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Early High-Dose Caffeine Increases Seizure
Burden in Extremely Preterm Neonates:

A Preliminary Study

Zachary A. Vesoulis, MD,1 Christopher McPherson, PharmD,2 Jeffrey J. Neil, PhD, MD,3

Amit M. Mathur, MD,1 and Terrie E. Inder, MD2

Background: Although evidence suggests that methylxanthines may lower the seizure threshold, the effect of
high-dose caffeine on seizure burden in preterm infants is not known. This study reports a secondary post hoc
analysis of a randomized controlled trial of early high-dose caffeine citrate therapy in preterm infants, eval-
uating the effect of caffeine on the seizure burden using amplitude-integrated electroencephalography (aEEG).
Methods: Seventy-four preterm infants (£30 weeks gestation) were randomized to receive high-dose
(n = 37, 80 mg/kg over 36 hours) or standard-dose (n = 37, 30 mg/kg over 36 hours) caffeine citrate over
the first 36 hours followed by standard maintenance therapy. Simultaneous recording of two-channel
amplitude-integrated EEG was conducted over the first 72 hours of life. The primary outcome of this
post hoc analysis was cumulative seizure burden over the first 72 hours of life, measured in seconds.
Results: Fifteen infants were excluded due to short recordings (£5 hours) or corrupted data files (n = 7 stan-
dard dose; n = 8 high dose). The high-dose caffeine group displayed a trend toward an increased incidence of
seizures (40% vs. 58%; p = 0.1) and a threefold increase in seizure duration (48.9 vs. 170.9 seconds; p = 0.1).
Conclusion: Early high-dose caffeine therapy was associated with a trend toward an increase in seizure
incidence and burden. Future studies of alternative caffeine dosing regimens should include continuous
EEG monitoring.
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Introduction

Prolonged mechanical ventilation is a well-

established risk factor for the development of bron-

chopulmonary dysplasia (BPD) in premature infants

and has led to the development of a number of strategies

to prevent or shorten the duration of mechanical ventila-

tion.1 Chief among those therapies is the use of methyl-

xanthines (including theophylline, aminophylline, and

caffeine citrate) to stimulate the respiratory center, in-

crease responsiveness to hypercapnia, and prevent epi-

sodes of central apnea.2 As a result, caffeine citrate has

gained widespread adoption, owing in part to equivalent

enteral/parenteral dosing, better oral absorption, a wider

therapeutic index, and longer half-life compared to ami-

nophylline and theophylline. Standard dosing of caffeine

citrate was established with a regimen consisting of a

loading dose of 20 mg/kg followed by a maintenance

dose of 5 mg/(kg$day).3

Meta-analysis of subsequent studies demonstrated a

60% reduction in risk of reintubation due to apnea and a

30% reduction in the risk of BPD with a number needed

to treat of 10.4 Furthermore, caffeine exposure is associated

with an improvement in neurodevelopmental outcome,

with lower rates of cerebral palsy and visual-perceptive

problems at 18–22 months, likely mediated through se-

lective improvement of white matter integrity. It remains

unclear, however, whether this is a direct effect of caf-

feine or a secondary effect from reduced episodes of

apnea and hypoxia.5,6

Despite the overall success of caffeine treatment, a sig-

nificant number of infants, nearly 30%, still fail early
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extubation. To address this shortcoming, higher doses of

caffeine have been explored by some researchers and

have shown short-term benefit, but with limited long-

term neurodevelopmental outcome data.6,7

Although caffeine is generally considered to have a

relatively benign safety profile in the dosages typically

used in clinical practice, there is a concern, driven by

adult literature and animal models, that methylxanthines

lower the seizure threshold.8,9 Indeed, there have been

case reports of parenteral caffeine citrate, with dosing

in the range of 36–136 mg/kg, producing clinical seizures

in full-term neonates.10 This inference is of significant

concern in the preterm population, one which has routine

caffeine exposure and a relatively high (*40%) inci-

dence of electrographic seizures, the underlying mecha-

nisms of which are not well defined.11–13 It is not

currently known how high-dose caffeine may alter the

underlying seizure incidence or burden.

