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ABSTRACT
Objective  To determine whether extending caffeine 
therapy through 43 weeks’ postmenstrual age (PMA) 
decreases intermittent hypoxia (IH) in convalescing 
preterm infants. Secondary objectives were to assess 
caffeine effects on changes in inflammation-related 
plasma biomarkers and brain MRI.
Design  Multicentre masked randomised trial.
Setting  16 US hospitals.
Patients  Infants at <30 weeks + 6 days gestational age 
on caffeine between 32 weeks and 36+5 days PMA in 
room air with routine caffeine discontinuation prior to 36 
weeks +6 days.
Intervention  Randomisation to caffeine or placebo 
and treated through 42 completed weeks. Pulse oximetry 
was recorded from enrolment through 1 week after 
stopping study drug. Blood for 12 inflammation-related 
biomarkers obtained at enrolment and 38 weeks’ 
PMA and brain imaging after enrolment or <3 days of 
randomisation, and study end.
Main outcome measure  Seconds/hour of oxygen 
saturation <90% from randomisation to study end.
Results  Randomised 160 subjects, 78 placebo, 82 
caffeine. IH was less at every PMA with caffeine 
treatment from 34 (172.7 (123.4, 241.7); 84.7 (64.4, 
111.4, p<0.01) through 41 weeks (73.0 (51.3, 103.7); 
26.6 (18.5, 38.2, p<0.001). Adjusted TNF-α levels were 
23% lower at follow-up in the caffeine group compared 
with placebo (p<0.02), without other biomarker 
differences. Paired brain imaging found no significant 
differences.
Conclusions  Extended caffeine reduced the burden of 
IH in very preterm infants and may reduce inflammation. 
Further study is needed to determine if this effect of 
caffeine is associated with reduced risk of adverse 
outcomes.
Trial registration number  NCT03321734.

INTRODUCTION
Episodes of intermittent hypoxia (IH) are brief 
repetitive cycles of hypoxia and reoxygenation. IH 
occurs frequently in convalescing preterm infants 
secondary to persistence of immature respiratory 
control and does not reach a level similar to term 
infants until approximately 42 weeks’ postmen-
strual age (PMA).1 Animal and human studies 
show that IH causes oxidative stress, free radical 
production, release of proinflammatory cytokines 
and central nervous system injury.2–7 In addition, 
secondary analysis of the Canadian Oxygen Trial 

of extremely preterm infants demonstrated a link 
between more severe IH over the first 10 postnatal 
weeks and motor and neurocognitive impairment 
at 18 months.8 It is unknown, however, whether 
persisting and often clinically inapparent IH may be 
another risk factor for disabilities.

Caffeine reduces the incidence of apnoea of 
prematurity. It is typically prescribed soon after 
preterm birth and continued until approximately 
34 weeks’ PMA.9 Caffeine improves both motor 
and cognitive outcomes in such infants, with 
unclear mechanisms.10–12 We previously reported 
that clinically inapparent IH events are common in 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Intermittent hypoxia (IH) events are common 
in preterm infants after discontinuing routine 
caffeine treatment and usually do not reach 
levels similar to term infants until 42–43 weeks’ 
postmenstrual age (PMA).

	⇒ IH is known to be proinflammatory both in 
human adults and in animal models.

	⇒ It is unknown whether treatment with extended 
caffeine in preterm infants until 42–43 weeks’ 
PMA reduces the burden of IH and affects 
biomarkers of inflammation or MRI/diffusion 
tensor imaging (DTI)/magnetic resonance 
spectroscopy (MRS) evidence of acute brain 
injury.

WHAT THIS STUDY ADDS
	⇒ In this randomised trial, extended caffeine 
significantly reduced IH at all PMAs from 34 
weeks to 41 completed weeks.

