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Caffeine: an evidence-based success story in VLBW

pharmacotherapy

Nicole R. Dobson’' and Carl E. Hunt'

Apnea of prematurity (AOP) is a common and pervasive problem in very low birth weight infants. Methylxanthines were reported
>40 years ago to be an effective therapy and, by the early 2000s, caffeine had become the preferred methylxanthine because of its
wide therapeutic index, excellent bioavailability, and longer half-life. A clinical trial to address unresolved questions and toxicity
concerns, completed in 2004, confirmed significant benefits of caffeine therapy, including shorter duration of intubation and
respiratory support, reduced incidence of chronic lung disease, decreased need for treatment of patent ductus arteriosus, reduced
severity of retinopathy of prematurity, and improved motor and visual function. Cohort studies have now further delineated the
benefits of initiation of therapy before 3 days postnatal age, and of higher maintenance doses to achieve incremental beneficial
effects. This review summarizes the pivotal and in particular the most recent studies that have established the safety and efficacy of
caffeine therapy for AOP and other respiratory and neurodevelopmental outcomes. Caffeine has a very favorable benefit-to-risk
ratio, and has become one of the most prescribed and cost-effective pharmacotherapies in the NICU.

Pediatric Research (2018) 84:333-340; https://doi.org/10.1038/s41390-018-0089-6

INTRODUCTION

Apnea of prematurity (AOP) is defined as cessation of breathing
for longer than 20 s, or respiratory pauses of shorter duration with
associated bradycardia or oxygen desaturation.! AOP is inversely
related to gestational age; more than 85% of infants born at
<34 weeks and 100% of infants born at <28 weeks gestation
exhibit AOP-related symptoms due to immaturity of the brainstem
and peripheral chemoreceptors.?> AOP is thus a common and
pervasive problem encountered in the newborn intensive care
unit (NICU). Interventions for AOP include tactile stimulation, nasal
cannula flow or continuous positive airway pressure, positive
pressure ventilation, and methylxanthine therapy. Methyl-
xanthines have been used for >40 years to treat AOP in the
NICU. This review focuses on: (1) how and why caffeine has
become one of the most commonly prescribed and cost-effective
pharmacotherapies for very low birth weight (VLBW) infants
(<1500 g) in the NICU; (2) its favorable benefit-to-risk profile; and
(3) new insights and unresolved mechanisms or issues.

HISTORY OF METHYLXANTHINE USE

The first methylxanthines used for AOP were aminophylline and
theophylline, and the initial studies documenting efficacy were
published >40 years ago.>> The major metabolite of the dimethyl-
xanthine theophylline in neonates is caffeine, a trimethylxanthine.
Caffeine has more potent central activity and less peripheral
effects than theophylline. There is significant variability in the
elimination of caffeine with a halflife of 40.7-231h° A
pharmacokinetic study confirmed the longer half-life, excellent
oral bioavailability, and wide therapeutic index of caffeine, with
levels as high as 84.2 ug/ml tolerated by preterm infants with
minimal side effects.” Collectively, these early studies showed that

caffeine was an effective pharmacotherapy for AOP. A caffeine
citrate loading dose of 20 mg/kg followed by a 5mg/kg daily
maintenance dose resulted in plasma concentrations of 5-20 pug/
ml and seemed generally sufficient to alleviate clinical symptoms.®

The use of methylxanthines had increased dramatically by the
1990s, but the efficacy and safety of caffeine therapy in VLBW
infants remained controversial. To address these controversies, the
Caffeine for Apnea of Prematurity (CAP) Trial was established.?
This multi-site trial enrolled 2006 infants weighing 500-1250 g at
birth. Infants were randomized to caffeine or placebo within the
first 10 days, and the treatment continued until no longer clinically
necessary. The caffeine cohort received a loading dose of 20 mg/
kg of caffeine citrate and an initial maintenance dose of 5 mg/kg/
day. The median age at initiation of treatment was 3 days
(interquartile range [IQR] 2-5), the median duration of therapy was
37 days (IQR 24-46), and the median postmenstrual age (PMA) at
last dose was 34.4 weeks (IQR 33.0-35.9).2 The CAP Trial did not
have independent data monitoring, but the investigators
performed extensive central monitoring at the data center,
including source document verification of all Bayley test results
(a primary outcome) and correction of administrative, scoring, and
reporting errors as needed to ensure the accuracy of results prior
to final data entry.’ The results of this clinical trial, including
follow-up to age 11-12 years, are summarized in the following
sections.

