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Educational aims

The reader will be able to:

e Understand normal sleep patterns in infancy
e Appreciate disorders of breathing in infancy

o Appreciate disorders of respiratory control
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Sleep disordered breathing at the
extremes of age: infancy

Normal sleep in infancy is a time of change with alterations in sleep architecture, sleep duration,
sleep patterns and respiratory control as an infant grows older. Interactions between sleep and res-
piration are key to the mechanisms by which infants are vulnerable to sleep disordered breathing.

This review discusses normal sleep in infancy, as well as normal sleep breathing in infancy.
Sleep disordered breathing (obstructive and central) as well as disorders of ventilatory control and
infant causes of hypoventilation are all reviewed in detail.

@ERSpublications

This review covers sleep in infancy, a time of adaptation when infants are vulnerable to

sleep disordered breathing http://ow.ly/YKzVO

Introduction

Sleep is a distinct physiological state with changes
in brain activity, muscle tone and autonomic func-
tion (cardiac and respiratory control) as compared
with wakefulness. Sleep architecture, total sleep
time and sleep staging differ considerably as one
transcends from fetal life to adulthood, with a
further set of changes to the way we sleep occur-
ring as one heads towards senescence. Sleep and
breathing are intrinsically related functions, and
this relationship is critical to the understanding of
sleep disordered breathing in infancy.

Sleep is characterised by a series of sleep stages.
The scoring of sleep stages was first proposed for
adults in 1968 by REcHTscHAFFEN and KALEs [1]
who published a scoring manual. This manual
dichotomised sleep stages as rapid eye movement
(REM) sleep or non-rapid eye movement (NREM)
sleep. NREM sleep was further divided into stages
1-4 based on electroencephalography (EEG) char-
acteristics. The Rechtschaffen and Kales scoring
system has been superseded by the American Acad-
emy of Sleep Medicine (AASM) guidelines [2], which
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are used for scoring worldwide and divide sleep
stages as R (REM), N1 (stage T NREM), N2 (stage 2
NREM), N3 (stage 3 and 4 NREM sleep combined,
also known as slow-wave sleep) and N (non-REM
indeterminate stage). The visual scoring rules for
sleep staging in children are applicable from the
age of 2 months post-corrected gestational age
onwards. Figure 1 demonstrates the appearances
of N3 and REM sleep in a child aged 8 years. In
addition to the staging of sleep, the AASM guide-
lines are used for the scoring of respiratory events
be they obstructive (apnoea or hypopnoea), central
(apnoea or hypopnoea) or mixed, which occur with
an associated arousal, awakening or desaturation.
Rules are available from infancy onwards to facili-
tate scoring of respiratory events [2].

The scoring of infants sleep staging is more diffi-
cult due to immaturity in the EEG pattern, such that
a dichotomy between active sleep and quiet sleep
was proposed by ANDERs et al. [3]in 1971, An inde-
terminate sleep stage is used for epochs that display
characteristics of both active sleep and quiet sleep.
In early infancy the distinction between active sleep
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Figure 1 30-s epochs of EOG, EEG, EMG and electrocardiography (ECG) illustrating a) N3 sleep and b) REM sleep in
a child undergoing polysomnography. Images courtesy of the Dept of Cardiac, Respiratory and Sleep Physiology, Royal

Hospital for Sick Children, Edinburgh, UK.

and quiet sleep cannot be made on EEG criteria
alone, and behavioural and respiratory correlates
will change with age. Indeed sleep stage scoring
systems exist for infants that are independent of
[4] or complementary to [5] electrophysiological
measures. Active sleep shares some similarity with
adult REM sleep (irregular heart rate and EEG, rapid
eye movements and reduced electromyography
(EMQ) activity/muscle tone). In addition, squirm-
ing, grimacing and small movements of face and
limbs may be noted. Respiration is irregular. Quiet
sleep appears similar to adult NREM sleep (high
voltage EEG that may be continuous or discontin-
uous: tracé alternant), with eyes closed, few move-
ments and a regular respiratory pattern. Figure 2
demonstrates the appearances of tracé alternant in
an infant undergoing polysomnography.

