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Abstract

Objective Scientific scrutiny has proved the safety and benefits of caffeine to treat apnoea of prematurity (AOP).
However, there is no consensus on the effects of this treatment on sleep, especially considering the key role of adeno-
sine and early brain development for sleep maturation. We systematically reviewed studies with sleep as a primary
and/or secondary outcome or any mention of sleep parameters in the context of caffeine treatment for AOP.

Methods We performed a systematic search of PubMed, Web of Science and the Virtual Health Library from incep-
tion to 7 September 2022 to identify studies investigating the short- and long-term effects of caffeine to treat AOP
on sleep parameters. We used the PIC strategy considering preterm infants as the Population, caffeine for apnoea
as the Intervention and no or other intervention other than caffeine as the Comparison. We registered the protocol
on PROSPERO (CRD42021282536).

Results Of 4019 studies, we deemed 20, including randomised controlled trials and follow-up and observational
studies, to be eligible for our systematic review. The analysed sleep parameters, the evaluation phase and the instru-
ments for sleep assessment varied considerably among the studies. The main findings can be summarised as fol-
lows: (i) most of the eligible studies in this systematic review indicate that caffeine used to treat AOP seems to have
no effect on key sleep parameters and (i) the effects on sleep when caffeine is administered earlier, at higher doses
or for longer periods than the most common protocol have not been investigated. There is a possible correlation
between the caffeine concentration and period of exposure and negative sleep quality, but the sleep assessment
protocols used in the included studies did not have high-quality standards and could not provide good evidence.

Conclusions and implications Sleep quality is an important determinant of health, and better investments
in research with adequate sleep assessment tools are necessary to guarantee the ideal management of children who
were born preterm.
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Introduction

Caffeine has been used to treat and prevent apnoea of
prematurity (AOP) for almost five decades [1, 2]. The
work of Barbara Schmidt and the Caffeine for Apnea
Group, the Canadian Institute of Health Research
(CIHR) and the Australian National Health and Medical
Research Council (NHMRR) have revealed the benefits
of using caffeine to treat children with AOP. These ben-
efits include the following (i) reduction of the duration of
exposure to positive pressure and supplemental oxygen;
(ii) reduction of the incidence of bronchopulmonary dys-
plasia, patent ductus arteriosus and severe retinopathy of
prematurity; and (iii) increase in survival without neu-
rodevelopmental disabilities (at 18—-21 months of age),
such as a lower incidence of cerebral palsy and cognitive
delay [3]. Additionally, caffeine has proved to be safe, has
a long half-life and is cost effective [4].

The caffeine mechanism of action is mediated by block-
ing adenosine receptors, especially the A, and A,, aden-
osine receptors, which show high expression in nervous
tissue [5]. The mechanism underlying the benefits of caf-
feine for AOP treatment are not fully understood. Nev-
ertheless, research has shown that caffeine (i) increases
minute ventilation, (ii) increases sensitivity to CO,, (iii)
increases skeletal muscle tone, (iv) decreases diaphrag-
matic fatigue and (v) increases the metabolic rate with
increased oxygen consumption. Adenosine is a potent
modulator of cellular homeostasis and immune and
neural function; it plays an important role in health and
disease, including sleep maturation and performance [6,
7]. Normal development of the central nervous system
is obviously required to preserve neural function later in
life; hence, surveillance of any disturbance during early
brain development is necessary.

There are relatively few side effects attributed to caf-
feine used to treat AOP; they include irritability, gas-
trointestinal intolerance and increased sodium and
calcium excretion [8]. There is no standardised protocol
for the use of caffeine to treat AOP, but there have been
numerous studies investigating the best caffeine dose,
exposure time and time to start treatment [9, 10]. Some
authors claim that there is currently insufficient evi-
dence to support the administration of higher or earlier
doses of caffeine to treat AOP [11]. There is evidence that
higher doses of caffeine lead to a higher rate of ventilator
removal success and serve as an effective treatment for
morbidity related to AOP [12]. There is increasing evi-
dence of worse neurological outcomes in infants with a
very low birth weight and a high number of apnoeic epi-
sodes. Hence, researchers have evaluated protocols that
begin caffeine treatment earlier. The results have shown
reductions in the duration of mechanical ventilation, the
age at the first successful extubation, the need for oxygen
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supplementation and the incidence of bronchopulmo-
nary dysplasia [13—15]. On the other hand, adjustments
to the dose, period and timing of caffeine treatment in
neonates with AOP require close observation because
haemorrhage and an increased seizure incidence have
been correlated with higher caffeine doses and earlier
treatment [16, 17].