MECHANISMS OF ACTION

Methylxanthines act both peripherally and centrally through
antagonism of adenosine A1 and A2A receptors to stimulate
the medullary respiratory centers (Table 1). This stimulation
increases sensitivity to carbon dioxide, improves sensitivity and/
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Table 1.

Mechanisms of action of caffeine administration

Action

Biochemical effect

Clinical effects

Binds to adenosine receptors (A, Aza,
Aop, and Az)?

Clinical effects of caffeine in preterm
infants are primarily mediated by binding
to A; and A;a receptors.

Blocks adenosine activity

Alters the concentration of cyclic

adenosine monophosphate (cAMP)

-Binding to A¢R increases cAMP

-Binding to A,,R decreases cAMP

Secondary effects on many classes of
neurotransmitters (noradrenaline, dopamine,
serotonin, acetylcholine, glutamine, and gamma-

-Reduces apnea and facilitates extubation by
increasing diaphragmatic activity, stabilizing
respiratory pattern, increasing minute ventilation,
and reducing hypoxic respiratory depression
-Decreases incidence of BPD by reducing the
duration of mechanical ventilation and modulating
inflammation

-Enhances diuresis, which may facilitate closure of

aminobutyric acid)

Inhibits cyclic nucleotide
phosphodiesterase

Binds to ryanodine receptors
reticulum

Prostaglandin antagonist

Increases the concentration of cAMP
Releases calcium ions from the endoplasmic

Inhibits prostaglandin production and activity

PDA and decrease incidence of BPD

-Improves neurodevelopmental outcomes by
reducing intermittent hypoxia and possible direct
neuroprotective effects on the developing brain
-Reduces severe ROP by reducing retinal
neovascularization

Modulates inflammation

May facilitate closure of ductus arteriosus

May facilitate closure of ductus arteriosus

2Adenosine receptors are present in brain, retina, heart, blood vessels, kidneys, gastrointestinal tract, and respiratory system

or responsiveness to PaO,, enhances diaphragmatic function, and
induces bronchodilation. These effects lead to increased minute
ventilation related to increased inspiratory drive, with little effect
on duration of inspiration or expiration, fewer apneas, and
reduced hypoxic respiratory depression.'®"®

Blocking adenosine receptors causes important secondary
effects on multiple neurotransmitters, including noradrenaline,
dopamine, serotonin, acetylcholine, glutamine, and gamma-
aminobutyric acid (GABA).'? Adenosine is critical for maintaining
ATP levels in the brain, and adenosine levels increase dramatically
during hypoxia and inflammation. Activation of adenosine A1l
receptors protects against brain damage during hypoxic-ischemic
injury in animal models.'"®'® Since preterm infants often
experience hypoxic-ischemic insults, concern persisted that
caffeine may be detrimental to the developing brain, and
therefore have long-term adverse neurodevelopmental conse-
quences. The CAP Trial was designed to address this concern.

CLINICAL EFFECTS OF THE TREATMENT

Apnea of prematurity

The efficacy of caffeine in treating apnea was first demonstrated in
18 preterm infants with recurrent apnea, in whom the mean
frequency of apneic spells decreased significantly.® Studies
comparing caffeine to theophylline and aminophylline showed
equivalent effects, and a Cochrane review of six trials concluded
that all methylxanthines were effective in reducing the frequency
of apneic events.'””?* The better safety profile of caffeine,
however, led the Cochrane authors to conclude that caffeine
was the “preferred drug” for treating AOP. Evolving treatment
patterns followed this recommendation, and exclusive use of
caffeine in VLBW infants increased from 26% of all methylxanthine
use in 1997 to 96% in 2010.%*