Infant scoring has been incorporated into
the most recent version of the AASM scoring
guidelines [2] such that active sleep is named R
(REM sleep), quiet sleep is named N (NREM sleep)
and indeterminate sleep is named T (transitional

sleep). These guidelines recommend the use
of a combination of behavioural characteristics
and characteristics of respiration as well as EEG,
electro-oculography (EOG) and chin EMG patterns.
During stage R, the eyes are closed with REM
seen under closed eyelids along with grimacing,
squirming, sucking and small face and limb
movements. Respiration is irregular during stage
R sleep with some central pauses apparent. Stage
N sleep is characterised by the eyes being closed
with few movements and a regular respiratory
pattern. Stage T sleep is scored when both REM
and NREM characteristics are present within the
same sleep epoch [2].

Normal sleep and normal
sleep breathing in infancy

Periods of cycling activity interspersed with periods
of inactivity are identifiable in the human foetus
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Figure 2 Discontinuous slow wave EEG activity (tracé alternant) in infantile NREM sleep. Image courtesy of Dr Sadasivam
Suresh, Dept of Paediatric Respiratory and Sleep Medicine, Lady Cilento Children’s Hospital, Brisbane, Australia.

from 28-32 weeks of pregnancy that suggest
human sleep is an entity by this gestational age
[6]. However, in the post-natal setting active
sleep emerges as a recognisable entity at around
28-30 weeks gestational age, whilst quiet sleep
begins to become apparent much later (around
36 weeks) [6]. From this point onward quiet sleep
increases in proportion so that by 3 months cor-
rected gestational age it is the dominant sleep
state [7].

Over this first 3 months of life, many physio-
logical functions become more organised. As
highlighted above, sleep architecture is one of
these, as are pattern and control of breathing.
Breathing patterns become more stable with
increasing maturation with a reduction in vari-
ability of tidal volume as well as a fall in respira-
tory rate also occurring throughout infancy [8].

In addition, both tidal volume and inspiratory
time increase from preterm through infancy and
beyond.

Periodic breathing is characterised by recur-
rent central apnoea and intermittent respiratory
effort (figure 3). This is a normal phenomenon in
both term and preterm infants, which is thought
to reflect immaturity in breathing control [8].
Periodic breathing is common in stage R sleep,
but may also occur rarely in N sleep. Periodic
breathing may be exaggerated or persist for longer
in those who are born preterm, or in those with
coexisting pathology (i.e. low birth weight). There
are some associations between periodic breath-
ing and prolonged apnoea [9], as well as evidence
that hypoxia precipitates periodic breathing and
increase apnoeas in infants close to term [10].
This may explain the demonstrable effects on
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Figure 3 Periodic breathing in an infant. Image courtesy of Dr Sadasivam Suresh, Dept of Paediatric Respiratory and Sleep
Medicine, Lady Cilento Children’s Hospital, Brisbane, Australia.
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ventilatory control and witnessed apnoeas that
result in infants with intercurrent respiratory
infections. Furthermore, oxygen appears to be
a stabiliser of respiratory control with reduced
numbers of apnoeas and a reduced percentage of
periodic breathing noted in infants supplemented
with oxygen [11].

There is considerable variability in arterial oxy-
gen saturation measured by pulse oximetry (Spo,)
in infants. Cross-sectional work demonstrates the
wide variability in Spo, measurements in preterm
infants with median (range) Spo, values of 95%
(92-99%) [12], while two longitudinal studies
[13, 14] show how Spo, variability reduces and
average Spo, increases with age. The CHIME study
[13] assessed infants over the first 6 months
of life, demonstrating that while median base-
line Spo, values were 97.9%, the 10th percentile
was at 95.2%. Furthermore, 59% of the cohort
had at least one desaturation to >10% below
baseline with median lowest Spo, values of 83%
(10th percentile 78%). Longitudinal work from
TeRRILL et al. [14] in Brisbane reported a cohort of
34 infants studied at 2 weeks, and then 3, 6, 12
and 24 months of age. Median Spo, at 2 weeks of
age was reported as 97% (fifth centile 95%), and
by 12 months the median Spo, had risen to 99%
(fifth centile 97%) [14].

