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Summary

Central sleep apneas and periodic breathing are poorly described in childhood. The
aim of the study was to describe the prevalence and characteristics of central sleep
apnea and periodic breathing in children with associated medical conditions, and the
therapeutic management. We retrospectively reviewed all poly(somno)graphies with
a central apneaindex = 5 events per hrin children aged > 1 month performed in a pae-
diatric sleep laboratory over a 6-year period. Clinical data and follow-up poly(somno)
graphies were gathered. Ninety-five out of 2,981 patients (3%) presented central
sleep apnea: 40% were < 1 year, 41% aged 1-6 years, and 19% aged 2 6 years. Chiari
malformation was the most common diagnosis (13%). Mean central apnea index was
20 + 30 events per hr (range 5-177). Fifty-eight (61%) children had an exclusive cen-
tral pattern with < 5 obstructive events per hr. Periodic breathing was present in 79
(83%) patients, with a mean percentage of time with periodic breathing of 9 + 16%.
Among periodic breathing episodes, 40% appeared after a sigh, 8% after an obstruc-
tive event, 6% after breathing instability and 2% after bradypnea. The highest clinical
apnea index and percentage of time with periodic breathing were observed in children
with encephalopathy and/or epilepsy (68 + 63 events per hr and 30 £ 34%). Clinical
apnea index did not differ according to age, while periodic breathing duration was
longer in children > 1 year old. Watchful waiting was performed in 22 (23%) patients
with spontaneous improvement in 20. Other treatments (upper airway or neurosur-
gery, nocturnal oxygen therapy, continuous positive airway pressure, non-invasive
ventilation) were effective in selected patients. Central sleep apnea is rare in children
and comprises heterogeneous conditions. Sleep studies are essential for the diagno-

sis, characterization and management of central sleep apnea.
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1 | INTRODUCTION

Central sleep apnea (CSA) is an uncommon finding in children
outside the neonatal period and is poorly described in childhood
(Mclaren, 2019), and in particular in relation to specific medical
conditions (Ferri, 1997; Mclaren, 2019). In children, a CSA is de-
fined as a reduction in airflow of at least 90% without respiratory
efforts, lasting at least 20 s, or more than two baseline respiratory
cycles associated with an at least 3% reduction in oxygen satura-
tion (SpO,) and/or an arousal and/or an episode of bradycardia in
infants (Berry, 2012). A central apnea index (CAl) < 1 event per hr
is widely considered as normal, whereas CAl = 5 events per hr is
currently proposed as a pathological threshold (Harman et al., 2020;
Mclaren, 2019; Scholle, 2011). CSA affects less than 5% of healthy
children (Felix, 2016; Mclaren, 2019). CSA occurs mainly in children
with underlying medical conditions, such as Chiari malformation,
with only a few studies reporting CSA in children outside this con-
text (Felix et al., 2016; Mclaren et al., 2019). Also, the clinical con-
sequences of CSA as well as therapeutic options have been poorly
analysed (Eckert, 2007; Felix, 2016; Harman, 2019; Mclaren, 2019;
Urquhart, 2013). Therapeutic options comprise weight manage-
ment, oxygen supplementation or non-invasive ventilation (NIV)
without a clear indication about the preferred treatment for specific
conditions (Mclaren, 2019; Urquhart, 2013).

Periodic breathing (PB) is a particular breathing pattern that is
defined by the presence of at least three episodes of central pauses
lasting for at least 3 s interspersed by less than 20 s of normal
breathing (Berry, 2012). PB may be physiological in preterm infants,
due to the immaturity of the breathing centres, but it may also be
a pathological finding (Ferri, 1997; Mohr, 2015). Cheyne-Stokes
breathing (CSB), which is characterized by a prolonged crescendo-
decrescendo pattern of respiration, followed by a central event,
either apnea or hypopnea, may overlap with PB, but should be
considered a different condition (Berry, 2012; Tinoco, 2017). CSB
occurs mainly in adult patients with congestive heart failure, and is
much less frequent among children, even in children with congestive
heart failure (Peer, 2010). Although the American Academy of Sleep
Medicine (AASM) does not define CSB in children, it can be excep-
tionally observed in children with associated diseases and heart de-
fects (Hoch, 2001). Paediatric literature on PB is mainly focused on
the neonatal period or follow-up of preterm subjects (Mohr, 2015),
with little data in older children (Driessen, 2012; Kelly, 1985). Sleep
bradypnea may also be observed in children, but its description
and pathophysiological significance is limited by the lack of well-
defined normal values of respiratory rate of children during sleep
(Marks, 1993; Scholle, 2011).