	⇒ There was a larger reduction over time of TNF-α 
in the caffeine-treated subjects compared with 
placebo, with no other changes in 11 other 
inflammation-related biomarkers. Paired brain 
MRI/DTI/MRS at study start and end in a subset 
of subjects found no significant differences 
in selected regional brain volumes, DTI or 
metabolites.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Further research is needed to assess whether 
these beneficial effects of extended caffeine 
on IH and potentially on inflammation improve 
longer-term preterm infant outcomes, including 
neurodevelopment.
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preterm infants after discontinuing routine caffeine treatment 
and can be ameliorated by extended caffeine therapy through 
38 weeks’ PMA.13 14 In this multicentre, masked randomised 
placebo-controlled study, our primary objective was to assess 
caffeine effects on IH through 43 weeks’ PMA. Secondary objec-
tives were to assess caffeine effects on changes in inflammation-
related plasma biomarkers and brain MRI/diffusion tensor 
imaging/magnetic resonance spectroscopy (MRI/DTI/MRS).

METHODS
Enrolment
Infants <30 weeks + 6 days gestational age receiving caffeine 
between 32 weeks +0 days to 36+6 days PMA were screened 
for enrolment between January 2019 and July 2023 at 16 US 
sites. Eligibility criteria included the ability to tolerate enteral 
medications and in room air for at least 12 hours without venti-
latory support. Exclusion criteria included severe intraventric-
ular haemorrhage, congenital disorders, treatment for seizures 
or cardiac arrhythmias, renal/hepatic dysfunction or issues that 
could affect protocol compliance. All sites had institutional 
review board approval. If eligible prior to 36 weeks+6 days 
PMA, parents were approached for written informed consent, 
including for blood sampling and non-sedated MRIs.

Randomisation
Randomisation occurred after discontinuation of routine 
caffeine treatment. A randomly permuted blocked randomisa-
tion design was used, with block sizes of 4 and 8, stratified by 
site and birth gestational age categories: (<28 weeks; 28 weeks 
+0 through 30 weeks +6) prepared by the study’s statistician 
(TCH). Multiple births were randomised to the same treatment. 
Investigational pharmacists at each site were provided with a 
randomisation table for each gestational age stratum to assign 
subjects to the assigned study drug.

Study intervention
Caffeine base was used as a study drug; its dose equivalent is 
one-half of caffeine citrate (ie, 5 mg of caffeine base=10 mg 
caffeine citrate). We chose caffeine base due to cost and ease of 
placebo preparation. Following randomisation, infants received 
once daily caffeine base at 5 mg/kg/day in Syrspend or equiv-
alent volume of placebo (Syrspend alone), with escalation at 
36 weeks’ PMA to 5 mg/kg of caffeine base two times per day or 
placebo, weight-adjusted weekly until discharge. This caffeine 
dose was based on our previous study.14 Only pharmacists 
were aware of the study assignment. We continued the study 
drug until 42 weeks’ + 6 PMA. Salivary caffeine levels were 
obtained at 1 week after starting two times per day dosing, then 
at 40–41 weeks’ PMA and batched for later analysis.15

Oximetry
After enrolment, continuous pulse oximetry recording 
commenced using a study oximeter with expanded internal 
memory (Masimo Rad-97) using 2 s averaging and 1 s sampling 
time. The study oximeter was preset in sleep lab mode, with 
alerts only for ‘probe off ’ and ‘low battery’. Recordings 
continued until 43 completed weeks’ PMA. Time-stamped oxim-
etry data were downloaded periodically. Our primary outcome 
was number of seconds with oxygen saturation (SaO2) below 
90% per hour of recording time, measured during each PMA 
week. The number of seconds below 85% and 80% per hour was 
examined as secondary outcomes.

Plasma biomarkers
Baseline blood samples (~0.8 mL) were obtained after randomi-
sation and again at the earlier of 38 weeks’ PMA or discharge. 
Assays were performed at Children’s National Hospital in dupli-
cate on 96-well plates and scanned on a calibrated Meso Quick-
Plex SQ 120 reader. No samples were thawed more than three 
times before assay. Data were derived from standard curves that 
performed as expected for each assay.