One of the most studied effects of caffeine is the dis-
ruption of sleep and increase in awareness because
adenosine is a modulator of sleep [7]. Sleep is an active
process that changes continuously throughout life, with
the greatest transition after the first 6 months of life [18].
For this reason, evaluation of the sleep effects of caffeine
used to treat AOP is necessary. Conversely, normal devel-
opment of sleep is dependent on preserved respiratory
function and normal brain development [18]. In this way,
caffeine treatment reduces respiratory problems reduc-
ing sleep interferences in infants. Here, we systematically
reviewed studies with sleep as a primary and/or second-
ary outcome or any mention about sleep parameters in
the context of caffeine used to treat AOP.

Material and methods

Before beginning this systematic review, the study pro-
tocol was first registered in the International Prospective
Register of Systematic Reviews (PROSPERO) under pro-
tocol number CRD42021282536. The review was written
in accordance with the Preferred Reporting for System-
atic Reviews and Meta-Analysis (PRISMA) guidelines.

Sources of information

Between 30 November 2021 and 1 December 2021, Pub-
Med (https://pubMed.ncbi.nlm.nih.gov), Web of Science
(https://www.webofscience.com/wos/woscc/basic-search)
and the Virtual Health Library (https://bvsalud.org/) were
searched for relevant studies. The DeCS/MeSH terms
were CAFFEINE OR XANTHINE OR METHYLXAN-
THINE AND PRETERM OR NEWBORN OR NEO-
NATAL OR PREMATURE. The order of operation was
(CAFFEIN* OR XANTHIN* OR METHYLXANTHIN*)
AND (PRETERM* OR NEWBORN* OR NEONAT* OR
PREMATUR*). On 7 September 2022, the search was
repeated. The details for each search strategy are included
in the Supplementary Material.

Study selection and the PIC strategy

After searching the databases, the studies were selected
with the following sequence: (i) exclusion of duplicates,
(ii) title analysis, (iii) analysis of abstracts, (iv) analysis of
the complete manuscript and (v) analysis of the cited ref-
erences. These steps were performed by two independent
reviewers (A. R. P. T. and H. A. R.), followed by a final
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review by the senior researcher (R. S. S.). Only original
studies were considered.

The PIC strategy was Population, preterm new-
borns <37 weeks; Intervention, caffeine citrate therapy;
and Comparison, preterm infants < 37 weeks old who had
received no intervention or any intervention other than
caffeine. Only studies written in English, Portuguese or
Spanish were considered.

Eligibility criteria

Considering the search strategy, the eligible articles were
studies in human preterm newborns at<37 gestational
weeks, exposed to caffeine and with any parameter able
to assess sleep. Original studies, including experimen-
tal studies, epidemiological studies, cohort/longitudinal
studies, cross-sectional studies, randomised controlled
trials (RCTs), case—control study and case studies, were
eligible. Animal studies, in vitro studies, studies that did
not measure the outcomes of this systematic review, data
from individuals with neurological sequelae and non-
original studies (reviews, abstracts and annals of scien-
tific meetings) were excluded.

Data extraction

Two independent reviewers (A. R. P. T. and R. S. S.)
extracted data from the eligible studies. The extracted
data included the type of study, sample comparison, the
gestational age at birth, the gestational age at which the
newborn was exposed to caffeine, the number of infants
submitted to the intervention, sex, the caffeine dose
applied, the time of exposure to caffeine and the age at
which the sleep outcome was collected. In addition, the
types of sleep monitoring, the main outcomes, how the
data were collected, the country of origin and the year of
publication were recorded.

Data synthesis and risk-of-bias evaluation
The collected outcomes were grouped as best as possi-
ble according to the design of each study, namely obser-
vational and interventional (RCTs and follow-ups). The
following data were synthesised: bibliographic informa-
tion, the study design, the main objective, the type of
comparison, the population characteristics, the interven-
tion characteristics (gestational age of exposure, caffeine
exposure regimen and total time of exposure) and out-
comes related to sleep and caffeine exposure (the period
of sleep evaluation, the type of sleep evaluation and the
main results).