Caffeine is now universally considered to be effective in
reducing apnea-related symptoms caused by immature auto-
nomic control of breathing, but randomized clinical studies of
methylxanthines for apnea prevention have had mixed results.
One study of 50 spontaneously breathing preterm infants
randomized to caffeine or placebo at 48 h of age did not show
any benefit to prophylactic caffeine in reducing the number of
hypoxemic episodes.>> A small trial assessing prevention of apnea
in infants born <33 weeks gestation showed that caffeine
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prophylaxis reduced apnea in infants during the first week of
therapy, but not thereafter.> A systematic review concluded that
the available evidence did not support the use of methylxanthine
prophylaxis to prevent apnea in preterm infants.”® Nevertheless,
prophylactic use of methylxanthines for apnea of prematurity is
now common, with 62% of neonatologists reporting prophylactic
use in an international survey.?” A recent small randomized trial
did show that caffeine was effective in preventing apnea in very
preterm infants in the first 10 days of life.”

Extubation and bronchopulmonary dysplasia

Methylxanthines are also often used in the NICU to facilitate
extubation. The Cochrane review of prophylactic methylxanthine
treatment to facilitate weaning from mechanical ventilation and
extubation concluded that treatment reduced failure of extuba-
tion within 1 week.?? The mechanisms for improved extubation
success rates are not fully delineated, but may in part be related to
decreased respiratory system resistance, increased respiratory
muscle strength, and improved functional residual capacity and
compliance® In addition, a recent study using transcutaneous
diaphragm electromyography showed that caffeine resulted in a
rapid and sustained increase in diaphragmatic activity and tidal
volume.'

In the CAP Trial, caffeine treatment was associated with 1 week
less of endotracheal intubation, positive pressure ventilation,
supplemental oxygen, and less use of postnatal steroids for lung
disease.® The respiratory benefits included a reduction in the rate
of bronchopulmonary dysplasia (BPD) (36.3% with caffeine vs.
46.9% in the placebo group, p <0.001). Follow-up at 11 years of
142 children enrolled in the CAP Trial showed higher expiratory
flow and fewer children with forced vital capacity below the fifth
percentile with caffeine compared with placebo treatment.>? As
discussed in later sections, earlier initiation of caffeine treatment
and higher doses may be even more effective in extubation
success and reduced BPD rates.

In summary, caffeine treatment decreases extubation failure
and risk for BPD. The mechanism for these benefits is related at
least in part to fewer AOP-related symptoms, but improved
diaphragmatic function and less bronchoconstriction are likely
also contributing factors. Animal studies also suggest that the
beneficial effects of caffeine on the neonatal lung may be related
to reduced inflammation and protection from hyperoxia-induced
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damage by improving eNOS,** and in vitro studies show that
caffeine has anti-oxidant properties. 3436

Neurodevelopmental outcome

The primary outcome of the CAP Trial was a composite of death,
cerebral palsy (CP), cognitive delay, deafness, or blindness at a
corrected age of 18-21 months. This outcome occurred more
frequently in the placebo group (46.2%) than the caffeine group
(40.2%, p = 0.008).3 Caffeine also reduced the individual rates of
CP and cognitive delay. There were no differences in rates of
death, severe hearing loss, or bilateral blindness. Infants receiving
respiratory support at enrollment seemed to derive more
neurodevelopmental benefits than infants not receiving the
support.®® Since caffeine-treated infants had improved outcomes
at lower cost, caffeine treatment was concluded to be cost-
effective.®® At 5-year follow-up for CAP enrollees, there were no
differences in rates of cognitive deficits and CP between the two
groups; but among the subgroup of infants with CP, the overall
function on the Gross Motor Functional Classification System was
improved in the caffeine group (p=0.006)."° Moreover, the
caffeine group experienced lower rates of developmental
coordination disorder and motor dysfunction not associated with
CP or cognitive impairment.*'™*3

At 11-12 years of age, the caffeine group had significantly less
motor impairment compared with the placebo group (19.7% vs.
27.5% in the placebo group, p=0.009)."* These longer-term
outcomes have thus confirmed that caffeine therapy is associated
with sustained reductions in motor impairments.

