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Purpose: Most respiratory events in childhood obstructive sleep apnea (OSA) take place
during rapid-eye-movement (REM) sleep. This study aimed to describe the characteristics
and natural history of childhood REM-OSA and to evaluate the associations between OSA
subtypes and blood pressure (BP) outcomes.

Participants and Methods: This was a prospective 10-year follow-up study of a cohort
established for a childhood OSA epidemiologic study. All subjects from the original cohort
were invited to undergo a polysomnography (PSG) and 24-hour ambulatory blood pressure
(ABP) monitoring. REM-OSA was defined with a ratio of obstructive apnea hypopnea index
(OAHI) during REM sleep (OAHIrgn) to OAHI during non-REM sleep (OAHINrgwm) = 2.
Natural history was observed and linear mixed models were used to assess the associations
between OSA subtypes and BP outcomes.

Results: A total of 610 participants from baseline were included to study the epidemiology
of REM-OSA in childhood. Among children with OSA, 65% had REM-OSA. At 10-year
follow-up, 234 were included in the analysis. REM-OSA was more common at both baseline
(58/92, 63%) and 10-year follow-up (34/58, 59%). For those with REM-OSA at baseline and
persistent OSA at follow-up, the majority (72%) remained to have REM-OSA. Compared to
those without OSA, subjects with REM-OSA had significantly higher nocturnal SBP (mean
difference 2.19 mmHg, 95% confidence interval (CI): 0.12, 4.26; p = 0.039) and DBP (mean
difference 1.58 mmHg, 95% confidence interval (CI): 0.11, 3.04; p = 0.035), and less
95% CI: —3.25, —0.43; p = 0.011), after

adjusting for potential confounders. This significant association between REM-OSA and

nocturnal SBP dipping (mean difference —1.84%,

nocturnal SBP dipping was observed at baseline visit only.

Conclusion: REM-OSA was found to be a stable phenotype through childhood to young
adulthood, and REM-OSA was associated with higher nocturnal BP and a lesser degree of
nocturnal SBP dipping in children.

Keywords: obstructive sleep apnea, children, epidemiology, stage-dependent OSA, rapid

eye movement, phenotype, blood pressure

Introduction

Obstructive sleep apnea (OSA) is a common childhood sleep disorder." Obstructive
apnea hypopnea index (OAHI) is widely used to define disease severity.” However,
sleep is a complicated process composed of different sleep stages, which are grouped
under rapid-eye-movement (REM) or non-rapid-eye-movement (NREM) sleep.
Physiologic changes in different sleep stages may have a differential impact on an
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individual’s predisposition to sleep apnea, for example, low
muscle tone during REM sleep may enhance upper airway
collapse.®* Moreover, sleep stages are believed to have dif-
ferent functions, for instance, REM sleep may play a role in
memory formation, processing of emotional information,
neuronal plasticity, and excitability.” Therefore, respiratory
disturbances in different sleep stages will have varying
sequelae, which cannot be truly reflected by an overall
OAHIL

In children with OSA, respiratory events predominantly
occur in REM sleep. The majority of childhood OSA is REM-
predominant disease with a reported prevalence ranging from
69.6% to 74.7%, while NREM-predominant disease accounts
for 16.7-25.3% of childhood and adolescent OSA.%® It is
postulated that inter-individual variations in pathophysiologic
factors would predispose to airway obstruction in different
sleep stages, and may explain the development of REM-
and NREM-
predominant disease in others.” These factors, including

predominant OSA in some individuals
upper airway collapsibility and muscle responsiveness, venti-
latory control stability, and arousal threshold, change with age
and disease status and therefore may influence the pattern of
polysomnographic subtypes across age groups.”'® However,
the natural history and clinical significance of sleep stage-
dependent OSA have not been fully assessed.