The scoring of respiratory events in infancy [2]
requires the event to last for at least two breaths.
An obstructive apnoea is scored when airflow is
absent for more than two breaths despite ongoing
or increased respiratory effort. An obstructive
hypopnoea is scored if there is a >30% reduction
in airflow with maintained or increased respiratory
effort and an associated desaturation (>3% drop
in Spo,) or an arousal. A central apnoea is scored
if there is an absence of both airflow and inspira-
tory effort along with an associated desaturation
(23%), arousal, awakening or bradycardia (heart
rate <60 beats-min-'). A central hypopnoea is
scored if there is a >30% reduction in airflow with
reduced respiratory effort and a >3% desaturation
or awakening.

Whilst obstructive apnoeas are rare in healthy
infants, the finding of some central apnoeas in sleep
studies undertaken on healthy infants [15, 16], and
indeed older children [17-19], is normal. These are
seen to reduce in number with age [15-18].

Sleep disordered breathing in
infancy: obstruction

Upper airways obstruction in infancy may give rise
to repeated, episodic reduction or cessation of air-
flow (hypopnoea/apnoea), a phenomenon known
as obstructive sleep apnoea (OSA). Respiratory
effort is preserved or increased at times of apnoea,
as the subject attempts to overcome obstruction.

The infant is particularly vulnerable to obstruc-
tion due to anatomical considerations (face shape

Sleep disordered breathing in infancy -

and obligate nasal breathing) and the predom-
inant REM sleep state, which may exacerbate
obstruction due to loss of muscle tone. In infancy,
causes of OSA are predominantly anatomical
for example those with laryngomalacia [20, 21],
macroglossia [22] or craniofacial disorders [20,
21] such as craniosynostoses (Crouzon’s disease,
Apert syndrome and Pfeiffer syndrome) [23], sub-
jects with cleft palate and Pierre-Robin sequence
(PRS) [24], those with mid-face hypoplasia (e.g.
Treacher-Collins and Goldenhar syndromes) [23]
and those with choanal atresia/CHARGE associ-
ation [25]. Muscle tone may also be a factor, for
example in infants with Down syndrome or neu-
romuscular disease [21].

In young children, adenotonsillar hypertrophy
becomes the principal cause of OSA with adenoids
and tonsils increasing in size until ~2-6 years
of age prior to involution. Infantile OSA due to
adenotonsillar hypertrophy is, however, a well-
recognised entity and may be present in older
infants from ~6 months of age onwards [26].

It is believed that the sleep fragmentation
and intermittent hypoxia ensuing from repeated
obstruction and arousal is deleterious to cognition
and behaviour in older children with OSA [27-29],
although direct evidence for adverse effects of OSA
in infants is lacking. Furthermore, growth hor-
mone is secreted during slow wave sleep [30] and
its secretion may be reduced if sleep is fragmented
due to OSA. This combined with increased calorie
use in infants with OSA may have a deleterious
effect on growth [31]. If we are to extrapolate this
evidence to infancy, then it is reasonable to pos-
tulate that untreated OSA may be interfering with
an infant’s growth and cognitive development at
a critical stage.

The identification and management of upper
airways obstruction will vary depending on the
setting (home or hospital) and the equipment
available. This may vary from bedside observations
with measurement of oxygen saturations by
pulse oximetry (Spo,) to limited-channel sleep
recordings through to full polysomnography.
In our centres, the majority of sleep studies
performed are limited-channel cardiorespiratory
studies, utilising a video camera, airflow measures
(either nasal cannulae or thermistor), respiratory
inductance plethysmography bands (to measure
respiratory effort), as well as heart rate and Spo,
monitoring. This allows confident detection
of apnoea, delineation between central and
obstructive events, and quantification of the
degree of ensuing hypoxia with obstructive events.
Figure 4a is of a sleep study illustrating obstructive
events in an infant with upper airways obstruction
secondary to PRS.