In this study, infants were randomized to standard- or

high-dose caffeine treatment during the first 3 days of

life to evaluate improvements in white matter microstruc-

tural development associated with early high-dose caf-

feine.14 This report represents a secondary analysis of

this cohort, assessing the relationship between higher

doses of caffeine and the incidence or burden of

amplitude-integrated electroencephalography (aEEG)-

detected seizures not explained by other clinical variables.

Materials and Methods

Patient selection

Infants born £30 completed weeks of gestation, by best

obstetrical estimate, and who were admitted to the Neona-

tal Intensive Care Unit at St. Louis Children’s Hospital

were prospectively recruited within the first 24 hours of

life for a double-blinded randomized control trial of early

high-dose caffeine therapy to improve white matter micro-

structural development. Infants were excluded if they had a

known congenital anomaly, respiratory failure (defined as

mechanical ventilation with FiO2 > 0.8), or were not

expected to survive past the first 72 hours of life. The

study was reviewed and approved by the Human Research

Protection Office at the Washington University School

of Medicine and was registered on ClinicalTrials.gov

(NCT00809055). Parents of included infants provided

written informed consent before participation.

Procedures

Study drug therapy. Infants were randomized to high-

or standard-dose caffeine therapy using parallel 1:1

blocked randomization, generated by the dispensing

pharmacist who was not involved in clinical care. The

clinical and research teams were blinded to the dosing.

The high-dose group received bolus dosing identical to

that used in the trial conducted by Steer et al.,7 while the

low-dose group received caffeine bolus dosing consistent

with our established institutional practice. In the high-dose

caffeine group, a total dose of 80 mg/kg was administered

over the first 36 hours of life with a loading dose of 40 mg/kg,

a second bolus dose of 20 mg/kg 12 hours later, and then

10 mg/kg at 24 and 36 hours after the initial dose. In the

standard-dose caffeine group, a total dose of 30 mg/kg

was administered over the first 36 hours of life with a load-

ing dose of 20 mg/kg followed by 10 mg/kg doses at

24 hours after the initial dose. All caffeine citrate was

given parenterally at a standard concentration of 20 mg/

mL (Cafcit; Bedford Laboratories, Bedford, OH).

Given that the primary aim of the study was focused

on the use of caffeine as a neuroprotective agent for

white matter, which is thought to be most vulnerable in

the first 72 hours after birth,15 only the bolus dosing

was different between the groups.

All caffeine therapy was initiated within the first

24 hours of life. Caffeine doses were held for symptoms

of caffeine toxicity, including tachycardia, jitteriness,

tremors, clinically apparent seizures, and unexplained

vomiting. All patients received caffeine citrate 10 mg/kg

every 24 hours beginning 48 hours after the initial caffeine

citrate dose and continued until resolution of apnea of pre-

maturity as per the attending physician.

EEG recording. All recruited infants underwent contin-

uous limited-channel aEEG monitoring (BRM3; Natus

Medical, San Carlos, CA) from the time of enrollment

through 72 hours of postnatal life using hydrogel elec-

trodes in the standard C3-P3, C4-P4 configuration. Impe-

dance was checked at least once per day. The recording

was downloaded from the monitor and stored for later

offline review (AnalyZe; Natus Medical).

Measures

Infant clinical characteristics. Clinical variables were

abstracted from the clinical chart. Maternal factors in-

cluded antenatal steroid administration, method of delivery,

maternal age, and placental pathology. Infant character-

istics included sex, gestational age, birth weight, race

(by maternal report), sedating medications (fentanyl

and midazolam) and inotropic medication exposure (dopa-

mine, dobutamine, epinephrine), and the lowest recorded

blood glucose during the first week of life. CRIB-II scores

were calculated for each infant using the algorithm devel-

oped by Parry et al.16

Seizures. Seizures were defined as a series of mono-

tonic form sharp waves, at least 10 seconds in duration,

which evolve in frequency, amplitude, and morphology

over time and are clearly distinguishable from the back-

ground or artifact.17 Status epilepticus was defined as a

seizure >5 minutes in length or more than one seizure

in a 5-minute period.18

A three-step approach was used to identify seizures. The

recording was initially screened by a single investigator
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(Z.A.V.) for the presence of seizures by identifying a