The clinical significance of REM-predominant OSA
remains controversial. Most data come from adult studies,
which demonstrate that REM-predominant OSA is asso-
ciated with excessive daytime sleepiness, non-adherence
to continuous positive airway pressure, depression, hyper-
tension, non-dipping of nocturnal blood pressure,
increased insulin resistance, and impaired spatial naviga-
tional memory.*!'"!7 However, results are not consistent
across all studies.'®?° Paediatric studies evaluating the
cardiovascular outcomes in REM-predominant OSA are
scarce. In children, previous studies reported lower pulse
transit time and higher blood pressure during REM than
NREM sleep.>'** On the other hand, our previous work
demonstrated that children with obstructive events mainly
in REM sleep had lower blood pressure than those with
stage-independent OSA, and both daytime and nighttime
systolic blood pressure correlated with OAHI during
NREM but not REM sleep.”® Thus, it remains unclear
whether REM-predominant OSA would have a better or
worse cardiovascular repercussion.

Our long-term follow-up study of childhood OSA iden-
tified the natural trajectory course of OSA and its long-
term effects on blood pressure as subjects entered

adulthood.”*** Nevertheless, the epidemiology of child-
hood stage-dependent OSA, its evolutionary course and
how it modulates OSA-related complications remain unex-
plored. In this study, we aimed 1) to describe the epide-
miology of stage-dependent OSA in childhood; 2) to
describe the natural history of childhood stage-dependent
OSA subtypes and 3) to investigate the associations
between stage-dependent OSA and BP outcomes.

Participants and Methods

Participants

A cohort of 619 children aged 6—13 years old was estab-
lished between the years 2003 and 2005 for a local epide-
miology study of childhood OSA." Details of recruitment
can be found in our previous publications.' Subjects were
recruited from 13 randomly selected primary schools.
Children were classified into high-risk or low-risk of
OSA groups based on our validated parent proxy OSAS
screening questionnaire.'® All children belonging to the
high-risk OSA group and randomly selected subjects at
low risk of OSA were invited to participate in the baseline
epidemiologic study. Exclusion criteria were having cardi-
ovascular, renal, or neuromuscular diseases, chromosomal
abnormalities, history of upper airway surgery, or the pre-
sence of an intercurrent illness within 4 weeks of the
polysomnographic study. At baseline, 619 participants
underwent overnight polysomnography (PSG). The epide-
miology of stage-dependent OSA in childhood was inves-
tigated utilizing this cohort.

Follow-up took place at 10-year from baseline. Details of
recruitment can be found in our previous publications.”* In
the follow-up study, all subjects from the original cohort
were invited to undergo PSG and 24-hour ambulatory
blood pressure (ABP) monitoring. Subjects were excluded
if they had cardiovascular, renal, or neuromuscular diseases,
chromosomal abnormalities, or acute illness within 2 weeks
of recruitment. Natural history of childhood stage-dependent
OSA subtypes was observed from the 10-year follow-up.
Participants with REM sleep less than 30 minutes at baseline
and/or follow-up, and those with unknown stage-specific
OAHI at baseline and/or follow-up were excluded. This
study was performed in accordance with the Declaration of
Helsinki. This study was approved by The Joint Chinese
University of Hong Kong — New Territories East Cluster
Clinical Research Ethics Committee — approval: CRE-
2013.011. All parents, guardians, or next of kin provided
written informed consent for the minors to participate in
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this study. All adult participants provided written informed
consent to participate in this study.

Data Collection and Anthropometric

Measurements

Parents completed a validated personal data and sleep
symptom questionnaire at baseline, and the participants
did so at follow-up.® Anthropometric measurements
were performed on the day of PSG as previously
described.”* Body Mass Index (BMI) was calculated as
weight/height® (kg/m?) and converted to z-scores appro-
priate for age and sex according to local reference.’’
Overweight and obesity at baseline were defined as BMI
z-scores of >1.036 and 1.645, corresponding to the 85th
and 95th percentiles, respectively. Overweight/obesity at

follow-up was defined as BMI > 23.