Management will vary depending on the under-
lying cause for the obstruction. Laryngeal anom-
alies may be amenable to surgical interventions,
for example supraglottoplasty for severe laryngo-
malacia [32], while tongue reduction may be of

Breathe | March 2016 | Volume 12 | No 1 ﬂ
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Figure 4 a) Limited-channel cardiorespiratory sleep study delineating obstructive apnoeas in an infant with PRS.
b) Resolution of apnoeas with an NPA in situ. Images courtesy of Dept of Cardiac, Respiratory and Sleep Physiology, Royal

Hospital for Sick Children, Edinburgh, UK.

value in those with Beckwith-Wiedemann syn-
drome and macroglossia. Infants with OSA occur-
ring as a result of adenotonsillar hypertrophy will
benefit from adenotonsillectomy [26].

In babies with PRS, a small chin (micrognathia),
cleft palate and a posteriorly placed tongue predis-
pose the infant to obstruction. A nasopharyngeal
airway (NPA) fashioned from an endotracheal tube
is often used to bypass upper airways obstruc-
tion in this patient group [33], as demonstrated
in the sleep study shown in figure 4b. The NPA is
sited with the tip of the endotracheal tube lying
above the laryngeal apparatus (figure 5). Simi-
larly, the use of pre-cut nasal stents can be used
to maintain airway patency in those operated on
for choanal atresia, with stents providing airflow
from the nares to the larynx as well as a conduit
for suction [34]. Other treatment modalities may
be utilised in the management of PRS, for example

n Breathe | March 2016 | Volume 12 | No 1

tongue-lip adhesion [35], mandibular distraction
techniques [36], continuous positive airway pres-
sure (CPAP) and, as a last resort, tracheostomy.

The use of CPAP may have a role in some causes
of infantile upper airways obstruction [37]. De-
livered by either nasal or full face mask this modal-
ity is especially useful in children with craniofacial
disorders. Tracheostomy has a role in some cases
of upper airways obstruction, in particular those
with multilevel obstruction [37]. Examples of this
would include complex PRS, where case series
report tracheostomy rates as high as 13% [24]. A
10-year retrospective review of 105 infants with
PRS managed in Edinburgh [38] showed that 63%
required an intervention with positioning and/
or NPA being successful in the majority. Small
numbers required surgical intervention with 3%
requiring tongue-lip adhesion and 4% undergoing
a tracheostomy.




Sleep disordered breathing in
infancy: central

Central apnoeas represent a cessation of airflow
secondary to the absence of respiratory effort.
Infrequent central apnoeas are found in normal
children [15-19], in particular following a sigh.
Infants are vulnerable to central apnoea because
of the wide variability in ventilatory control at such
a young age. Hypoxic ventilatory responses are
immature such that the principal determinant
for ventilatory drive in infants is the carbon diox-
ide level. If an arousal or a desaturation causes an
infant to increase ventilation (in order to restore
normoxia), then the infant may overshoot (due
to reasons of immature respiratory control) and
lower their carbon dioxide tension (Pco,) level
to below eupnoeic level reaching the “apnoea
threshold” and thus stop breathing (while waiting
for Pco, to rise). However, the infant has low func-
tional residual lung capacity (FRC), and as such
does not have to be apnoeic for long before a fall in
Spo, ensues. The resultant desaturation event trig-
gers an increase in ventilation and the cycle starts
once again. It is postulated that this mechanism
underlies the exaggerated periodic breathing and
frequent central apnoeas seen in some infants. It
would also explain the stabilising effect of oxygen
on breathing regulation, which acts to break this
cycle by prevention of the reactive desaturation.

There are some cases where the number of
central apnoeas and/or the gravity of associated
desaturations are felt to be pathological. Such
patterns may be related to immaturity of respira-
tory control and are associated with prematurity
[10] as well as certain medical conditions such as
Prader-Willi syndrome [39]. Finally, some infants
will have central apnoeas as part of a central
hypoventilation disorder, causes for which may
be inherited (congenital central hypoventilation
syndrome) [40] or acquired (for example as a con-
sequence of an Arnold-Chiari malformation [41],
brain tumour or spinal injury).