sudden change in the upper and lower margin of the

time-compressed tracing19 or for regions marked by

the automated seizure detection algorithm integrated

into the aEEG monitor. Seizures were confirmed by ex-

amining the raw two-channel EEG trace at those time

periods to confirm morphology or identify artifact. The

remainder of the raw EEG trace was then manually

inspected for seizure activity not detected by the auto-

mated algorithm or by changes in the baseline. Two ad-

ditional investigators (A.M.M. and T.E.I.) reviewed

overlapping subsets of the recordings to ensure consistent

agreement on the presence of rhythmic patterns. Cumula-

tive seizure burden (in seconds) was recorded on an infant-

by-infant basis. Although the clinical team was blinded to

the aEEG monitor, the diagnosis and treatment of any clin-

ical seizures were recorded in the research record.

Outcomes. Short-term outcome measures potentially

modified by an alternative caffeine regimen were evalu-

ated, including total ventilator days, patent ductus arteri-

osus requiring treatment, BPD (defined as supplemental

oxygen requirement at 36 weeks post menstrual age

[PMA]), severe retinopathy of prematurity (requiring

laser therapy), and death before discharge.

All infants underwent a nonsedated, noncontrast brain

magnetic resonance imaging (MRI) at term equivalent

age. Scans were reviewed for evidence of brain injury

(intraventricular hemorrhage [IVH] and/or white matter

injury) by a Neuroradiologist blinded to the caffeine

dose. In addition, between 18 and 24 months corrected

age, surviving infants returned for a standardized neuro-

developmental test using the Bayley Scales of Infant

Development, Third Edition. Testing was performed by

a developmental psychologist blinded to caffeine dosing.

FIG. 1. CONSORT diagram depicting sample size at each stage of the study. aEEG, amplitude-integrated electro-
encephalography; BPD, bronchopulmonary dysplasia; CONSORT, Consolidated Standards of Reporting Trials;
HFOV, high frequency oscillatory ventilation; MRI, magnetic resonance imaging; NEC, necrotizing enterocolitis;
PDA, patent ductus arteriosus; ROP, retinopathy of prematurity.
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Statistical analyses

A univariate comparison of perinatal, clinical, pharma-

cologic, and outcome factors was made between the

high-dose and standard-dose groups using the Mann–

Whitney Wilcoxon Test for continuous variables and a

two-sided Fisher’s Exact Test for categorical variables.

Seizure burden and the logarithmic transformation of

the seizure burden were compared using the Mann–

Whitney Wilcoxon Test. Seizure incidence and status

epilepticus incidence were compared between groups

using Fisher’s Exact Test. All statistical analyses were

performed in R version 3.2.2 (The R Foundation for Stat-

istical Computing, Vienna, Austria).

Sample size was determined by the primary study out-

come (white matter diffusion changes measured by MRI at

term equivalent age), namely the ability to detect a 5% dif-

ference in apparent diffusion coefficient in a single region

of interest. Although the incidence of seizures in this

population has been previously reported, the effect of caf-

feine has not previously been evaluated, precluding a pri-

ori calculation of statistical power given this sample size.

Results

Of the 125 eligible infants admitted during the study

window (November 2008 to June 2010), 37 infants

were enrolled in each arm of the study for a total of 74

participants. Seven infants from the standard-dose arm

and eight infants from the high-dose arm were subse-

quently excluded due to corrupt data files or recordings

£5 hours in length. The Consolidated Standards of

Reporting Trials (CONSORT) flow diagram is shown

in Figure 1. The mean length of aEEG recording was

66 – 17 hours and was started at a mean postnatal age

of 11 – 6 hours.

Of the 59 infants analyzed, antenatal factors and base-

line characteristics were generally similar between

groups. Infants in the high-dose group were somewhat

less mature and of lower birth weight, but this difference

was not statistically significant. Usage of medications

was similar between groups with the exception of greater

fentanyl exposure in the high-dose caffeine group

(Table 1). Outcomes were similar in both groups, in par-

ticular there was no difference in brain injury (IVH/white

matter injury [WMI]), respiratory outcomes (ventilator

days/BPD), or neurodevelopmental outcomes at 2 years

(Table 2).