PSG and Definitions

Nocturnal PSG was carried out at the Prince of Wales
Hospital. Baseline PSG was performed, manually edited,
and scored as described.! At follow-up, Siesta 802 PSG
monitor (Compumedics Telemed, Abbotsford, Victoria,
Australia) was used to record the following parameters:
electroencephalogram (F4/A1, C4/A1, and O2/A1), bilat-
eral electrooculogram, electromyogram of mentalis activ-
ity, and bilateral anterior tibialis. Respiratory movements
of the chest and abdomen were measured by inductance
plethysmography. Electrocardiogram and heart rate were
continuously recorded from two anterior chest leads.
Arterial oxyhemoglobin saturation (Sa0O2) was measured
by a finger probe oximeter. Respiratory airflow pressure
signal was obtained via a nasal catheter placed at the
anterior nares and connected to a pressure transducer. An
oronasal thermal sensor was used to detect absent airflow.
Snoring was measured by a microphone placed near the
throat. Body position was monitored via a body position
Sensor.

Respiratory events including obstructive apneas, mixed
apneas, central apneas, and hypopneas were scored based
on the American Academy of Sleep Medicine (AASM)
Manual for the Scoring of Sleep and Associated Events
V.2.0.%® A respiratory event was scored when it lasted >2
breaths irrespective of its duration for children at baseline,
and 10 seconds for adolescents and adults at follow-up
based on the AASM recommendations.”® Arousal was
defined as an abrupt shift in electroencephalogram fre-
quency during sleep, which may include theta, alpha,

and/or frequencies greater than 16 Hz but not spindles,
with 3—-15 s in duration. In REM sleep, arousals were
scored only when accompanied by a concurrent increase
in submental electromyography amplitude.”® OAHI was
defined as the total number of obstructive and mixed
apneas and hypopneas per hour of sleep. Oxygen
Desaturation Index (ODI) was defined as the total number
of dips in arterial oxygen saturation >3% per hour of sleep.
Arousal Index (Arl) was the total number of arousals
per hour of sleep.

At baseline, childhood OSA was defined by an overall
OAHI > 1 event/hour. Mild childhood OSA was defined as
an OAHI between 1 and 5 events/hour, while moderate-to-
severe childhood OSA was defined as an OAHI of >5
events/hour. OSA at follow-up was defined by an OAHI
of >5 events/hour as the subjects had already reached late
adolescence or early adulthood.”® Primary snoring (PS)
was defined when a subject had self-reported or parent-
reported habitual snoring (at least three nights per week) in
the past 12 months with an OAHI below the diagnostic
cut-off for OSA. REM-predominant OSA (REM-OSA)
was defined with a ratio of OAHI during REM sleep
(OAHIgrgm) to OAHI during NREM sleep (OAHINrgm)
> 2, while NREM-predominant OSA (NREM-OSA) as
OAHIrpm/OAHIngem <0.5.%  Stage-independent OSA
(SI-OSA) was defined as having OAHIrgm/OAHINREM
between 0.5 and 2. In this study, “non REM-OSA”
included both NREM-OSA and SI-OSA to compare with
REM-OSA for the subjects’ characteristics and outcomes.

Twenty-Four-Hour ABP Measurement

All participants underwent 24-hour ABP monitoring car-
ried out on the day of overnight PSG with a validated
90217,
Healthcare) as previously described.”> Recordings were

oscillometric monitor (Spacelabs Spacelabs
included in the analysis when they had a minimum of
seven successful readings during active wakefulness and
at least seven successful readings during sleep.’
Hypertension at baseline was defined when systolic
blood pressure (SBP) or diastolic blood pressure (DBP)
at daytime, night-time, or over 24 hours was >95th per-
centile with reference to height-based local norms.*'
Hypertension at follow-up was defined as SBP at daytime,
night-time and 24-hour mean of >135, 120, and 130 mm
Hg, respectively; or DBP at daytime, night-time, and 24-
hour mean of >85, 70, and 80 mm Hg, respectively.*>>>
Degree of nocturnal dipping was calculated as the percen-