Brain MRI/DTI/MRS
MRIs were obtained at 10 sites with equivalent 3T MRI scan-
ners for both inpatient and outpatient scans. Non-sedated scans 
were conducted after enrolment or within 3 days after randomi-
sation, and outpatient scans after completion of the study drug 
at 43 weeks’ PMA, but no later than 46 weeks’ PMA. All sites 
used the same acquisition protocol. Analyses were performed at 
the Developing Brain Institute at Children’s National Hospital 
(see online supplemental materials for acquisition and analysis 
protocols).

Safety parameters
Prespecified postrandomisation clinical outcomes of interest 
included: need for resuming treatment with clinical caffeine, 
supplemental O2 or other respiratory support; days from rando-
misation until discharge, PMA at discharge and weight gain/day 
from randomisation until discharge. Discharge timing was deter-
mined by the site clinicians.

Adverse events and serious adverse events were assessed 
throughout the study and reported by each site. Prespecified 
adverse events included Brief Resolved Unexplained Events 
(BRUEs), apnoea, gastro-oesophageal reflux, bradycardia, tachy-
cardia and irritability. The Brief Infant Sleep Questionnaire 
(BISQ), a validated sleep quality instrument, was collected at 
41 weeks’ PMA.16

Statistical analyses
Caffeine effect on IH
As in our prior studies,13 14 to reduce the possible impact of 
outliers with very short recording times, we required at least 10 
hours of acceptable quality oximetry recording during each PMA 
week for analysis. We expected that the distribution of seconds/
hour with SaO2<90% would be highly skewed; thus, per 
protocol, analyses were performed on logged values. Descriptive 
statistics are reported as geometric means (calculated by expo-
nentiating the mean of the logged values) and 95% CIs. Expo-
nentiating differences in means of logged values was used to 
calculate per cent differences in geometric means. At each PMA 
week (33 through 42), a mixed effect regression model compared 
caffeine versus placebo infants, controlling for stratification 
variables, gestational age category and enrolment hospital (as a 
random effect) and accounting for correlation among sibships 
as a random effect. Exponentiating the treatment group param-
eter and CI from this model yields an adjusted per cent differ-
ence and CI for the geometric mean for caffeine versus placebo 
infants. For primary oximetry outcomes, multiple testing across 
the 10 PMA weeks was controlled through the experimentwise 
error rate with p values adjusted using Holm’s procedure.17

Secondary efficacy analyses
Oximetry
To more fully understand the impact of caffeine on oxygen satu-
ration levels, secondary analyses were performed similar to those 
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described for the primary outcome, to examine the seconds/hour 
below 85% and 80% SaO2 levels.

Caffeine effect on plasma biomarkers and brain MRI biomarkers
Separate analyses were performed for the follow-up assessment 
of each biomarker using linear mixed effect regression models 
with treatment group, baseline biomarker level, gestational age 
strata and time from baseline to follow-up as independent vari-
ables, and hospital and sibship as random effects. Infants needed 
both baseline and follow-up data to be included in analyses. 
Data are summarised using means and 95% CIs. By protocol, 
based on a preliminary review of the data, due to skewness, 
plasma biomarker data were log transformed and summarised 
using geometric means. Exponentiating the parameter for the 
treatment group was used to give an estimate of the per cent 
difference in biomarker level at follow-up for the caffeine versus 
placebo group, controlling for baseline level and the other model 
covariates.

Multiple testing was controlled for through the false discovery 
rate, and p values were adjusted using the Benjamini and Hoch-
berg method for the 12 plasma biomarkers, and for imaging 
outcomes within each study domain (6 volume, 6 MRS, 6 DTI 
measures).18

Sample size
Sample size considerations focused on the primary outcome of 
seconds/hour with SaO2<90%. In our pilot studies, geometric 
mean seconds/hour with SaO2<90% was 15.1 in extended 
caffeine infants versus 37.5 in controls (60% reduction), corre-
sponding to a standardised effect size for log seconds/hour 
of Cohen’s d=0.74. We anticipated that seconds/hour with 
SaO2<90% in placebo infants would approach levels in the 
caffeine group with advancing PMA, so we powered the study to 
detect a moderate standardised effect of d=0.50, which would 
correspond to a 46% reduction in geometric mean seconds/hour 
with SaO2<90% for the caffeine versus placebo group. A sample 
size of n=100 infants/group would give 82% power of detecting 
this difference (via a t-test on log seconds/hour with SaO2<90%, 
with a Bonferroni adjustment for separate comparisons at 5 
PMA weeks and a familywise error rate of 0.05). To allow for 
missing data, we targeted enrolment at n=110 per group.