Although fewer AOP-related events and less intermittent
hypoxia may have contributed to improved neurodevelopment,
this was not assessed in the CAP Trial**™*® Only 50% of the
neurocognitive benefits of caffeine at 18-21 months could be
explained by improved pulmonary outcomes, suggesting a direct
neuroprotective effect. In a subset of 70 CAP enrollees, assessment
at term equivalent age (TEA) using quantitative magnetic
resonance imaging (MRI) showed improved white matter micro-
structural development in caffeine-treated compared with
placebo-treated infants.” In a different study of perinatal
antecedents of microstructural injury in extremely premature
infants at TEA, longer duration of caffeine treatment was
associated with less white matter injury.>° Caffeine also increases
cerebral cortical activity in preterm infants, but it is unclear
whether this represents a neuroprotective response®' (also see
sections on early treatment and higher doses).

Animal studies generally support a direct neuroprotective effect
of caffeine in the developing brain.>*% A recent study showed
that caffeine had a pleiotropic neuroprotective effect in the
developing brain of rat pups due to its anti-oxidant, anti-
inflammatory, and anti-apoptotic properties.>’ Other studies,
however, have shown detrimental changes within the developing
brain after caffeine exposure.®® These differing results are likely
impacted by the species examined, caffeine dose used, neurode-
velopmental stage at the time of administration, and duration of
exposure. Moreover, animal models cannot account for the
interactions between caffeine and other therapies in the NICU
that may affect neurodevelopmental outcomes.®

49

Retinopathy of prematurity

In the CAP Trial, there was no difference in the rates of retinopathy
of prematurity (ROP) between the treatment groups at NICU
discharge.2 However, at 18-21 months, there was a trend toward
lower rates of all stages of ROP in the caffeine-treated compared
with placebo infants (39.5% vs. 43.7%, p =0.06), and caffeine-
treated infants had less severe ROP, 5.1% in the caffeine group
compared with 7.9% in the placebo group (p =0.01).>” Although
the shorter duration of positive airway pressure and supplemental
oxygen in caffeine-treated infants may have contributed to the
reduction in severe ROP, intermittent hypoxia has also been
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associated with severe ROP and caffeine decreases the extent of
intermittent hypoxia.*>*¢48

Animal studies provide some insights into potential mechan-
isms by which caffeine ameliorates ROP. Adenosine subtype
receptors in the retina modulate inflammation, neuroprotection,
and angiogenesis, and a therapeutic benefit of caffeine for ROP
appears to be supported by its ability to control angiogenic factors
such as hypoxia inducible factor-1a and vascular endothelial
growth factor (VEGF), angiogenesis, apoptosis of endothelial cells,
and other vascular actions.>>®° In a rat pup model of ROP, both
caffeine and a non-steroidal anti-inflammatory drug given alone
reduced retinal neovascularization, but when given together,
appeared to prevent severe retinopathy related to effects on
retinal and serum growth factors, including insulin-like growth
factor-1 and VEGF.®'

Patent ductus arteriosus

In the CAP Trial, caffeine-treated infants required less pharmaco-
logic intervention for patent ductus arteriosus (PDA) closure
compared with placebo-treated infants (29% vs. 38%, p < 0.001).
Also, only 4.5% of infants in the caffeine group required PDA
ligation compared with 12.6% in the placebo group (p <0.001)2
The beneficial effects of caffeine on PDA closure may be related to
enhanced diuresis and antagonism of prostaglandin activity (also
see sections on early treatment and higher doses).®

Necrotizing enterocolitis
Retrospective studies have reported conflicting results regarding a
potential association between caffeine treatment and necrotizing
enterocolitis (NEC).*®* A post hoc analysis from a trial of caffeine
therapy for AOP showed a trend toward more NEC in the caffeine
compared with the placebo-treated group.®®> Importantly, how-
ever, the randomized CAP Trial observed no differences in the
rates of NEC between the treatment groups (6.3% caffeine group,
6.7% placebo group, p = 0.63)2