Central sleep apneas, PB and bradypnea all seem to reflect an
impairment of the central ventilatory centres, either due to brain-
stem immaturity or injury, or within the context of a specific disease
(Stevens, 2018; Urquhart, 2016). A better description and definition
of these entities (CSA, PB and bradypnea) may possibly improve
our understanding of these abnormal breathing patterns and, con-
sequently, the management of these children. However, only CSA

present a partially defined pathological threshold, whereas the in-
terpretation of PB and bradypnea seems to vary widely between
centres outside neonatal age.

The aim of our study was to describe the prevalence and char-
acteristics of CSA and PB in children with underlying conditions,
followed at a tertiary university hospital, and the consequent thera-

peutic management.

2 | METHODS

2.1 | Patients

We retrospectively considered all consecutive patients, aged be-
tween 1 month and 18 years, who underwent a respiratory polyg-
raphy (PG) or polysomnography (PSG) at the paediatric sleep unit
in Necker Hospital, between October 2013 and October 2019.
For all patients, the first P(S)G with a CAl = 5 events per hr (base-
line P(S)G) was considered for the descriptive analysis. Preterm in-
fants aged less than 6 months of chronological age at P(S)G were
excluded due to the high prevalence of persistent apnea in these
infants (Eichenwald, 2016; Zhao, 2011). P(S)G performed during NIV,
continuous positive airway pressure (CPAP) or oxygen therapy were
also excluded. Clinical data and consequent therapeutic manage-
ment were gathered. Successive P(S)G following treatment were an-
alysed, when available. The study was conducted in agreement with
the French regulations, and received appropriate legal and ethical
approval from the ethical committee CPP lle de France Il, protocol
2013-A00374-41. All the parents and all the children aged > 6 years
old gave their informed consent.

2.2 | P(S)G recordings

Polysomnography was performed using Alice 6 LDxS™ (Philips
Respironics, Carquefou, France), while PG studies were performed
using CID102™ (Cidelec, St Gemmes sur Loire, France), Alice 6
LDxS™ or SOMNO HD™ (SOMNOmedics GmbH, Randersacker,
Germany). Cardiorespiratory data included airflow (nasal pressure
transducer and oronasal thermistor if available), body position, body
movements, thoracic and abdominal movements assessed by respir-
atory inductance belts, respiratory sounds by a microphone, SpO,,
and video recording. For PSG, electroencephalographic recordings
were based on the international 10-20 system with the placement
of electrodes in positions F1-A2, F2-A1, C3-A2, C4-A1, O1-A2, O2-
A1, recording of eye movements, electromyography (EMG) of the
chin, electrocardiogram, and left and right tibialis EMG. Respiratory
events and sleep stages were scored manually by experienced read-
ers, according to the standard criteria of the AASM (Berry, 2012).
We scored as central apneas all the events satisfying AASM criteria
regardless of concurrent PB scoring. Transcutaneous carbon diox-
ide pressure (PtcCO,) recordings were performed simultaneously
(SenTec Digital Monitor, SenTec, Therwil, Switzerland).
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Data analysis
The following sleep parameters were analysed.

- Total sleep time (TST): for PSG, TST was considered as the time
from sleep onset to the end of the final sleep epoch excluding
wakefulness; for PG, TST was the total recording time exclud-

ing periods of artefacts and gross body movements.

Apnea-hypopnea index (AHI), defined as the number of apneas
and hypopneas per hour of TST.
CAl, obstructive apnea index (OAl), mixed apnea index (MAI),

hypopnea index (HI), obstructive apnea-hypopnea index
(OAH]I), defined as the sum of OAl and HI.

Mean, minimal SpO, and the percentage of TST spent with a
SpO, < 90%; nocturnal hypoxaemia was defined as 2 2% of
TST with a SpO,, < 90%.