Infants in the high-dose caffeine group had a trend to-

ward a higher incidence of seizures (58% vs. 40%) and

a threefold increase in seizure burden (48.9 vs. 170.9

seconds, p = 0.10 in both cases). Seizure burden in the

low-dose group ranged between 0 and 240 seconds,

Table 1. Sample Characteristics

Standard-dose caffeine High-dose caffeine
pN = 30 N = 29

Perinatal factors
Gestational age, mean (SD), weeks 26.5 (1.9) 25.8 (2.0) 0.15
Birth weight, mean (SD), g 946 (248) 840 (241) 0.07
Male sex, n (%) 16 (53) 16 (55) 1.00
Race

Caucasian, n (%) 9 (30) 14 (49) 0.54
African American, n (%) 18 (60) 12 (41)
Hispanic, n (%) 1 (3) 1 (3)
Asian, n (%) 2 (7) 2 (7)

Maternal age, mean (SD), years 24.7 (6.1) 28.4 (7.7) 0.07
Antenatal steroids

None, n (%) 4 (13) 2 (7) 0.67
Complete, n (%) 16 (53) 13 (45) 0.61

Chorioamnionitis,a n (%) 12 (40) 9 (31) 0.59
Vaginal delivery, n (%) 10 (33) 7 (24) 0.57
CRIB-II score, median (range) 10 (3–19) 12 (4–17) 0.64
Umbilical cord blood pH, mean (SD) 7.29 (0.07) 7.29 (0.11) 0.59

Clinical factors
Lowest recorded glucose, mean (SD), g/dL 72.1 (28.4) 66.7 (19.4) 0.29
5-minute Apgar score, median (range) 7 (3–9) 6 (2–9) 0.31
Midazolam,b mean (SD), mg/kg 0.01 (0.02) 0.02 (0.05) 0.35
Fentanyl,b mean (SD), lg/kg 12.9 (37.6) 49.4 (93.5) <0.01c

Inotropes,d median (range), hours 1.2 (4.2) 24.5 (63.9) 0.16
Surfactant administration, n (%) 30 (100) 29 (100) 1.00
aHistologic diagnosis.
bTotal medication exposure during the first week of life.
cDenotes significance at p £ 0.05.
dCombined inotrope exposure during the first week of life, including dopamine, dobutamine, and epinephrine. Comparisons made

using Mann–Whitney U test for continuous variables or Fisher’s Exact Test (two-sided) for categorical variables.
SD, standard deviation.
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compared to 0 and 2174 seconds in the high-dose

group. There was no difference in the number of clinical

seizures requiring treatment or status epilepticus (Table 3).

Discussion

The results of this secondary analysis of a double-

blinded randomized control trial demonstrate that early

high-dose caffeine treatment is associated with a greater

incidence of electrographic seizures and greater total sei-

zure burden, nearly a threefold increase, although this as-

sociation did not achieve statistical significance. This

association is of note, however, as there were no differ-

ences whatsoever in the outcome measures that might

be expected to be improved by early high-dose caffeine

therapy, namely the need for invasive ventilation or diag-

nosis of BPD.

The etiology of seizures in term infants is often iden-

tifiable and includes hypoxic–ischemic injury, intracra-

nial hemorrhage, infection, or hypoglycemia.20 In

contrast, although preterm infants display a higher inci-

dence of electrographic seizures,11,12,21 there is a less

clear etiology. IVH has been clearly associated with sei-

zures in the preterm infant,22–24 and it is likely that hyp-

oxic–ischemic injury is common and underrecognized.

In this study, there was no difference in rates of IVH, hy-

poglycemia, or perinatal hypoxic ischemia (using the

5-minute Apgar score as proxy), leaving the difference

in caffeine dose as the most likely explanation for the

between-group difference in seizure burden. It is also im-

portant to note that the pathophysiology of the preterm

infant brain may be primed for seizures by virtue of asyn-

chronous development of excitatory (GABAA, NMDA,

AMPA) and inhibitory (GABAB) channels leading to a

greater likelihood of ‘‘kindling,’’ turning brief repetitive

electrical discharges into electrographic seizures.25 It is

plausible that high-dose caffeine may thus have greater

impact in the immature brain on seizure threshold.