tage drop of BP from wakefulness to sleep [(wake BP
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—sleep BP)/wake BPx100%].***° Blood pressure normally
follows a diurnal pattern that the average nocturnal systo-
lic blood pressure is >10% lower than that during daytime.
The phenomenon of non-dipping in nocturnal BP precedes
the development of hypertension in normotensive indivi-
duals. For patients with hypertension, non-dipping is asso-
ciated with increased target organ damage and a worse
cardiovascular prognosis.®® It is particularly relevant in
individuals with OSA because of the high likelihood of
a nocturnal non-dipping pattern. Based on previous stu-
dies, non-dipping of nocturnal BP was defined as <10%

nocturnal drop of BP.'>?>?°

Statistical Analysis

t-test, Mann—Whitney U, and chi-square tests were used
for normally distributed, skewed, and categorical data,
respectively, to assess differences in baseline characteris-
tics and BP at baseline and follow-up by baseline OSA
subtypes (REM vs non-REM). Comparisons among all
sleep-disordered breathing (SDB) groups (normal, PS,
REM-OSA, and non REM-OSA) were performed by one-
way ANOVA, Kruskal-Wallis 1-way ANOVA, and chi-
square for parametric, non-parametric, and categorical
variables respectively. Linear mixed models were used to
assess the associations of OSA subtypes (REM-OSA vs
others) with BP outcomes. Covariates and potential con-
founders defined as factors potentially related to childhood
OSA and BP outcomes included sex, age, BMI, height,
and parents’ self-reported hypertension (either parent vs
none). Interaction effects among OSA subtypes, OSA
severity, and visit time points were assessed by the mod-
els. Poisson regression was used to estimate the relative
risks and 95% CIs of having hypertension or non-dipping
of blood pressure at baseline and at follow-up by OSA
subtypes (with non-OSA as the reference group). These
models were adjusted for log;((NREM OAHI+1), age,
sex, BMI and height, and family history of hypertension.
A p-value of <0.05 was considered statistically significant
for all analyses. Statistical analyses were performed using
SPSS statistical software package V.25.0 for Windows.

Results

Sample Characteristics

There were 619 participants in the original cohort, char-
acteristics of the participants have been reported in our
previous publication.! One participant with outlying OAHI
(80.9 events/hour) at baseline and eight with REM sleep

<30 minutes at baseline were excluded, leaving 610 sub-
jects in the analysis to examine the epidemiology of stage-
dependent OSA in childhood (Figure 1). The baseline
characteristics and epidemiology of stage-dependent OSA
are shown in Table 1. At baseline, REM-OSA was more
common in our cohort (169/262, 64.5%). Those with
REM-OSA had significantly longer REM sleep duration
than non REM-OSA (101.9 + 25.3 mins vs 93.3 + 27.5
mins, p = 0.012). Those with REM-OSA had significantly
lower ODI and Al arousal index than those with non
REM-OSA. Expectedly, those with REM-OSA had signif-
icantly lower saturation nadir during REM stage than those
with non REM-OSA, while those with non REM-OSA had
significantly lower saturation nadir during NREM stage
than those with REM-OSA. There were no significant
differences in other characteristics such as age, sex, obe-
sity, tonsillar hypertrophy, symptoms, and overall OAHI
between the two OSA subtypes. In these 610 individuals,
476 performed ABP at baseline but ABP data from 58
participants were excluded because of inadequate valid BP
measurements (21 normal, 10 PS, 27 OSA with 22 REM-
OSA and 5 non REM-OSA). Those with REM-OSA had
significantly lower nocturnal SBP dipping than those with
PS (9.6 £ 5.9% vs 12.0 + 5.7%, p = 0.021).

Two hundred and forty-three (59% male) attended the
10-year follow-up visit. Only 39% of the original sample
participated in the follow-up. Among the respondents,
40%, 20%, 31%, and 9% were normal control subjects,
primary snorers, and individuals with mild OSA and mod-
OSA,
Comparisons between respondents and non-respondents

erate-to-severe respectively, at  baseline.

are shown in supplementary Table 1. A higher proportion

of participants with primary snoring and a lower propor-
tion of those with moderate-to-severe OSA participated.
When compared with non-respondents, respondents with
mild OSA had a higher prevalence of allergic rhinitis and
longer NREM sleep duration. Among those with moder-
ate-to-severe OSA, respondents had a lower OAHI during
NREM sleep than the non-respondents. Detailed charac-
teristics of the participants have been reported in our
previous publication.**