Mean, maximal PtcCO,, and the percentage of TST spent with

a PtcCO, > 50 mmHg; nocturnal hypoventilation was defined
as a PtcCO, > 50 mmHg for > 2% of TST (Amaddeo, 2016).
Oxygen desaturation index (ODI), defined as the number of

2 3% SpO, desaturations per hour of TST.

PB was defined as > 3 episodes of central respiratory pauses
lasting > 3 s separated by no more than 20 s of normal breathing.
Total PB duration, percentage of TST spent with PB (PB%),

number of PB episodes per hour of TST, and number of patients

with Prolonged PB defined as patients spending 215% of TST in
PB (Finer, 1992).

- Bradypnea: for children younger than 84 months we calculated
the normal range of respiratory rate (RR) during sleep using
the formula reported by Marks et al., (1993), while for older
children we defined bradypnea if RR was lower than the 10th
percentile during sleep (Scholle, 2011).

Specific patterns of PB onset were identified as follows.

Post-sigh/post-overshoot PB: PB starts within 10 s after a sigh
or a respiratory overshoot (Figure 1a; Harman et al., 2020).
Post-obstructive PB: PB starts within 10 s after an OA or hypopnea
(Figure 1b).

Post-bradypnea PB: PB starts within 10 s after a bradypnea (Figure 1c).
Post-instability PB: PB starts within 10 s after a crescendo-
decrescendo breath or other forms of breath instability (Figure 1d).
Post-awakening PB, scored only for PSG: PB already present at the
moment of falling asleep.

Other PB onsets.

Patients were then classified into three groups according to the

pattern of central apneas.

e Exclusively CSA, defined as an OAHI < 5 events per hr.

e Predominantly CSA, defined as patients with an OAHI > 5 events
per hr and a CAl 2 OAHI.

e Predominantly obstructive sleep apnea, defined as patients with an
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FIGURE 1 Different patterns of periodic breathing (PB) onset (light

grey highlight the PB): (a) after-sigh PB onset; (b) after-bradypnea PB

onset; (c) after-obstruction PB onset; (d) after respiratory instability PB onset (notice the crescendo-decrescendo pattern)
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TABLE 1 Pathologies and associated pathologies of the
population (n = 95)

Diseases (95 Age (years)
patients) (mean = SD) Associated diseases
Chiari l 55+51 1 Syringomyelia
malformation 1 Macrocrania
(n=12) 1 Polymalformative syndrome
1 Achondroplasia
1 Obstructive sleep apnea
1 Plagiocephaly
1 Faciocraniosynostosis
Upper airway 0.8+1.3 3 Laryngomalacia/vocal cord
malformation/ paralysis
dysfunction 1 Intrauterine growth retardation
(n=9) 1 Macroglossia
1 Beckwith Wiedemann syndrome
1 Treacher Collins syndrome
Pierre Robin 0.7+1.5 1 Cornelia de Lange syndrome
Sequence 1 Orofacial-digital syndrome
(n=9)
Down syndrome  5.3+5.0 1 Achondroplasia
(n=8)
Neuromuscular 3.8+5.9 1 Potocki-Lupski
diseases 1 TECPR2 mutation
(n=7) 1 Brief resolved unexplained

event

Cerebral tumour 5.5+3.1 None

(n=7)

Achondroplasia 19+1.7 1 Chiari malformation

(n=6) 1 Occipital stenosis
1 Prematurity
Prader Willi 4.3+3.3 None
syndrome
(n=6)
Encephalopathy 70+5.5 2 Rett syndrome
and/or 1 Polymalformative syndrome
epilepsy 1 Cerebral creatine deficiency
(n=6) 1 N80 mutation
1 Anoxic encephalopathy
Other 35143 5 Developmental delay
(n=25) 4 Brief resolved unexplained event

4 Brainstem dysfunction

2 Cardiopathy

2 Prematurity

2 Storage disease

1 Craniosynostosis

1 Spondyloepiphyseal dysplasia
1 Hypothyroidism

1 Sensenbrenner syndrome

1 Pulmonary hypertension

1 Idiopathic CSA

CSA, central sleep apnea.