The identification of central apnoea relies
on sleep studies with measures of airflow (to
detect apnoea), effort (to delineate whether cen-
tral) and Spo, to allow the number and effect of
central apnoeas to be quantified. In addition,
simultaneous monitoring of carbon dioxide (via
transcutaneous or end-tidal methods) allows
for assessment of hypoventilation in those with
central sleep disordered breathing. Treatment
approaches to central apnoea in infancy include
the use of respiratory stimulants (methylxan-
thines), as well as stabilisers of respiratory control
(oxygen with or without ventilatory support).

Methylxanthines (caffeine and theophyllines)
have been used mainly for treatment of central
apnoeas in premature infants, the so-called
“apnoea of prematurity”. A recent meta-analysis
spanning five trials and a total of 192 babies
reported a reduction in apnoeas as well as a

Sleep disordered breathing in infancy -

Figure 5 Use of an NPA in the management of infants with upper airways obstruction. Image
courtesy of Gordon Williams, Dept of Paediatric Respiratory and Sleep Medicine, Lady Cilento

Children’s Hospital, Brisbane, Australia.

reduced need for ventilation in the first week of life
[42].The use of these agents has been extrapolated
to older children with central apnoeas, although
little evidence other than a small number of
reported cases exists to support this strategy.

The role of hypoxia as a trigger for periodic
breathing and central apnoea in infants is well
described [10], while oxygen therapy in infants
leads to a reduction in the number of central
apnoeas and abolition of periodic breathing [11,
43]. Figure 6 illustrates the effects of oxygen
therapy in an infant born at 33 weeks gestation
who presented at 2 months of age with idiopathic
central apnoea; he subsequently attained a
regular breathing pattern and outgrew the need
for oxygen. A reduction in central apnoeas with
oxygen treatment has also been reported in
infants with Prader-Willi Syndrome [39].

Disorders of breathing
control in infancy

A number of discrete conditions that lead to
abnormal breathing control have been identified.

Breathe | March 2016 | Volume 12 | No 1
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The most common of these is congenital central
hypoventilation syndrome (CCHS), also known as
“Ondine’s curse”. Others include Prader-Willi syn-
drome, Joubert’syndrome and some of the oral-
facial-digital syndromes that also predispose to
abnormal control of breathing.

CCHS is a disorder of autonomic dysregula-
tion characterised by alveolar hypoventilation
that is most marked in NREM sleep [44]. >90%

n Breathe | March 2016 | Volume 12 | No 1

cases are due to a polyalanine repeat mutation in
the paired-like homeobox 2B (PHOX2B) gene on
the short arm of chromosome 4. The wild-type
PHOX2B gene has 20 repeats with CCHS geno-
types from 20/24 up to 20/33 identified, with the
commonest CCHS genotypes being 20/25,20/26
and 20/27. The greater the polyalanine expansion
size, the more severe the CCHS phenotype and the
more likely the need for continuous ventilatory




support. ~10% of CCHS cases are due to non-
polyalanine repeat mutation mutations (missense,
frameshift and nonsense mutations) [44].

Individuals with CCHS lack the chemorecep-
tor sensitivity to respond to hypoxaemia and/
or hypercarbia, and have low tidal volumes and a
metronomic respiratory rate during sleep despite
being challenged by falling oxygen saturations or
rising Pco,. Other concomitant autonomic dys-
function may be present including Hirschsprung’s
disease, cardiac arrhythmias/dysrhythmias and
also tumours of the sympathetric nervous system
(neuroblastoma, ganglioblastoma and ganglio-
neuroma) and these should be screened for at reg-
ular intervals [44]. The diagnosis in infants is most
usually made on a neonatal unit when an infant
repeatedly fails extubation despite no apparent
lung disease, or coexisting neuromuscular or car-
diac pathology. Infants with CCHS will require life-
long ventilatory support during sleep which can be
delivered noninvasively (noninvasive positive pres-
sure ventilation (NIPPV)) or vig tracheostomy [45].