The risk of bias of each study was assessed with the
Cochrane RoB 2 Checklist (2021 version) [19] or the
Newcastle—Ottawa scale [20].
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Results

After applying the inclusion criteria, 20 studies were eli-
gible (Fig. 1). We could not perform a meta-analysis of
the selected studies because the authors had used a wide
array of strategies to assess sleep parameters. In addi-
tion, we identified uncertainties regarding the acquisition
of sleep parameters. However, we found interesting data
from RCTs, follow-ups of RCTs and observational stud-
ies, which we describe narratively. Table 1 describes main
features of eligible studies.

RCTs and follow-ups of RCTs

Of the 20 included studies, there was one RCT [10] and
seven follow-ups [21-26] that evaluated sleep parameters
in interventional studies considering caffeine exposure in
children who were born premature.

Long-term assessments

Marcus et al. [21] found no long-term effects of caffeine
exposure during the first 10 days of life on the primary
outcome of total sleep time detected with actigraphic
analysis of 5-12-year-old children. The authors also
evaluated bedtime, sleep onset latency and wakefulness
after sleep onset as secondary outcomes; they were also
unaffected. On the other hand, their polysomnographic
assessment showed greater total sleep time when com-
paring infants treated with caffeine with infants treated
with placebo, while there was no difference in sleep effi-
ciency and architecture. Although the periodic limb
movements during sleep were higher in the caffeine
group compared with the placebo group, this difference
vanished when considering covariates [21].

Meltzer et al. [22] carried out a study to validate actig-
raphy compared with polysomnography for sleep assess-
ment in a pooled sample of 5-12-year-old children from
the caffeine and placebo groups reported by Marcus et al.
[21]. While the objective of this study was to evaluate
technologies and their suitability for sleep assessment,
it is worth mentioning that the authors did not observe
an effect in the same sample from the previous study by
Marcus et al. [21] — and thus from the CAP study [4].
In other words, Meltzer et al. [22] no longer detected the
effects on total sleep time reported by Marcus et al. [21].

Biggs et al. [23], Cielo et al. [24] and Tapia et al. [25]
published follow-ups of the CAP study. They considered
only infants exposed to caffeine, or they pooled chil-
dren exposed to placebo and caffeine into a single group.
Based on actigraphy and sleep diaries, Biggs et al. [23]
suggested that irregular sleep schedules and reduced
sleep duration relative to the recommendations are com-
mon in 5-12-year-old children who were born preterm
in Australia and Canada. They highlighted the lack of a
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Fig. 1 Flow chart of the study selection. Only studies written in English, Portuguese and Spanish were considered

control group as an important limitation of their study.
Cielo et al. [24] studied a pooled sample of children
exposed to caffeine and placebo from the CAP study con-
sidering the presence of periodic limb movements and
restless legs syndrome in these 5-12-year-old children
who were born preterm. These children had a high preva-
lence of restless legs syndrome (8.4%) and periodic limb
movements (7.8%), detected by means of home polysom-
nographic assessment [24]. The authors assumed that
the lack of a difference in the number of patients with
periodic limbic movements between the groups implies
that neonatal caffeine administration is not a risk factor
for increased limb movement during sleep [24]. Like-
wise, Tapia et al. [25] collected data from pooled groups
exposed to caffeine and placebo in the CAP study and
analysed risk factors for obstructive sleep apnoea (OSA)
through polysomnographic evaluation. They concluded
that caffeine did not increase the incidence of OSA.

Assessments while receiving caffeine treatment

Brandon et al. [26] performed a follow-up of the for-
mer study from the same group [40] to evaluate the
risk factors for short-term neurobehavioural and sleep
outcomes in preterm infants through video recording
to evaluate cluster scores related to sleep quality. They
indicated that the use of caffeine during the assessment
was associated with lower scores for alertness and higher
scores for time asleep, while the amount of quiet sleep
was reduced. More recently, Oliphant et al. [10] per-
formed a short-term analyses of caffeine effects, evaluat-
ing intermittent hypoxaemia as a primary outcome and
sleep parameters as secondary outcomes. There were no
effects on sleep based on questionnaires answered by
parents of premature newborns who received a loading
dose of 10, 20, 30 or 40 mg kg~ followed by 5, 10, 15 or
20 mg kg~! day ™! equivolume enteral caffeine citrate as a
maintenance dose [10].
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Observational studies

We identified 13 observational studies regarding the
effects of caffeine used to treat AOP on sleep param-
eters [27-39]. The authors of these studies applied a wide
array of methods, including polysomnography, actigra-
phy, visual observations and electroencephalography.