2.4 | Statistical analysis
Discrete variables were reported as numbers and percentages,
whereas continuous variables were presented as mean and standard

deviation (SD). Comparisons between discrete data were performed

using the chi-square test. Comparisons between quantitative data
were performed using the one-way analysis of variance or Kruskal-
Wallis one-way analysis of variance on ranks. Comparisons of repeated
measurements were performed using the paired t-test or the Wilcoxon
signed rank test. A p-value < .05 was considered for significance.

3 | RESULTS

3.1 | Description of central breathing patterns

A total of 4,054 P(S)G were performed during the study period,
comprising 3,888 within the considered age range on a total of
2,981 patients. Of them, 102 patients had a baseline P(S)G with a
CAl = 5 events per hr. Four preterm infants < 6 months of age were
excluded, two other patients because the P(S)G was performed dur-
ing oxygen therapy or NIV, and one PG was not available for ret-
rospective analysis due to a technical issue, which left 95 patients
(3%) with a CAl = 5 events per hr. Eighty-eight patients had a PG and
seven a PSG, 46 of the patients were boys and 49 girls. Mean age
was 3.7 £ 4.5 years; 38 (40%) patients were younger than 1 year old,
39 (41%) aged 1-6 years, and 18 (19%) were > 6 years old. Chiari type
I malformation was the most frequent diagnosis, followed by upper
airway malformation/dysfunction, Pierre Robin Sequence and Down
syndrome (Table 1). Only one patient had no associated disorder.

Mean CAIl was 20 + 30 events per hr (range 5-176.5 events
per hr; Table 2). Fifty-eight (61%) had Exclusively CSA, 12 (17%)
Predominantly CSA, and 25 (26%) Predominantly obstructive sleep
apnea (Table 3).

A total of 1,366 PB episodes was identified, with at least one
episode of PB in 79 (83%) patients. The mean PB duration was
39 + 69 min of the total time of analysis, and the mean number
of PB episodes per hr was 2 + 3 (Table 2). The mean PB% was
9 + 16%, with 19 patients presenting Prolonged PB. Among the
1,366 PB episodes, 552 (40%) were Post sigh PB events, 110 (8%)
Post obstructive PB events, 79 (6%) Post instability PB events, 23
(2%) Post bradypnea PB events, and 568 events (42%) presented
other onset patterns. Moreover, 34 events (2%) were classified
as Post awakening PB events. Only one patient presented all the
types of PB onset, three patients presented five types, eight pa-
tients four types, 18 patients three types, 28 patients two types
and 21 patients only one type. PB% was significantly lower in
children < 1 year old as compared with children aged 1-6 years
(4 £ 9% versus 14 + 21%) and = 6 years (9 + 16, p < .001), as was
mean PB duration (p < .001) and the number of PB episodes per
hr of TST (p < .001). Prolonged PB was less common in infants (5%)
than in children aged 1-6 years (28%) or = 6 years (33%) (p = .012;
Table 2). Post sigh PB was more frequent in older children as com-
pared with children < 1 year old (p < .001), and Post obstructive
PB was more frequent in children 2 6 years old as compared with
children < 1 year old (p < .001). Bradypnea was observed in seven
patients with Post bradypnea PB events just before the PB onset or
interspersed between PB episodes.
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TABLE 2 Results of the 95 baseline P(S)G according to the patient's age

Age of the patients (years) <1(n=38)
TST (min) 255 + 147*
AHI (events per hr) 28 + 30
OAHI (events per hr) 12+ 16
CAl (events per hr) 15+ 22
PB% 4+£9*
PB episodes (number per hr) 1+2*
Mean SpO, (%) 95+2
Minimal SpO,, (%) 817
Percentage of sleep time with SpO,, < 90 (%) 4+9
Number of patients with > 2% of sleep time with SpO,, 10 (26%)

< 90%
ODI (number per hr) 39 +32
Number of patients with ODI = 10 per hr 35 (92%)
Mean PtcCO, (mmHg)# 41+5
Maximal PtcCO, (mmHg)* 45+ 6
Percentage of sleep time with PtcCO, > 50 mmHg (%)* 3+15
Number of patients with > 2% of sleep time with PtcCO, 1(3%)

> 50 mmHg

Total
1-6 (n = 39) 2 6(n=18) (n=95)
429 £ 93 445 + 106 362 + 145
36+47 42 + 37 34 +39
13+ 34 12+15 12+ 24
22+35 24 + 30 20+ 30
14 +21 12+ 16 9+16
J£g 2+2 2+3
94 £5 94+ 4 95+4
82+8 82+ 10 82+8
8+22 4+8 5+15
8 (21%) 4(22%) 22 (23%)
37+£39 50+43 40+ 37
33 (85%) 16 (89%) 84 (88%)
40+ 4 43+4 41+ 4
45+5 48+ 5 45+5
2+7 2+5 2+10
2 (6%) 1(7%) 4 (5%)

Data are presented as mean +standard deviation, or numbers and percentages.