In this analysis, one participant with outlying OAHI
(80.9 events/hour) at baseline, four and two with REM
sleep <30 minutes at baseline and follow-up, respectively,
and two with unknown stage-specific OAHI at follow-up
were excluded (Figure 1). The final analysis included 234
participants, mean age at baseline and follow-up was 9.8 +
1.8 and 20.2 + 1.9 years, respectively. In these 234
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Original baseline cohort for epidemiologic study of

childhood OSA
(N=619)

Excluded (N=9)
- Outlying OAHI at baseline (N=1)

A 4

- REM sleep <30 minutes at
baseline (N=8)

(N=610)

Baseline cohort for epidemiologic study
of stage-dependent childhood OSA

Respondents in 10-year follow-up study
(N=243)

Excluded (N=9):
- Outlying OAHI at baseline (N=1)
| - REM sleep <30 minutes at baseline

Participants included in 10-year
follow-up study for natural history of
stage-dependent childhood OSA and

associations with BP outcomes

(N=234)

Figure | Study flow chart.

individuals, 177 had ABP performed at baseline but ABP
data from 20 participants (7 normal, 3 PS, 9 REM-OSA,
and 1 non REM-OSA) were excluded due to inadequate
valid measurements. Therefore, 157 participants had valid
ABP data from baseline while all had valid ABP data from
the follow-up visit.

In our usual practice, indications for adenotonsillectomy
in children were having moderate-to-severe OSA, with >
grade 2 tonsillar or adenoidal hypertrophy. At baseline, all
subjects who had received a diagnosis of OSA were given
follow-up appointments at our outpatient clinic. As this
cohort was established from a community-based sample
and many were not aware of any significant sleep symptoms,
few of them agreed to treatment despite the OSA diagnosis
and explanation of its implications. Twenty percent of chil-
dren with OSA underwent surgical treatment, while 13.5% of
them received intranasal corticosteroids.**

(N=4)

- REM sleep <30 minutes at follow-
up (N=2)

- Unknown stage-specific OAHI at
follow-up (N=2)

Characteristics of the subjects at baseline and follow-
up with different baseline SDB status and subtypes are
shown in Table 2. At baseline, REM-OSA was more
common in our cohort (58/92, 63%). Those with REM-
OSA had significantly longer REM sleep duration than
non REM-OSA (106.1 £ 21.9 mins vs 96.0 + 24.8 mins,
p = 0.045). Those with non REM-OSA had significantly
lower saturation nadir during NREM stage than those with
REM-OSA (90.8 + 2.7% vs 92.8 £ 1.9, p < 0.001). There
were no significant differences in other characteristics such
as age, sex, obesity, tonsillar hypertrophy, symptoms and
SpO2 nadir during REM sleep between the OSA subtypes.

Characteristics of the subjects at follow-up by SDB
status and subtypes are shown in Table 3. Here in
Table 3, the subjects were categorised according to their
SDB status and subtypes at follow-up. At 10-year follow-
up, REM-OSA remained more common (34/58, 59%).
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Table | Baseline Characteristics of Subjects with Different Baseline OSA Status and Subtypes (N = 610)