Long-term assessments

There were two studies that reported long-term assess-
ment regarding the effects of caffeine used to treat AOP
in children aged 6 months [31] and 8-11 years [32]
Huang et al. [31] demonstrated that at 6 months of age,
preterm infants exposed to caffeine had more sleep prob-
lems than full-term infants who did not receive caffeine.
They noted significant correlations between actigraphic
and polysomnographic evaluations and the Chinese ver-
sion of the Brief Infant Sleep Questionnaire (BISQ) and
sleep diaries [31]. The sleep problems that correlated
with actigraphic and polysomnographic evaluation were
the nocturnal sleep duration, the number of night awak-
enings, the daytime sleep duration, the duration of time
with mouth breathing and the duration of time with noisy
breathing [31]. Hibbs et al. [32] reviewed birth records of
preterm neonates and analysed data from cardiorespi-
ratory evaluation and sleep diaries collected at around
10 years of age. They associated the use of xanthines,
including caffeine, with a more than twofold increase in
the chance of sleep-disordered breathing.

Assessments while receiving caffeine treatment
and immediately after caffeine discontinuation
We identified observational studies focused on assess-
ments between the first days to up to 12 weeks of life,
included analyses during caffeine treatment or close to
discontinuation of treatment [27-30, 33-39].
Curzi-Dascalova et al. [27] suggested no differences
in sleep organisation between control and caffeine-
treated premature infants evaluated with polysomnog-
raphy during the maintenance phase of the treatment.
In a different approach, but also using polysomnography,
Seppé-Moilanen et al. [28] compared sleep stage, caffeine
and supplemental oxygen effects over periodic breathing,
considering baseline and after acute caffeine exposure in
a group of premature infants. Caffeine and supplemental
oxygen reduced the extent of periodic breathing and the
number of periodic breathing related to apnoea, reducing
the impact on sleep quality. In a study of the short-term
effects of caffeine on sleep in late preterm infant, the
same group showed that all the main sleep quality attrib-
utes, such as total sleep time and sleep stage transition,
remained similar in both study phases after acute caffeine
exposure in late preterm infants [29].
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Hayes et al. [30] demonstrated by actigraphic and vide-
ographic assessments that the cumulative exposure to
caffeine in premature infants increases maximum move-
ment bout duration, decreases sleep-related spontaneous
movements and diminishes active sleep as the duration
of exposure increases when compared with nonexposed
infants.

Chardon et al. [35] did not find an effect of caffeine
exposure during the first 3 weeks of life on the total sleep
time or the sleep stage durations expressed as a percent-
age of total sleep time using sleep stage scores based on
electroencephalograms, eye movement using transduc-
ers, body movements by actigraphy, visual observations
and the hyperoxia test. Hassanein et al. [38] demon-
strated a significant increase in awakening 30 min after
caffeine exposure in a prospective observational study.

Symanski et al. [34] reported a significant interaction
between xanthine status and measurements before and
after awakenings based on video recordings. Their find-
ings indicated that neonates receiving xanthine therapy,
including caffeine, responded differently from control
neonates regarding wakefulness behaviour during an
examination of sleep behaviour states before and after
nursing interventions. They also reported that the fre-
quency of awakenings for the newborns who received
xanthine increased slightly after the nursing interven-
tions. Koch et al. [33] used video recordings and found
that neonates with gestational age>28 weeks receiving
caffeine treatment had an increased fraction of wakeful-
ness, alertness and likely also arousability at the cost of
active but not quiet sleep during first 5 days of life. The
sleep effects were reinforced as the caffeine concentra-
tion increased.