Studies evaluating mesenteric blood flow velocities in preterm
infants following loading doses of 25-50 mg/kg caffeine citrate
showed a reduction in velocity.°®®” A study using a loading dose
of 10mg/kg caffeine base (equivalent to 20 mg/kg caffeine
citrate), however, revealed no significant changes in superior
mesenteric artery flow velocities.®® Unfortunately, there are no
data assessing blood flow velocities during maintenance caffeine,
and no studies assessing the clinical significance of decreased
blood flow velocity. Based on all available clinical data including
the CAP Trial, there is no evidence of a causal role for caffeine in
the etiology of NEC.

Inflammation

A recent study evaluated modulation of cytokine release in
response to caffeine exposure.®® Exposure of cord blood mono-
cytes from full-term infants to caffeine at doses sufficient to
achieve concentrations of 10-20 pug/ml decreased TNF-a and IL-10
secretion, but higher caffeine doses resulted in a pro-inflammatory
response. An earlier study in infants being treated for AOP also
concluded that caffeine concentrations >20 ug/ml were asso-
ciated with a pro-inflammatory profile.”® The clinical significance
of these apparent pro-inflammatory effects is unclear, especially
considering the anti-inflammatory beneficial effects of caffeine on
neurodevelopment and BPD. Also, animal studies demonstrate
that caffeine promotes anti-inflammatory effects in the immature
lung, especially in the setting of intra-amniotic infection.333%7" As
discussed later, the studies reporting additive benefits of caffeine
on multiple outcomes at higher doses are also indicative of an
anti-inflammatory effect.

Other clinical effects

There were no differences in sleep duration or sleep-disordered
breathing at 5-12 years of age in caffeine- vs. placebo-treated
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Table 2.

Clinical benefits of beginning caffeine treatment before 3 days of age compared with treatment after 3 days of age®

- Decreased incidence of BPD®, RR (cohort studies): 0.80, 95% ClI 0.66-0.96; RR (RCTs): 0.67, 95% ClI 0.56-0.81 (moderate quality)
+ Decreased incidence of death or bronchopulmonary dysplasia (BPD), RR 0.84, 95% Cl 0.73-0.95 (low quality)

+ Decreased need to treat patent ductus arteriosus, RR 0.71, 95% Cl 0.60-0.84 (low quality)

+ Decreased incidence of intraventricular hemorrhage, RR 0.75, 95% Cl 0.67-0.83 (low quality)

+ Decreased need for therapy for retinopathy of prematurity, RR 0.85, 95% ClI 0.83-0.88 (low quality)

* Decreased use of postnatal steroids, RR 0.65, 95% Cl 0.47-0.90 (low quality)

*No effect on incidence of necrotizing enterocolitis, RR 1.03, 95% Cl 0.90-1.18 (low quality)

®Risk ratios from meta-analysis®® of retrospective cohort studies**®>~%”

unless otherwise indicated. Quality of evidence is based on the GRADE system'®*
PData from randomized, controlled trials (RCTs) as well as retrospective cohort studies

children from the CAP Trial.”? Also, there were no significant
differences in sleep duration or sleep quality during maintenance
caffeine therapy compared to control infants, based on poly-
somnographic recordings at 33-34 weeks postmenstrual age
(PMA).”? In a prospective study of heart rate variability (HRV) in
infants with AOP before and 1-2 h after receiving caffeine citrate
loading dose of 15-20 mg/kg, caffeine had no adverse effects on
heart rate, blood pressure, or HRV.”* In a preterm lamb model
assessing renal function after a caffeine loading dose of 40 mg/kg
of caffeine base, the urine output was significantly higher after
caffeine compared to controls for the 2-h duration of observation,
but no significant changes in renal function were noted.”” In
preterm infants studied >12h after starting caffeine, urine flow
and creatinine clearance increased, and other renal functions
improved, including urinary sodium excretion.”® In a retrospective
study, preterm infants treated with caffeine in the first week of life
were less likely to develop acute kidney injury, 17.8% vs. 43.6% in
neonates not treated with caffeine, p=0.002."7 Brainstem
auditory neural processing is faster in infants receiving caffeine
compared with controls, and caffeine appears to improve cortical
processing of auditory stimuli as determined by event-related
potentials.”®”°