AHI, apnea-hypopnea index; CAl, central apnea index; ECP, exclusively central pattern; OAHI, obstructive apnea-hypopnea index; ODI, oxygen
desaturation index; PB, periodic breathing; PB%, percentage of time with PB; PCP, predominantly central pattern; POP, predominantly obstructive
pattern; PtcCO,, transcutaneous carbon dioxide pressure; SpO,, peripheral oxygen saturation; TST, total sleep time.

*Significantly different as compared with the two other groups due to nap studies (p < .001).

#PtcCO, available for 82 patients.

The highest mean CAl was observed in patients with enceph-
alopathy and/or epilepsy (68 + 63 events per hr), followed by pa-
tients with cerebral tumour (35 + 44 events per hr; Table 4). Similar
results were observed for the mean PB% (30 + 34% in patients
with encephalopathy and/or epilepsy, and 21 + 30% in patients
with cerebral tumour). The Exclusively CSA group comprised pa-
tients with heterogeneous diseases, while the Predominantly CSA
group comprised mainly patients with disorders of the central
nervous system, and the Predominantly obstructive sleep apnea
group, patients with “obstructive” conditions. Of note, the three
patterns could be observed in the same disease. Interestingly,
mean CAl was higher in the Predominantly CSA group than in the
Exclusively CSA or the Predominantly obstructive sleep apnea group
(p = .001; Table 4). Maximal PtcCO, was lower in the Exclusively
CSA group than in the Predominantly CSA group (p = .015), with
only four patients, all in the Predominantly obstructive sleep
apnea group, presenting nocturnal hypoventilation (p = .005).
The mean duration of PB episodes was significantly lower in the
Predominantly obstructive sleep apnea group (20 + 33 min) than
in the Predominantly CSA group (58 + 65 min, p = .031), but not
than in the Exclusively CSA group (43 + 80 min), as well as the
PB% (p = .049). Among the 19 patients with Prolonged PB, 14 had
Exclusively CSA, four Predominantly CSA, and one Predominantly
obstructive sleep apnea (p = .051). The Exclusively CSA group

presented a lower number of Post obstructive PB than the
Predominantly CSA group (p = .004).

3.2 | Consequent therapeutic management

Fifty-five (58%) patients had a follow-up P(S)G (three PSG and 52
RP), with 39 patients having a follow-up CAI < 5 events per hr and
16 a CAl = 5 events per hr. Twenty-six of these patients had a cer-
ebral imaging before baseline P(S)G and, in 27 other patients, the
P(S)G results led to a brain magnetic resonance imaging (MRI) within
the following 6 months. Following the baseline P(S)G results, 17 pa-
tients had a neurosurgical evaluation, 12 an otolaryngological (ENT)
evaluation, and one patient a cardiac evaluation. Consequently, 13
patients had a neurosurgical intervention, and eight ENT surgery
(Tables 5 and S1). Four patients were treated with nocturnal oxygen
therapy, two patients with CPAP, and one with NIV. Two patients
were treated with acetazolamide and one with caffeine. Watchful
waiting was performed in 22 (40%) patients.