Enrolment was lower than expected; we randomised 
160 subjects, with approximately n=60 at each PMA week. At 
this sample size, we had 55% power of detecting the targeted 

effect of d=0.50 and had 80% power of detecting an underlying 
effect of d=0.63 (corresponding to geometric means of 15.1 
versus 32.8 (54% reduction).

RESULTS
We enrolled 170 subjects (figure 1). 10 withdrew prior to rando-
misation, leaving 160 subjects for analysis. Enrolment stopped 
prior to reaching the planned sample size, with DSMB assent, 
due to loss of funding. Unmasking of subject assignment and 
all analyses were performed after the close of the study. There 
were no significant differences in demographic and clinical char-
acteristics between the caffeine and placebo groups at enrolment 
(table 1). Median salivary caffeine levels in the caffeine group 
were in the therapeutic range at both sampling periods (18 µg/
mL sample 1; 22 µg/mL sample 2).

Primary outcome
Oximetry analyses
Infants randomised to extended caffeine had fewer seconds/hour 
below a threshold of 90% SaO2 at each PMA from 34 through 
41 weeks (table 2), with a median reduction of 60% in the caffeine 
group compared with placebo (minimum reduction 42%, maximum 
reduction 65%). Oximetry data not included (<10 hours/week) 
were similar between groups (online supplemental eTables 1 and 2).

Secondary outcomes
Oximetry
Statistically significant decreases in seconds/hour below threshold 
were observed with SaO2 thresholds of <85% and <80% (online 
supplemental eTables 3 and 4), which were similar in magnitude 
to those observed using a threshold of <90%.

Plasma biomarkers
62 and 71 subjects (placebo and caffeine, respectively) had 
paired plasma samples. TNF-α at 38 weeks was 23% lower in 

Figure 1  Consolidated Standards of Reporting Trials diagram. *One 
subject did not have oximetry data recorded

Table 1  Baseline characteristics of randomised infants

Characteristic
Placebo
N=78

Caffeine
N=82

Gestational age at birth, mean (SD), weeks 28.4 (1.6) 28.5 (1.8)

Birth weight, mean (SD), g 1171 (306.5) 1166 (337.3)

Male infants, n (%) 36 (46.2) 38 (46.3)

Multiple birth, n (%)* 23 (29.5) 22 (26.8)

Apgar score (mean (SD), 1 min) 5.5 (2.2) 5.4 (2.3)

Apgar score (mean (SD), 5 min) 7.8 (1.3) 7.6 (1.5)

Maternal race/ethnicity category

Hispanic 6 (7.7) 13 (15.9)

Non-Hispanic black 19 (24.4) 28 (34.1)

Non-Hispanic white 48 (61.5) 33 (40.2)

Other 5 (6.4) 8 (9.8)

Postmenstrual age at enrolment, mean (SD), weeks 34.0 (1.0) 34.0 (0.9)

Postmenstrual age at randomisation, mean (SD), 
weeks

34.7 (0.9) 34.6 (0.8)

Received mechanical ventilation, n (%) 38 (48.7) 44 (53.7)

Received CPAP, n (%) 77 (98.7) 81 (98.8)

Days of prerandomisation supplemental oxygen, 
mean (SD)

13.0 (15.9) 13.1 (18.0)

*Caffeine: 22 infants from 13 twins (randomised both 9, one 4).
*Placebo: 18 infants from 11 twins (randomised both 7; one 4); 5 infants from 3 
triplets (randomised all 1, one 2).
CPAP, continuous positive airway pressure.
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the caffeine group compared with placebo, adjusting for base-
line and covariates (p<0.02, table  3). There were no signifi-
cant differences between groups in any other measured plasma 
biomarkers.