It is known that the NDN (necdin) gene
is deleted in children with Prader-Willi syn-
drome. In a mouse model, knockout of the NDN
gene led to abnormal development of the pre-
Botzinger complex and a respiratory phenotype
with abnormal breathing and prolonged central
apnoeas [46]. Furthermore, Prader-Willi syndrome
patients are reported to have blunted responses
to hypoxia and hypercapnia and abnormal chemo-
receptor sensitivity. Prader-Willi syndrome infants
appeared to have greater respiratory stability on
oxygen [39], and it may be that by eliminating
hypoxia as a causal factor in the cascade by which
central events are generated, central event fre-
quency is thus reduced.

Joubert’s syndrome is a condition that results
in hypoplasia of the cerebellar vermis and the
brainstem. This condition may exert effects on
temperature control, heart rate variability and also
breathing, with a pattern of tachypnoea/apnoea
classically being described that may result in pro-
found central apnoeas [47]. Similar tachypnoea/
apnoea patterns along with cerebellar and brain-
stem anomalies have been reported in some of
the oral-facial-digital syndromes.

Hypoventilation in infancy

Hypoventilation is the failure to maintain normal
gas exchange. Hypoventilation in infancy may
have a central cause such as CCHS [44, 45], or
occur as a result of the compressive effect on the
brainstem of an Arnold-Chiari malformation [41]
or a brain tumour. Hypoventilation in infancy may
also occur due to peripheral muscle weakness and
an inability to meet ventilatory requirements. Ex-
amples include myopathies, congenital muscular
dystrophies, myotonic dystrophy and spinal mus-
cular atrophy. Hypoventilation in infancy may also

Sleep disordered breathing in infancy -

arise due to muscle fatigue (congenital myasthe-
nia gravis and congenital myasthenic syndromes)
or be due to peripheral nervous system disease
(e.g. hereditary sensorimotor neuropathy). Finally,
severe upper airways obstruction may result in
obstructive hypoventilation during sleep in infancy.

The identification of hypoventilation relies on
sleep studies along with capnometry. Measures
of airflow, effort, Spo, and carbon dioxide tension
(transcutaneous or end-tidal) allows quantifica-
tion of the degree of hypoventilation present.

The treatment aim for infants with hypoven-
tilation is to restore normal gas exchange, with
sleep diagnostics playing a key role in the titration
of ventilatory support (bilevel NIPPV or tracheos-
tomy ventilation) needed to normalise Spo, and
carbon dioxide. The level of ventilatory support
needed will vary, with some of the above condi-
tions requiring 24-h a day support and others (e.g.
milder phenotypes of CCHS) requiring support
during sleep only.

Conclusions

There is a wide range of normality in infant sleep
with variability in sleep patterns, normative
saturations and respiratory control. Infants

Educational questions

1 Which of the following statements is correct?
a Infants have more NREM sleep than adults

b Itis always abnormal for infants to go into active/REM sleep from wake

¢ Infants have shorter sleep cycles than adults

d Grimacing and sucking movements during active/REM sleep are

suggestive of seizures
e None of the above
2 Congenital central hypoventilation syndrome
a is due to a deletion in the FOXP3 gene

b the alveolar hypoventilation is more pronounced in NREM sleep
¢ the alveolar hypoventilation is more pronounced in REM sleep
d is due to a polyalanine repeat mutation of the FOXP3 gene

e none of the above

3 Which of the following management strategies can be used in infants with

PRS and OSA?

a Prone positioning

b Nasopharyngeal airway
c CPAP

d Tracheostomy

e All of the above

4 What is the optimal management strategy for an infant with nocturnal
hypoventilation secondary to congenital muscular dystrophy?

a Insertion of nasopharyngeal airway
b Prone positioning

c Bilevel NIPPV

d Nasal cannula oxygen

e All of the above
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Suggested
answers
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are especially vulnerable to sleep disordered
breathing and its consequences due to their
upper airway structure, their lung mechanics
(low FRC), their tendency towards REM sleep
predominance, and their immature and variable
ventilatory control.
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