Although there is concern that seizures in preterm in-

fants may be associated with adverse neurodevelopmental

outcomes,12 current treatment guidelines do not exist and

there is preliminary evidence that antiepileptic treatments

may, in fact, cause depolarization of the cell membrane in

immature neurons, potentially worsening seizures rather

than treating them.26 To preserve clinical equipoise, the

results of the aEEG recording were not available to the

clinical team.

In this study, we utilized a multistep review of limited-

channel aEEG recording for the detection of seizures. This

approach yielded a seizure incidence in the control group

Table 2. Outcomes

Standard-dose caffeine High-dose caffeine
paN = 30 N = 29

Total ventilator days, mean (SD) 11.7 (17.4) 15.2 (22.4) 0.49
BPD, n (%) 16 (53) 14 (50) 1.0
Any IVH, n (%) 7 (23) 7 (24) 1.0
Grade III/IV IVH, n (%) 2 (7) 3 (10) 0.67
White matter injury, n (%) 3 (10) 5 (17) 0.47
PDA requiring treatment, n (%) 17 (57) 16 (55) 1.0
ROP, n (%) 3 (10) 0 (0) 0.23
Death before discharge, n (%) 3 (10) 7 (24) 0.18

BSID-III, age 2 years
Cognition, mean (SD) 86.8 (8.4) 86.1 (10.1) 0.67
Language, mean (SD) 87.0 (10.5) 85.3 (22.7) 1.0
Motor, mean (SD) 86.7 (8.9) 84.9 (11.4) 0.32

Comparisons made using Mann–Whitney U test for continuous variables or Fisher’s Exact Test (two sided) for categorical variables.
aDenotes significance at p £ 0.05.
BPD, bronchopulmonary dysplasia; IVH, intraventricular hemorrhage; PDA, patent ductus arteriosus; ROP, retinopathy of prematurity.

Table 3. Seizure Outcomes by Caffeine Dose

Standard-dose caffeine High-dose caffeine
pN = 30 N = 29

Seizure incidence, n (%) 12 (40) 17 (58) 0.19
Seizure burden, mean (SEM), seconds 48.9 (17.4) 170.9 (75.4) 0.10
Log seizure burden, mean (SEM) 1.70 (0.40) 2.78 (0.48) 0.10
Clinical seizure requiring treatment, n (%) 3 (10) 2 (7) 1.0
Status epilepticus,a n (%) 0 (0) 1 (3) 0.49

aDefined as a seizure greater than 5 minutes in length or more than one seizure in a 5-minute period.
SEM, standard error of the mean.
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similar to that reported in other studies using a similar

methodology.11,12 While this differs from the seizure

incidence reported in studies utilizing conventional

EEG,27,28 we anticipate that the shift in toward an in-

creased seizure burden would be consistent, regardless

of the exact EEG technique utilized.

It is worthy of note that in this small study comparing

high- and low-dose caffeine, we did not find any benefit

for respiratory outcomes. Indeed, infants in the high-dose

group had a greater mean number of ventilator days,

likely also explaining the greater sedation exposure in

the high-dose group. All other short-term outcomes were

nearly identical between the groups.

An obvious limitation of this study is the sample size.

Although there was a difference in seizure incidence and

burden between the groups, there were too few subjects

to achieve statistical significance. aEEG monitoring was

performed prospectively in this study, but was the sec-

ondary outcome measure. Given the effect size of about

0.4 demonstrated in this current cohort, a study with

80% power and a = 0.05 would require *100 infants per

study arm.

The outcome of this study should inform future studies

of caffeine citrate therapy in preterm infants. Although

this particular regimen did not demonstrate a difference

in respiratory outcomes, an alternative approach may

be successful, particularly in conjunction with new non-

invasive ventilation strategies such as neurally activated

ventilator assist (NAVA) and nasal interfaces specifically

designed for infants <1000 g, which were not yet com-

mercially available when this study was conducted. In

addition to monitoring respiratory and neurodevelop-

mental outcomes, our findings would suggest that future

studies of high-dose caffeine should consider the use of

continuous EEG or aEEG monitoring and be powered ap-

propriately to assess for any difference in seizure burden.
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