MRI/DTI/MRS analysis
88 MRIs were completed (45 placebo/43 caffeine), with 59 
paired MRIs successfully analysed (29 placebo, 30 caffeine; 1 
deleted from motion artefact). Unsuccessfully paired MRIs were 
due primarily to parental refusal of the second MRI scan. Not all 
paired scans were adequate for analyses due to quality: volumes 
(57; 29 placebo, 28 caffeine), DTI (47; 24 placebo, 23 caffeine) 
and MRS (41; 19 placebo, 22 caffeine). Results for the measured 
MRI volumes, DTI and metabolites assessed by MRS (online 
supplemental eTable 5) showed no significant differences in any 
measurements when corrected for multiple comparisons.

Safety analyses
Unexpected differences in the postrandomisation clinical 
outcomes prompted additional exploratory analysis. Fewer 
infants on caffeine required restarting supplemental oxygen 
compared with placebo 4 versus 14 (risk difference −13.1 (–2.9 
to –23.9)). In addition, infants randomised to caffeine had fewer 
median days from randomisation to discharge 17 v. 27 (–8 (−2 
to –14) and slower mean daily weight gain (g/day) from rando-
misation to discharge 27.0 versus 32.1 (−5.1 (−2.4 to –7.8)).

Adverse events
All adverse events reported in the study are provided in online 
supplemental eTable 6. No clinically important differences 
were observed in any adverse events including adverse events 
of special interest (table 4), adverse events reported as related 
to study drug (online supplemental eTable 7) or serious adverse 
events (online supplemental eTable 8).

Sleep quality
There were no differences between the caffeine and placebo 
groups in any parameters in the BISQ (online supplemental 
eTable 9).

DISCUSSION
This randomised placebo-controlled trial in preterm infants 
showed that extended caffeine therapy substantially reduced 
the burden of intermittent hypoxemia from randomisation 
at approximately 34 through 41 weeks’ PMA. Although our 
smaller-than-planned sample size reduced the power of our 
study to detect a caffeine effect, the reduction of IH was large 
enough that we were able to detect a significant difference at 
most PMAs studied. Extended caffeine use was also associated 
with a greater reduction in TNF-α, without measurable differ-
ences in other inflammation-related biomarkers or MRI evidence 
of brain injury.

Our oximetry data expands our previous studies of extended 
caffeine compared with usual care in similar populations of 
preterm infants. In the first study, infants treated with 6 mg/kg/
day of caffeine citrate had significantly reduced IH at 35-week 
and 36-week PMA, but not beyond.13 In our second dose finding 
study, treatment was started with caffeine citrate at 10 mg/kg/
day and increased to either 14 or 20 mg/kg/day versus usual care 
starting at 36 weeks’ PMA. Oxygen saturation was analysed at 
36-week, 37-week and 38-week PMA and compared with histor-
ical controls without treatment.14 Salivary caffeine levels were 
also measured. At the doses used, therapeutic levels >20 µg/mL 
were maintained through study end, but the greatest reduction 
in IH through 38 weeks’ PMA was observed in infants who 
received 20 mg/kg/day of caffeine citrate after 36 weeks PMA, 
which was the basis of the dosing used in the current study.