The follow-up P(S)G was performed after a mean of
312 + 367 days, all P(S)Gs were performed with the ongoing treat-
ment; when a treatment was discontinued before the follow-up P(S)
G the patient was classified within the watchful waiting group. Mean
CAIl decreased from 21 + 27 events per hr at baseline to 10 + 21
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events per hr at follow-up (p < .001), with a mean reduction of
11 £ 30 events per hr. The highest CAl reduction was observed in
patients with encephalopathy and/or epilepsy (39 + 69 events per
hr), followed by idiopathic CSA, and brief resolved unexplained
events (23 + 23 events per hr) and neuromuscular diseases (17 + 60
events per hr). The lowest reduction was observed in achondropla-
sia (1 £ 6 events per hr) and Down syndrome (4 + 4 events per hr).
Mean PB% was 10 + 13% at baseline and 7 + 14% at follow-up, with
a mean reduction of PB% of 3 + 16% (p = .011). The highest reduc-
tion of PB% was observed in patients with neuromuscular diseases
(12 + 19%), followed by Chiari malformation (10 + 16%), and enceph-
alopathy and/or epilepsy (8 £ 36%). On the contrary, OAHI, OAI, MAI
and HI did not change on follow-up. According to the different man-
agements, the mean CAI decreased significantly at follow-up only
in the watchful waiting group (p =.004; Table S2), with all but two
patients having a reduction in the CAl (Table 5).

4 | DISCUSSION

This study is the first to provide a detailed description of CSA and
related breathing anomalies such as PB in a large cohort of children
with underlying disorders explored at a tertiary paediatric sleep
laboratory over a 6-year period. Our results confirm the low preva-
lence of CSA and the frequent association with PB. Exclusively CSA
and Post sigh PB were the most common patterns, with the highest
CAl and PB% being observed in children with encephalopathy and/
or epilepsy. A spontaneous improvement was observed in ~25% of
the patients, with other specific approaches being efficacious in se-
lected patients.

Even if there is a consensus on the definition of CSA in children
(Berry, 2012), the CAIl threshold that is considered as abnormal re-
mains a matter of debate. Indeed, the threshold to define CSA is set
at = 5 events per hr in adults (Berry, 2012; Mclaren, 2019), and this
thresholdis factually adopted in children (Felix, 2016; Mclaren, 2019).
Using this threshold, the prevalence of CSA is < 5% in children in
most of the previously published studies (Mclaren, 2019), as well
as in the present study. However, when looking at the overnight
breathing pattern of these children, one observes that the anom-
alies of the breathing patterns are far more complex than simple
successive central apneas. We thus took the option to perform an
exhaustive descriptive analysis of the breathing pattern of children
diagnosed with a CSA 2 5 events per hr, including the analysis of PB
and bradypnea.

Our study confirmed that CSA is variably associated with ob-
structive events, as observed in previous studies (Orr, 2017).
Interestingly, when stratifying the patients according to the re-
spective proportion of central and obstructive events, we observed
that patients with Predominantly CSA had the highest CAl (mean
44 + 40 events per hr), the highest PB% (mean 16 + 18%), and com-
prised mainly patients with disorders of the central nervous system.
Patients with Exclusively CSA were the largest group (61%), they
had a variable CAl, a PB% of about 10%, and better nocturnal gas
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age did not differ between the three CSA groups.

Even if there is a definition of PB in children (Berry, 2012), its
presence is not always reported, which is quite surprising as PB was
observed in 83% of the patients of the present study. PB was more
common in children with Exclusively CSA or Predominantly CSA who
spent between 10% and 16% of sleep time with PB, as compared
with children with Predominantly obstructive sleep apnea, underlin-
ing the association between these two entities. PB occurred after
various “events”, mainly after a sigh (40%), but also an obstructive
event, a bradypnea, a breathing instability, or an awaking. Sighs may
physiologically induce PB at 1 month old, but this should decrease
at a later age (Khan, 2005), although the total duration of PB did not
change between the age of 6 weeks and 2 years using a slightly dif-
ferent PB definition (Poets, 1991). PB may also occur at sleep onset
in healthy children or after an arousal but in our population, who
presented severe underlying conditions, the prevalence of PB was
higher with most PB not occurring at sleep onset (Beck, 2009). A
quite surprising finding was that PB episodes could start before an
awakening and last until the next sleep onset, and even start during
short nocturnal awakenings (supplementary material: PSG findings).
In contrary to CSA, PB was less common in infants < 1 year old as
compared with older children. This observation differs from the lit-
erature, which suggests a tendency of resolution of PB and Prolonged
PB within the first year of life in healthy children (Flores-Guevara
et al., 1985; Glotzbach, 1989; Kelly, 1985). These discrepancies may
be explained by the specific recruitment of our centre, with nearly all
children having underlying medical conditions, mostly rare and se-
vere (Bin-Hasan, 2017; Driessen, 2012; Ferri, 1997). The commonly
high gain-low gain model applied to explain PB in adults with heart
failure may thus be insufficient to fully understand and explain PB in
children with underlying disorders as in the present study. Children
with isolated idiopathic CSA present a lower mean daytime PaCO,
due to an increased responsiveness of central respiratory centres to
arterial carbon dioxide pressure (PaCO,; Dempsey, 2004, 2010). In
these patients, central events reflect the excessive central response
(or “respiratory overshoot”) induced by a minimal rise in PaCO, per-
ceived by the central centres as hypercapnia before the physiolog-
ical threshold of a 3-6 mmHg increase in PaCO, (Dempsey, 2004,
2010). The reduced span between eupneic levels of CO, and CO,
perceived as an apneic threshold plays a crucial role in respiratory in-
stability (Dempsey, 2004), together with the reduced span between
hypoxic and hypercapnic stimulus. This explains why the patients of
the Exclusively CSA had higher SpO, and lower PtcCO, values than
the Predominantly CSA and the Predominantly obstructive sleep apnea
groups (Table 4).