Holditch-Davis et al. [36] found that methylxanthines
(theophylline or caffeine), which they considered as a
covariate, affected most of the evaluated sleep param-
eters. Specifically, during theophylline or caffeine treat-
ment or shortly after its discontinuation, infants showed
less variability in active sleep, shorter breathing pauses,
fewer breathing pauses per hour of active and quiet sleep,
less chance of periodic breathing in both sleep states
and greater breathing during active sleep under. Using
video recordings and electroencephalography, the same
group observed sleep—wake states in infants until hos-
pital discharge or 44 weeks post-conceptional age and at
one follow-up between 1 and 3 months after term [37].
While receiving treatment, the number of days during
which theophylline or caffeine was used contributed to
differences between infants from different hospitals and
greater regularity in the respiration pattern [37]. Hell-
strom-Westas et al. considered methylxanthine use as a
covariate that had no electroencephalographic effects on
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the duration, interval or percentage of quiet sleep in 9-
and 48-day-old infants receiving treatment [39].

Quality of the included studies

Supplementary Figs. 1 and 2 show a summary of the eval-
uation of risk of bias. Marcus et al. [21] were the only eli-
gible experimental study rated as low risk of bias because
it was the only one to compare placebo versus caffeine-
treated infants and that considered sleep parameters as
the primary outcome. The lack of separation between
caffeine and a nonexposed caffeine group, inadequate
methods to measure sleep parameters and uncertainties
regarding blinding of investigators and analysis of data
related to sleep were the main issues in the other RCTs
and follow-ups [10, 22—-26].

We rated each most of the included observational stud-
ies as low risk of bias based on the Newcastle—Ottawa
scale [27-39]. However, three observational studies [32,
36, 39] lacked a nonexposed group, a factor that contrib-
uted to high risk of bias in the selection bias parameter
of the Newcastle-Ottawa scale. Finally, four studies [28,
29, 35, 38] had uncertainties regarding assessment of the
results in the specific parameter ‘assessment of outcome’
of the Newcastle—Ottawa scale.

Discussion

Of the 20 studies we included, five were follow-up assess-
ments of the long-term effects of children who were born
preterm participating in the CAP study [21-25]. The
studies that used less accurate tools, such as actigraphy
and answers/annotations to questionnaires/sleep diaries
from parents, did not find any effects on sleep-related
parameters [21, 23]. When a more appropriate tool (poly-
somnography) was used to assess these long-term effects,
there was an increase in total sleep time in caffeine-
treated children compared with children treated with
placebo, although the authors attributed this result to
chance [21]. Additionally, Marcus et al. [21] reported that
no other sleep parameter was affected based on polysom-
nographic evaluation. Other studies using the same group
of infants, but pooled into a single group, did not find
that caffeine altered sleep-related parameters [22, 24, 25].
These long-term studies used the same source of data, so
it is worth mentioning that these results are related to the
same caffeine exposure protocol: 20 mg kg™ as a loading
dose followed by a daily maintenance dose of 5 mg kg™*
beginning during the first 10 days of life.

Two observational studies included long-term assess-
ments of sleep at 6 months [31] and 8-11 years [32] of
age. Huang et al. [31] reported an important correla-
tion between data from questionaries, actigraphy and
polysomnography, but did not find effects of caffeine
on sleep parameters. However, several limitations must
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be carefully considered — for example they compared
preterm infants treated with caffeine with full-term
infants and did not consider the impacts of prematu-
rity per se on sleep parameters [31]. On the other hand,
Hibbs et al. [32] found an association between xanthine
exposure and sleep-disordered breathing, while the
diagnosis of AOP was not associated with this disorder.
However, this study did not differentiate caffeine data
from theophylline data, and there were no adjustments
to the data. In the end, the authors called for attention
to the potential long-term contribution of xanthine
exposure to sleep-disordered breathing in school-age
children [32].

Thirteen studies reported the sleep impacts of ongoing
caffeine treatment or shortly after discontinuation of caf-
feine; these studies used different approaches, making it
difficult to compare the results [10, 26—30, 33—39] Bran-
don et al. [26] showed sleep fragmentation and decreased
quiet sleep in preterm infants during caffeine exposure
in a follow-up of an RCT. These results deserve attention
because quiet sleep is the most important sleep stage for
brain development. Holditch-Davis et al. [36] reported
that infants receiving caffeine treatment had fewer res-
piratory pauses per hour during quiet sleep. The authors
attributed this effect to the direct pharmacological action
of methylxanthines during the early post-term period.
Meanwhile, observational studies also performed during
caffeine exposure did not find an effect on quiet sleep [33,
39] or sleep stage distribution [29, 35].