Studies in adults and children have shown that IH resulting 
from obstructive sleep apnoea is proinflammatory and associ-
ated with MRI evidence of brain injury and clinically with cogni-
tive impairments.2–4 However, no studies in preterm infants 
have explored whether reductions in IH with extended caffeine 
are associated with decreased biomarkers of inflammation or 
brain injury. Several neonatal animal studies, however, suggest 
that IH may increase inflammation and cause white matter 
injury.5 6 In a study of rat pups subjected to cycles of hypoxia and 
normoxia mimicking IH in preterm infants, for example, both 
proinflammatory and brain injury biomarkers were increased 
in pups exposed to IH compared with room air controls; MRI 
scans showed white matter injury and thinning of the corpus 

Table 2  Mean seconds per hour below 90% SaO2 and adjusted difference by postmenstrual age week, by treatment

PMA, week

Placebo Caffeine

Adjusted % difference‡ 
(95% CI) Adjusted p value§N*

Geometric mean† seconds per hour 
below 90% SaO2 (95% CI) N*

Geometric mean† seconds per hour 
below 90% SaO2 (95% CI)

33 12 200.4 (87.1 to 461.0) 10 54.5 (28.3 to 105.2) −60 (−87 to 20) 0.1

34 41 172.7 (123.4 to 241.7) 49 84.7 (64.4 to 111.4) −49 (−67 to −20) 0.01

35 60 161.6 (128.2 to 203.7) 65 63.1 (50.2 to 79.5) −59 (−71 to −43) <0.001

36 65 143.5 (116.8 to 176.4) 69 54.9 (43.3 to 69.7) −60 (−71 to −45) <0.001

37 61 114.3 (92.9 to 140.5) 57 39.7 (29.3 to 53.8) −65 (−76 to −50) <0.001

38 59 88.1 (72.4 to 107.1) 49 32.9 (24.7 to 43.8) −61 (−72 to −44) <0.001

39 49 84.8 (63.3 to 113.5) 47 31.0 (21.1 to 45.4) −65 (−79 to −42) <0.001

40 47 65.6 (49.5 to 86.9) 41 30.8 (21.7 to 43.8) −51 (−67 to −28) 0.002

41 39 73.0 (51.3 to 103.7) 45 26.6 (18.5 to 38.2) −64 (−78 to −41) <0.001

42 37 53.2 (36.9 to 76.8) 38 30.2 (18.8 to 48.4) −42 (−68 to 5) 0.1

*Infants with 10+ hours of analysable SaO2 data.
†Geometric mean, reflecting values analysed on log scale.
‡Per cent difference in geometric mean seconds per hour below 90% SaO2 for caffeine versus placebo infants, adjusted for GA strata, study hospital and multiple births through 
mixed effects regression analysis.
§Adjusted for multiple comparisons across 10 PMA weeks using the Holm’s test to control experiment-wise error.
GA, gestational age; PMA, postmenstrual age; SaO2, oxygen saturation.
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callosum in hypoxia-exposed pups.19 These collective human 
and animal data suggest that IH could also be a cause of injury in 
preterm infants and further suggest that extended caffeine might 

ameliorate this injury through reductions in the incidence and 
severity of IH.

We also expanded our previous observations by measuring 
plasma biomarkers of inflammation associated with brain injury 
and the possible ameliorating effects of caffeine. One major 
proinflammatory cytokine (TNF-α) had a 23% greater reduc-
tion over time in the caffeine-treated infants compared with 
placebo. Elevations in TNF-α have been associated with poor 
cognitive outcomes in very low weight preterm infants,20–23 but 
no previous studies have evaluated blood biomarkers of inflam-
mation in general or TNF-α specifically in infants born preterm 
with persisting IH, or any potential effects of caffeine. Caffeine 
is also widely recognised as anti-inflammatory in both animals 
and humans.24 25 In a study of caffeine effect on inflammatory 
gene expression in THP-1 premonocytes exposed to lipopolysac-
charide, caffeine in a dose-dependent manner decreased TNF-α 
gene expression at a clinically relevant concentration in preterm 
infants.26

Exploratory analysis showed several differences between 
the caffeine and placebo groups in their postrandomisation 
clinical course. Caffeine-treated subjects were less likely to 
restart supplemental oxygen, had slower predischarge weight 

Table 3  Plasma biomarker concentrations at baseline* and follow-up†; adjusted difference by treatment group

Measure

Placebo Caffeine

Adjusted % difference 
at follow-up¶ (95% CI)