On the other hand, patients with hypercapnic central apnea
present a lower sensitivity to CO, stimulus, as observed in children
with congenital central hypoventilation syndrome (Bradley, 1986).
Normally, brief and repeated hypoxic stimuli lead to a fast increase
in the sensitivity to hypoxic stimulus as observed in animal mod-
els (Neubauer, 2001), and in studies performed on human new-
borns (Reynolds, 1977), children (Harman et al., 2020) and adults
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TABLE 4 Results of the 95 baseline P(S)G according to the predominant apnea pattern

Age (years old)

TST (min)

AHI (events per hr)

OAHI (events per hr)

CAl (events per hr)

Percentage of sleep time with PB (%)

PB episodes (number per hr)

Mean SpO, (%)

Minimal SpO, (%)

Percentage of sleep time with SpO, < 90 (%)

Number of patients with > 2% of sleep time with SpO, < 90%
ODI (number per hr)

Number of patients with ODI = 10 per hr

Mean PtcCO, (mmHg)

Maximal PtcCO, (mmHg)

Percentage of sleep time with PtcCO, > 50 mmHg (%)
Number of patients with > 2% of sleep time with PtcCO, > 50 mmHg

Exclusively Predominantly Predominantly obstructive
CSA CSA sleep apnea
(n=58) (n=12) (n = 25)
39+46 24+3.1 3.7+50
383+ 126 372+ 131 303 +173
23 +32* 61+44 45 + 40
2+1* 16+9 35+ 38
20+31 44 + 40* 9+7

10+ 19 16 + 18 45!
2+3 4+3 22

95 + 3** 93+4 93+5
84+ 7" 78+8 78+ 9

il 25 G 7+13 15+ 26
4(7%)* 5 (42%) 13 (52%)
30 + 30* 64 + 37 53 £42

49 (84%) 12 (100%) 23(92%)
40+3 42+ 4 43+ 6

44 + 4** 48+ 5 47 +7

0 0.2+0.6 7+19

0 (0%) 0 (%) 4(21%)*

Data are presented as mean + standard deviation, or numbers and percentages.

AHI, apnea-hypopnea index; CAl, central apnea index; CSA, central sleep apnea; OAHI, obstructive apnea-hypopnea index; ODI, oxygen
desaturation index; PB, periodic breathing; PtcCO,, transcutaneous carbon dioxide pressure; SpO,, peripheral oxygen saturation; TST, total sleep

time.
*Significantly different as compared with the two other groups.

**Significantly different between Predominantly CSA and Exclusively CSA.

tSignificantly different between Predominantly CSA and Predominantly obstructive sleep apnea.