Side effects/toxicity
Side effects of methylxanthine therapy include increased meta-
bolic rate, increased oxygen consumption, tachycardia, cardiac
dysrhythmias, jitteriness, and, at toxic levels, seizures. Case reports
of accidental caffeine overdose in premature infants have
described a variety of acute neurologic, cardiovascular, and
metabolic abnormalities.®’ One case report described a 28-week
infant who developed rhabdomyolysis while receiving standard
caffeine dosing, with a caffeine level of 32.59 ug/ml®' Other
studies, however, have reported caffeine levels of 30-40 pug/ml
without significant side effects.*>®2

Caffeine increases cerebral cortical activity in preterm infants,
but the clinical significance of this finding is unclear.®® The CAP
Trial did not reveal any significant short- or long-term adverse
effects of caffeine therapy in preterm infants. Caffeine-treated
infants gained less weight during the first 3 weeks after
randomization, but by 4 weeks, there was no difference in weight
gain® At 18-21 months and at 5 years, the mean percentiles for
weight, height, and head circumference did not differ between
infants in the caffeine and placebo groups.®”*°

TIMING OF CAFFEINE INITIATION: BENEFITS OF EARLY
TREATMENT

In the CAP Trial, the benefits of caffeine were most significant
when treatment was initiated within 3 days after birth.3® Several
retrospective cohort studies subsequently observed that earlier
initiation of caffeine therapy at <3 days was associated with
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improved outcomes as compared to initiation at =3 days
(Table 2).248487 The largest of these studies evaluated outcomes
in 62,056 VLBW infants and compared the outcomes between
infants receiving early caffeine therapy at <3 days and infants not
started on caffeine therapy until =3 days.>* Early caffeine therapy
was associated with a lower incidence of BPD (23.1% vs. 30.7%, p
<0.001), less treatment of PDA (12.3% vs. 19%, p < 0.001), lower
incidence of intraventricular hemorrhage (29.4% vs. 32.7%,
p <0.001), and less therapy for ROP (2.8% vs. 5%, p < 0.001). Early
caffeine was also associated with an increased incidence of death
(4.5% in the early group vs. 3.7% in the late caffeine group, p <
0.001), but this increase was attributed to survival bias since it only
occurred in infants born <24 weeks, and the majority of these
deaths occurred within the first 3 days after birth; infants born
<24 weeks would thus have to survive more than 3 days in order
to be eligible to receive late caffeine. Other retrospective studies
and especially the prospective studies comparing the outcomes
associated with early vs. late caffeine therapy did not find an
increased incidence of death, but did confirm the association of
decreased morbidities with early caffeine therapy.8>26#88°

The results of the CAP Trial combined with these retrospective
cohort and prospective studies provided moderate quality
evidence for the beneficial effects of early initiation of caffeine
therapy in VLBW infants. A subsequent randomized pilot study in
21 infants born <29 weeks' gestation evaluated the use of even
earlier prophylactic caffeine citrate (20 mg/kg) started at <2 h of
age compared to initiation at 12 h.*® There was a trend toward
reduced intubation rates in the early caffeine group, but this did
not reach statistical significance (27% vs. 70%, p = 0.08). In infants
<30 weeks gestation, a delivery room bolus of 10 mg/kg caffeine
base in the first 7min of age was associated with improved
respiratory effort at birth compared to caffeine administration
starting in the NICU, but the effects on clinical outcomes are
unclear.”’

In summary, studies of initiation of caffeine treatment at
<3 days of life have generally shown positive benefits.®¥%° One
recent study, however, did raise significant concerns about very
early, high-dose caffeine, and is discussed in the next section.’?

CAFFEINE DOSING: IS MORE BETTER?