Adjusted p 
value**N‡

Baseline*
Geometric mean§ 
(95% CI)

Follow-up†
Geometric mean§ 
(95% CI) N‡

Baseline*
Geometric mean§ 
(95% CI)

Follow-up†
Geometric mean§ 
(95% CI)

Planned analyses

 � TNF-α 55 982.3
(825.8 to 1168.5)

994.6
(882.3 to 1121.2)

58 1032.3
(906.5 to 1175.6)

794.6
(695.5 to 907.8)

−23 (−34 to −9) 0.02

 � IFN-γ 56 1003.5
(753.6 to 1336.2)

923.3
(707.4 to 1205.2)

65 868.4
(719.7 to 1047.8)

682.1
(553.4 to 840.7)

−21 (−41 to 7) 0.5

 � IL-12p70 44 802.5
(654.6 to 983.9)

785.3
(656.0 to 940.0)

48 858.8
(711.3 to 1036.8)

696.4
(576.2 to 841.8)

−15 (−29 to 2) 0.5

 � IL-10 55 3392.9
(2620.3 to 4393.4)

3210.4
(2629.6 to 3919.4)

57 2823.5
(2143.2 to 3719.9)

2678.4
(2177.8 to 3294.2)

−14 (−34 to 12) 0.5

 � IL-17 57 3469.0
(2833.6 to 4246.7)

2260.4
(1883.3 to 2713.2)

66 2855.8
(2385.3 to 3419.0)

1915.4
(1644.2 to 2231.3)

−9 (−25 to 10) 0.5

 � IL-4 54 99.7
(81.1 to 122.6)

88.8
(71.2 to 110.8)

60 71.4
(60.0 to 84.9)

69.5
(58.7 to 82.4)

−2 (−21 to 23) >0.9

 � IL-6 54 2207.0
(1691.3 to 2880.0)

1603.7
(1225.7 to 2098.2)

60 2335.3
(1802.9 to 3024.9)

1539.4
(1160.5 to 2041.9)

1 (−32 to 50) >0.9

 � IL-2 54 466.4
(372.6 to 583.8)

331.1
(290.3 to 377.7)

56 404.9
(363.0 to 451.6)

337.5
(302.2 to 377.0)

5 (−12 to 24) 0.8

 � IL-1β 57 602.3
(468.9 to 773.6)

732.5
(526.6 to 1018.8)

56 663.2
(498.7 to 881.9)

734.1
(550.1 to 979.6)

7 (−27 to 57) 0.9

Additional analyses

 � Tau 29 491 143.9
(359890.3 to 670266.2)

409 734.1
(311006.0 to 539803.3)

35 483 943.7
(367489.4 to 637301.5)

370 973.9
(284091.2 to 484427.6)

−13 (−32 to 10) 0.5

 � NFL†† 31 30.3
(24.3 to 37.9)

25.1
(20.2 to 31.2)

32 28.3
(20.4 to 39.3)

32.3
(25.2 to 41.3)

16 (−12 to 54) 0.5

 � CRP†† 40 86 504.6
(33447.0 to 223728.7)

85 315.2
(35940.3 to 202521.6)

51 111 423.6
(51687.8 to 240196.2)

141 433.0
(62439.3 to 320364.0)

49 (−31 to 221) 0.5

*Baseline sample drawn as close as possible to randomisation, between consent and second calendar day after first dose of study drug.
†Follow-up sample obtained at PMA 38+0 (±3 days) or within two calendar days prior to hospital discharge, whichever came first.
‡Infants with analysable paired samples for each biomarker.
§Geometric mean, reflecting values analysed on log scale.
¶Per cent difference in geometric mean biomarker level at follow-up for caffeine versus placebo infants, adjusted for baseline value, time between samples GA strata, hospital 
and multiple births through mixed effects regression.
**Adjusted for multiple comparisons across n=12 biomarkers tested using the Benjamini-Hochberg method to control the false discovery rate.
††Not adjusted for multiple birth, due to small sample size.
GA, gestational age; PMA, postmenstrual age.