(Safraaz Mahamed, 2001). This increased sensitivity to hypoxia
is carried on through altered genomic expression by glomus cells
(Neubauer, 2001). A similar pathogenetic mechanism is specu-
lated for complex sleep apnea syndrome (CompSAS), during which
central events appear or worsen after CPAP titration for obstruc-
tive sleep apnea syndrome. Such events resolve usually sponta-
neously within 4-8 weeks. Interestingly, patients who develop
CompSAS present a higher loop gain with consequent respiratory
drive instability and central apnea (Harman et al., 2020; Sands et al.,
2011; Stanchina, 2015; Xie et al., 1995). The higher prevalence of
Predominantly CSA in patients having the highest CAIl suggests a
role of obstructive events-induced hypoxia in causing glomus cells
sensitization to hypoxia itself as found for intermittent hypoxia in
general (Neubauer, 2001). This may lead to central apnea during pe-
riods free from obstructive events. Moreover, it may be possible that
fatigue and underbreathing secondary to airway obstruction may
play a role. On the other hand, patients with Predominantly obstruc-
tive sleep apnea tend to have lower CAIl due to the shorter periods
free from obstructive events and presented also shorter PB epi-
sodes. Of note, also obstructive respiratory events may be caused
by brainstem injury or Chiari malformation due to the injury of the
cranial nerves (mainly IX and X cranial nerves) causing pharyngeal
collapse (Amin, 2015; Dauvilliers, 2007). On average, patients with

Predominantly obstructive sleep apnea presented a lower reduction of
CAl and PB% at follow-up, as compared with the two other groups,
although this difference is not statistically significant. Interestingly,
in our population the prevalence of Chiari type 1 malformation was
much lower in patients without a CAl > 5 episodes per hr (6.3%).

The highest reduction in CAl and PB was observed in patients
with Post instability PB (mean CAl reduction 90 + 23), whereas no sig-
nificant change was observed in the other PB patterns. This finding
is in agreement with the possible previously mentioned immaturity
of the respiratory centres.

The therapeutic management depends on the underlying disease,
the clinical symptoms and tolerance of CSA, and the P(S)G results
with the CAl and the importance of nocturnal gas exchange anoma-
lies. The therapeutic decision may be quite easy in the case of a child
with CSA and Chiari malformation with the correction of CSA and PB
after cervico-occipital decompression (Tables 5 and S1; Mclaren, 2019;
Tenconi, 2017). Nocturnal oxygen therapy has shown to reduce CSA
in adults and in infants with Prader Willi syndrome (Franklin, 1997;
Urquhart, 2013). This treatment was also effective in four children
with cerebral tumour, encephalopathy or idiopathic CSA in the present
study (Table 5). ENT surgery was able to improve CAl in patients with
Predominantly obstructive sleep apnea, except in two patients with neu-
romuscular disease (Table 5). A watchful waiting was proposed in 22
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(23%) of the patients, with a spontaneous improvement over time in 20
patients. The treatment was individualized on a clinical basis. A watch-
ful waiting (Tables 5 and S1) was chosen for patients whose disorder
might improve with growth (i.e. Prader Willi syndrome; Cohen, 2014),
or for patients with a likely growth-related improvement due to ana-
tomical changes (i.e. Chiari type 1 malformation [Strahle, 2011], Down
syndrome [Ferri, 1997], achondroplasia or Pierre Robin sequence).

Only two patients of the watchful waiting group increased their
CAl; one was a patient with Rett syndrome who discontinued NIV
before the follow-up P(S)G, and the other had a complex malforma-
tive syndrome. Of the 55 patients with a follow-up P(S)G, 20 were
< 1 year old, and all presented a reduction of CAl, with a normaliza-
tion of CAl (< 5 events per hr) in 16 of them.

Our study presents some limitations. This is a single-centre ret-
rospective study performed in a tertiary university hospital with the
majority of patients presenting rare and complex underlying disor-
ders, which may overestimate the prevalence of CSA. Most studies
were PG and not PSG, which may underestimate central events and
the time awake, and consequently the CAl and PB due to the ab-
sence of arousal scoring. The scoring of bradypnea was limited by
the fact that most patients had moderate bradypnea without desat-
urations or arousals. Lastly, we selected exclusively patients with a
CA syndrome; therefore, a possible generalization about PB in pa-
tients without CSA should be done judiciously.

In conclusion, CSA is a rare finding in children with underlying
disorders and commonly associated with PB. A better description of
the clinical and PSG phenotypes of these children, with a thorough
analysis of central events, PB and bradypnea should help improving
our understanding of the breathing abnormalities of these children,
as well as their medical management.
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