The FDA-approved caffeine for treatment of AOP in 1999 with a
recommended loading dose of 20mg/kg of caffeine citrate
followed by a daily maintenance dose of 5 mg/kg.”®> Many centers
are now using a maintenance dose range of 5-10 mg/kg. Recent
studies have reported using even higher maintenance doses and
achieving incremental benefits compared with standard main-
tenance dosing without any adverse effects (Table 3).529%%> A
randomized, double-blind trial of three different maintenance
dosing regimens of caffeine citrate (3, 15, and 30 mg/kg) for peri-
extubation management of infants born <32 weeks’ gestation

Pediatric Research (2018) 84:333 -340



Caffeine: an evidence-based success story in VLBW pharmacotherapy
NR Dobson and CE Hunt

Table 3.

Relationship between maintenance dose of caffeine citrate, clinical benefits, and side effects

Maintenance dose of caffeine Established clinical benefits
citrate®

Potential side effects

5-10 mg/kg/day 1) Treats apnea of prematurity

non-invasive respiratory support
3) Reduces incidence of BPD/CLD

5) Reduces severity of ROP

follow-up
20 mg/kg Compared with standard dosing:
1) More effective in reducing apnea

2) Reduces extubation failure

outcomes

2) Facilitates extubation, with shorter duration of intubation and jitteriness, tremors, and hypertonia,

4) Decreases the need for treatment of PDA

6) Improves motor function and visual perception at 5-year

3) Reduces duration of mechanical ventilation
4) Possible improvement in early neurodevelopmental

1) Generalized CNS stimulant: causes irritability,

2) Cardiovascular effects: tachycardia and increased
blood pressure

3) Decreased weight gain in first 3 weeks after
treatment initiation

4) No known long-term adverse effects

1) Longer time to regain birth weight

2) Possible increase in feeding intolerance

3) Increased incidence of tachycardia in some
studies

BPD bronchopulmonary dysplasia, PDA patent ductus arteriosus, ROP retinopathy of prematurity
#Caffeine base dose would be 50% of the caffeine citrate dose. Doses are identical for parenteral and oral administration. See text for references

revealed no difference in extubation failure between groups, but
infants in the two higher-dose groups had significantly less apnea
compared with the lowest-dose group.®? Another trial comparing
maintenance doses of 20 vs. 5 mg/kg/day of caffeine citrate for
peri-extubation management did show a significant reduction in
extubation failure in the high-dose group (15% vs. 29.8%; relative
risk 0.51 [0.31-0.85]).>> Also, in the subgroup of infants with a
gestational age <28 weeks at birth, the duration of mechanical
ventilation was significantly less in the high-dose group. One- and
two-year follow-up of these cohorts revealed no significant
differences in developmental outcomes®>?® A recent trial
compared high dose (caffeine citrate loading dose of 40 mg/kg,
maintenance 20 mg/kg/day) to low dose (loading 20 mg/kg,
maintenance 10 mg/kg/day) for AOP at <32 weeks' gestation;
the higher-dose cohort showed a significant reduction in
extubation failure, frequency of apnea, and days of documented
apnea compared with the standard dose regimen.®® The positive
results of these trials, combined with minimal side effects from the
high-dose regimens, have led many international centers to
routinely use maintenance caffeine citrate doses as high as 20 mg/
kg/day, but maintenance doses in excess of 10 mg/kg/day are rare
in the United States.

