dosing increases coincides with
the timing of our simulated caffeine trough concentration falling
below the therapeutic threshold among neonates with birth
weight ≥750 g. Using the 15mg/L as the therapeutic threshold,
Koch et al.10 suggested that for a neonate with 28 weeks of GA
and birth weight of 1150 g, caffeine dosing should be increased by
1mg/kg every 1–2 weeks to achieve stable caffeine concentra-
tions that are above the threshold.10 However, this dosing strategy
may not apply to neonates with different birth weights because of
their various weight-adjusted clearance trajectories as shown in
our simulations (Fig. 2a). On the contrary, Puia-Dumitrescu et al.4

reported that higher caffeine doses were not associated with the
occurrence of BPD. This may be because their study included
neonates <28 weeks GA who were initiated on caffeine at various
PNAs. Early administration of caffeine has been associated with a
lower rate of BPD.28,29

Higher caffeine doses and plasma concentrations >50mg/L
may increase the risk for adverse events such as tachycardia and
ventricular hemorrhage.7,23,28 We found that higher caffeine doses
(10Daily or 5BID) resulted in peak concentrations of <36 mg/L by
10–14 days of PNA, compared with a peak of <20 mg/L from the
standard dose. Meanwhile, the trough concentrations remained
above the 15mg/L threshold throughout the 49 days of PNA. An
additional adverse effect noted with caffeine is necrotizing
enterocolitis, but Puia-Dumitrescu et al.4 noted that increased

cumulative and daily caffeine dose were not associated with
necrotizing enterocolitis. These findings suggest that the 10 mg/
kg per day provides higher peak concentrations but no greater
risk of adverse events than standard dosing.
A dose of 5 mg/kg/dose twice daily compared to 10mg/kg/

dose daily may provide a narrower range of plasma concentra-
tions. However, our results have shown that the 10Daily and 5BID
regimens produced concentration-time profiles with minimal
difference (1–2mg/L difference in peak and trough concentra-
tions). A retrospective study by Rebentisch et al.30 compared the
caffeine regimens (10Daily versus 5BID) and found no significant
difference in the frequency of apneic and bradycardic events.
However, Salemi et al.20 reported a higher rate of tachycardia that
resulted in a dose decrease among neonates receiving 10Daily
compared with those who received 5BID dose (22.0 versus 13.2%).
However, it was a retrospective study; the authors only
documented tachycardia that resulted in a dose decrease or
discontinuation of caffeine and tachycardia may have been
confounded by other factors such as the severity of illness.
Our study had limitations. First, this is a pharmacokinetic

simulation study. Although both pharmacokinetic models used in
our simulation were appropriately developed and were based on
patients with demographics of typical premature neonates that
require caffeine therapy, longitudinal evaluation of the pharma-
cokinetics of neonates with different birth weights may be needed
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to confirm our findings. Second, the variability of the pharmaco-
kinetic parameters was not introduced in our simulation. However,
we aimed to compare the mean pharmacokinetic parameter
values and caffeine concentrations in order to illustrate the
average impact of patient birth weight on the caffeine dosing
regimens. Third, the pharmacodynamics (concentration-effect
relationship) in neonates of different GA and PNA were not
known. We assumed that maintaining a caffeine concentration
within the 15–35mg/L therapeutic range is beneficial for all age
groups. Last, other patient factors such as organ functions and
disease states that may confound the clinical outcomes (i.e., apnea
and bradycardia) were not considered in our simulation.
Polymorphisms related to caffeine outcomes in AOP have been
reported.25

In summary, this simulation study showed that neonates with
lower birth weight may be at a higher risk of having
subtherapeutic caffeine concentrations. Although premature
neonates with lower birth weight may have a higher risk of AOP
and BPD due to less than ideal intrauterine growth and
maturation, low birth weight-related underdosing as illustrated
in our study may further reduce the effectiveness of caffeine.1,31

We propose that dosing higher than the standard caffeine citrate
dose regimen (e.g., 10 mg/kg/day dosing) is needed to optimize
the caffeine treatment of AOP and prevent long-term conse-
quences such as BPD. Future large randomized, controlled trials
are needed to determine the optimal caffeine dosing regimens
and the effect of birth weight and postnatal weight gain should be
considered.
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