Table 4  Adverse events of special interest, by treatment group

Adverse event term

Overall
N=160
N (%)

Placebo
N=78
N (%)

Caffeine
N=82
N (%)

Risk difference
(95% CI)

Total AEs of special 
interest

28 14 14

Number of infants with 
1+AE of special interest

27 (16.9) 14 (17.9) 13 (15.9) −2.1 (−13.7 to 9.5)

Gastro-oesophageal 
reflux disease

12 (7.5) 6 (7.7) 6 (7.3) −0.4 (−8.5 to 7.8)

Tachycardia 6 (3.8) 4 (5.1) 2 (2.4) −2.7 (−8.6 to 3.2)

BRUE 4 (2.5) 2 (2.6) 2 (2.4) −0.1 (−5.0 to 4.7)

Apnoea 3 (1.9) 2 (2.6) 1 (1.2) −1.3 (−5.6 to 2.9)

Irritability 2 (1.3) 0 (0) 2 (2.4) 2.4 (−0.9 to 5.8)

Bradycardia 1 (0.6) 0 (0) 1 (1.2) 1.2 (−1.2 to 3.6)

AE, adverse event; BRUE, Brief Resolved Unexplained Event.
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gain and were discharged sooner. In contrast, in a study of 
moderately preterm infants randomised to extended caffeine 
versus placebo, apnoea stopped 2 days sooner in infants 
on caffeine than in the infants randomised to placebo, but 
hospital length of stay was not shorter since it was more 
dependent in both groups on delayed attainment of mature 
feeding behaviour than on apnoea events.27 In our study, we 
did not document the incidence of apnoea, but the increased 
apparent need for reinstitution of supplemental oxygen in 
the placebo group and the reduced extent of IH with caffeine 
were likely manifestations of improved respiratory control, 
which may have allowed earlier discharge. Other differences 
in our study were the inclusion of lower gestational ages and 
confirmed therapeutic caffeine levels, which also may have 
influenced discharge timing. A larger study is necessary to 
assess the validity of our preliminary observations, particu-
larly on the length of hospital stay.

There were no important differences between treatment 
groups in serious adverse events or sleep disturbances. Our 
study suggested slower weight gain in the caffeine-treated 
infants, which is consistent with other studies of both clinical 
caffeine28 and extended caffeine,27 but in both studies post-
caffeine catch-up growth occurred.

The strengths of our study include enrolment of the largest 
cohort to date of very preterm infants treated with extended 
caffeine and recorded high-resolution oximetry both in 
hospital and at home with documented therapeutic caffeine 
levels. Compliance with home study drug administration was 
high, given the persistent reduction of IH and measurement 
of therapeutic levels of caffeine after discharge. In addi-
tion, we measured plasma biomarker values on a substantial 
proportion of enrolled subjects, providing insight into poten-
tial effects of caffeine and reduced IH on the inflammatory 
milieux in convalescing preterm infants.

Limitations include the less-than-projected sample size. 
Infants with <10 hours of usable oximetry data per PMA week 
were excluded from analysis. However, rates of excluded 
data were minimal and similar for both groups. We did not 
find any significant differences in measurements on MRI/
DTI/MRS, though power was limited by paucity of scans. 
There were unexpected challenges in our MRI aim, including 
that several sites could not participate, some parents declined 
the second scan and a few scans were complicated by motion 
artefact. Finally, we were limited to two plasma samples in 
this preterm population; more frequent sampling may have 
revealed a more comprehensive assessment of inflammatory 
changes with caffeine therapy than we observed.

We conclude that extended caffeine therapy at the doses 
we used in convalescing preterm infants in room air appears 
to be safe and results in a significant reduction in the amount 
of IH through 41 weeks’ PMA. The observed reduction in 
TNF-α suggests caffeine may reduce inflammation, which 
contributes to the risk for adverse outcomes in preterm 
infants. A larger randomised trial examining extended 
caffeine effect on long-term adverse outcomes in preterm 
infants is warranted.
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