Caffeine treatment was associated with decreased
active sleep [30, 33], with a positive correlation with
increasing caffeine concentration. There were also cor-
relations between increasing caffeine concentration and
exposure time with wakefulness and motor parameters,
promoting sleep fragmentation [33, 34]. On the other
hand, Oliphant et al. [10] reported no effect on sleep in
a recent RCT when using nonconventional loading and
maintenance doses of caffeine to treat AOP. Unfortu-
nately, none of these studies used the gold standard tool
for sleep assessment: polysomnography [41]. Never-
theless, when Seppa-Moilanen et al. [28, 29] used poly-
somnography for observational assessments of a small
group of infants being treated with caffeine, they did not
find effects on sleep stages, but caffeine-treated infants
showed a reduction in the extent of periodic breathing
and the number of periodic breathing-related apnoeic
episodes. Curzi-Dascalova et al. [27] also used polysom-
nography and found similar results for sleep variables
before and after caffeine application. The relationship
between sleep quality and apnoeic event frequency and
duration is a direct effect of the ability of caffeine to
improve the respiratory response and appears to improve
sleep quality [29].
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There are several limitations of the included studies
that need to be addressed. The most important limita-
tions are the use of different coding for sleep stages, the
use of different parameters to evaluate sleep and differ-
ences in the types and adequacy of tools to assess sleep.
These differences are probably because (i) most studies
did not address sleep directly as a primary outcome and
(ii) polysomnography is complex and not available for all
studies. These factors emphasise the need for more stud-
ies in this area. Finally, only one study [10] investigated
sleep parameters using a non-standard caffeine protocol
to treat AOP. The increasing use of non-standard caffeine
protocols to treat very young premature infants requires
greater attention from the scientific community.

Considering the importance of sleep for quality of life,
the finding that the most common protocol for caffeine
to treat AOP did not have important long-term effects
on sleep parameters in RCTs and follow-ups using poly-
somnography is quite encouraging. Although a higher
caffeine dose and earlier treatment start have shown
benefits, especially in very young preterm infants, sev-
eral indicators of quality of life still require investigation
[11]. Among the benefits of beginning caffeine treatment
earlier are a decrease in the incidence of bronchopulmo-
nary dysplasia, death and bronchopulmonary dysplasia,
the need to treat patent ductus arteriosus, the incidence
of intraventricular haemorrhage, the need for therapy to
address retinopathy of prematurity and the use of post-
natal steroids [42, 43]. A mild increase in the mainte-
nance caffeine dose has been linked to reduction in the
incidence of apnoea, extubation failure and the duration
of mechanical ventilation and possible improvement in
early neurodevelopmental outcomes [43—-45]. Concerns
regarding an increased incidence of seizures, tachycar-
dia and cerebellar haemorrhage have been suggested as
impacts of higher doses of caffeine administered earlier
than 24 h after birth [16, 17, 43, 46]. However, the lack of
good-quality evidence for all outcomes of higher caffeine
doses and earlier treatment start [9, 43] calls for further
investigation, including long-term neurodevelopmental
outcomes and the effects on sleep quality.

Conclusion

Most of the eligible studies in this systematic review of
the literature indicate that when AOP is treated with
caffeine administered using a near-standard protocol
(20 mg kg™ as a loading dose and 5-10 mg kg™ ! as a
maintenance dose), there are not large effects on key
sleep parameters. However, some studies using a stand-
ard caffeine protocol to treat AOP or adjustments in
onset period and caffeine dose have shown impacts on
sleep parameters, but the sleep assessment protocols
were not of sufficient quality to produce good evidence.
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It is also worth mentioning that there has been insuf-
ficient research regarding the impacts of earlier and
higher doses of caffeine to treat very young preterm
infants, especially when evaluating sleep maturation.
Sleep quality is a source of health, and better invest-
ments in research with adequate tools for sleep assess-
ment are essential to guarantee the ideal management
of survivors of prematurity.
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