The studies using caffeine doses higher than 10 mg/kg/day
have not focused on the first 3 days of age. A recent randomized
controlled trial investigated the potential neuroprotective
benefits of caffeine in preterm infants using a very high-dose
regimen starting at <24 h of age in infants born at <30 weeks’
gestation.®? Infants randomized to high-dose caffeine citrate
(80 mg/kg over 36h) were compared with a standard dose
regimen of 30 mg/kg over 36 h. In a post hoc analysis, the high-
dose group showed an unanticipated finding of increased
incidence of cerebellar hemorrhage (36% vs. 10%, p =0.03),
subtle neurobehavioral differences at term equivalent age, and a
trend toward increased seizure incidence and burden.®*°’
Despite these adverse findings, however, brain MRIs at term
equivalent age did not reveal any differences between the
groups in brain growth as measured by brain metrics and
volumes, nor in white matter injury as assessed by apparent
diffusion coefficient or fractional anisotropy, and developmental
outcomes at 2 years of age did not differ between the two
groups.®? Although these results raise potential concerns about
the use of very high-dose caffeine at a very early age in
extremely preterm infants, it is important to note that none of
the studies reporting a favorable benefit-to-risk ratio for high-
dose caffeine used such a high dose at such an early age.
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SHOULD CAFFEINE CONCENTRATIONS BE MEASURED?
Caffeine levels are rarely performed today unless there is a
persistence of symptoms or concern for toxicity. A recent study of
plasma caffeine concentrations, however, suggested that higher
cumulative concentrations of caffeine may offer incremental
benefits. This single-center, retrospective study correlated
higher-average caffeine concentrations (=14.5ug/ml)  with
reduced chronic lung disease rates as well as reduced duration
of ventilation, length of stay, use of oxygen at discharge, and total
hospital charges per patient’® If these findings are confirmed
prospectively, there may be renewed interest in monitoring
caffeine levels. The standard caffeine maintenance dosing regi-
men typically achieves blood concentrations of 8-20 pug/ml in
infants <32 weeks PMA, but preterm infants appear to safely
tolerate caffeine concentrations as high as 50-84 ug/ml even at
younger PMA.""#2%° A major drawback in monitoring caffeine
levels is the need for blood sampling, but studies show good
correlation between salivary and plasma caffeine concentra-
tions.'°°7'%2 The most recent study comparing salivary and plasma
caffeine concentrations found the mean of the differences (95%
Cl) between plasma and salivary concentrations to be —0.18
(—1.90, 1.54), showing no significant bias between the two
measures.'®" If further studies confirm incremental benefits with
higher concentrations of caffeine, salivary sampling would be a
valid alternative to blood for measuring caffeine concentrations to
optimize caffeine dosing.

OPTIMUM DURATION OF CAFFEINE TREATMENT: WHEN TO
STOP?
Routine caffeine treatment s typically discontinued by
33-35 weeks PMA following cessation of apnea-related symptoms.
Median PMA at last dose in the CAP Trial was 34.4 weeks (IQR
33.0-35.9)8 Significant amounts of intermittent hypoxia (IH)
persist after stopping caffeine treatment, and caffeine reduces
the extent of IH.***® However, unless and until studies confirm
that persisting IH to term equivalent age or beyond is associated
with acute injury and longer term adverse consequences
ameliorated with persisting caffeine treatment, there is no clinical
indication for extending the duration of caffeine treatment in
VLBW infants beyond the current clinical routine of 33-35 weeks
PMA.

There is no consensus as to the optimum duration of
observation after stopping caffeine treatment before it is safe to
discharge home. The recent American Academy of Pediatrics
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Statement summarizes the relevant issues and available evidence-
based recommendations.'®®

CONCLUSION

The first study showing efficacy of caffeine for treatment of apnea
in preterm infants was published 40 years ago.’ The ground-
breaking CAP Trial confirmed the safety and additional significant
benefits of caffeine therapy, including a shorter duration of
intubation and respiratory support, reduced incidence of BPD,
decreased need for treatment of PDA, reduced severity of ROP,
improved motor function, and lower rates of developmental
coordination disorder.23738404449 More recent studies have
yielded new insights regarding mechanisms, and delineated the
benefits of initiation of therapy before 3 days of age and higher
maintenance doses to achieve incremental beneficial effects. The
aggregate data have established the safety and efficacy of caffeine
therapy in preterm infants, and have resulted in caffeine being
one of the most widely used NICU pharmacologic agents.
Although placebo-controlled trials are no longer justifiable,
additional prospective studies are warranted to further clarify
underlying mechanisms, to determine the optimal dose and net
benefits of early prophylactic caffeine, and to determine how long
to continue caffeine therapy to achieve the optimum benefit-to-
risk ratio.
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