Characteristics Normal (OAHI<I/ PS N= 103 OSA (OAHI =1/h) P value®
h) N =262
N =245
REM-OSA Non REM-OSA P value?
N =169 N =93
Male sex, n (%) 134 (54.7) 66 (64.1) 127 (75.1) 64 (68.8) 0.270 <0.001
Age, years 100 + 1.8° 9.4+ 1.8° 102 + 1.8° 9.9 + 1.8*° 0.195 0.006
BMI z score, median (IQR) 0.37 (-0.38-1.09) 0.61 (-0.13-1.19)° 0.87 (0.16-1.59)° 0.81 (-0.17-1.70)° 0.568 <0.001
Overweight/obese, n (%) 67 (27.3) 34 (33.0) 74 (43.8) 43 (46.2) 0.703 0.001
Tonsils = grade 2, n (%) 101 (41.2) 58 (56.3) 89 (52.7) 59 (63.4) 0.092 0.001
Adenoid 2 grade 2, n (%) 81 (33.1) 32 (31.1) 67 (39.6) 46 (49.5) 0.157 0.034
Allergic rhinitis, n (%) 168 (68.6) 86 (83.5) 122 (72.2) 71 (76.3) 0.465 0.080
Habitual snoring®, n (%) 0 (0) 103 (100) 61 (36.1) 28 (30.1) 0.328 <0.001
Mouth breathing®, n (%) 60 (24.5) 41 (39.8) 53 (31.4) 27 (29.0) 0.695 0.037
ESS score 6.4 £ 42 70+ 43 6.8 43 6.8 £ 4.2 0.936 0.613
REM sleep duration, minutes 102.5 + 26.7° 100.3 + 24.9° 101.9 +25.3° 93.3 £ 27.5° 0.012 0.031
NREM sleep duration, minutes 3733 £ 374 3743 £ 387 3703 £ 41.4 369.7 £ 43.5 0.903 0.743
OAH|, events/h, median (IQR) 0.12 (0.00-0.49)* 0.14 (0.00-0.48)* 247 (1.42-4.50)° 2.53 (1.54-6.37)° 0.365 <0.001
OAHlggn, events/h, median (IQR) 0.00 (0.00-1.01) 0.00 (0.00-0.63) 8.18 (5.17-14.42)° 1.83 (0.54-3.65)° <0.001 <0.001
OAHlnren, events/h, median (IQR) 0.00 (0.00-0.30)* 0.00 (0.00-0.30)* 0.77 (0.33-1.69)° 2.64 (1.65-6.92)° <0.001 <0.001
OD], events/h, median (IQR) 0.12 (0.00-0.37) 0.21 (0.00-0.46) 0.60 (0.24-1.38)° 0.88 (0.41-1.55)° 0.017 <0.001
Arl, events/h, median (IQR) 5.87 (4.47-7.50)" 5.81 (4.37-7.84) 7.05 (5.38-8.70)° 8.61 (6.87-11.56) <0.001 <0.001
SpO2 nadir, % 92.8 +2.3° 92.5 £ 3.9° 90.9 + 3.5° 90.6 + 3.1° 0.555 <0.001
SpO2 nadir in REM, % 93.7 £ 2.1° 933 £3.5° 91.5 +2.9° 92.3 £ 2.6° 0.030 <0.001
SpO2 nadir in NREM, % 93.5 £ 2.0° 93.5 £ 3.4° 92.5 +3.1° 91.2 £259° 0.001 <0.001
Daytime SBP, mmHg* 111.8 87 112.7 £ 84 1128 £7.7 1145 82 0.159 0.167
Daytime SBP z-score* —0.86 (—1.64-0.04) -0.71 (-1.51-0.01) —0.71 (—1.46 - —0.22) | —0.74 (-1.25-0.15) 0.214 0.455
Daytime DBP, mmHg* 715 £ 5.1 724 £59 71.8 £ 47 728 £ 54 0.200 0.289
Daytime DBP z-score* —0.09 (—0.62 —0.44) | —0.19 (-0.56-0.61) —0.14 (-0.55-0.30) —0.01 (-0.57 -0.58) | 0.225 0.684
Nighttime SBP, mmHg* 100.3 £ 9.7 99.1 + 838 102.0 + 85 102.5 + 82 0.701 0.076
Nighttime SBP z-score* 0.14 (-0.60-1.12) 0.12 (0.62-0.79) 0.36 (—0.22-1.06) 0.42 (0.04-1.03) 0.434 0.107
Nighttime DBP, mmHg* 59.2 £ 6.1 58.8 + 6.1 59.9 + 5.4 59.9 + 5.1 0.994 0.547
Nighttime DBP z-score* 0.65 (—0.13-1.32) 0.40 (—0.06-1.15) 0.66 (—0.10-1.23) 0.59 (0.08-1.16) 0.866 0.643
Nocturnal SBP dipping,%* 10.3 £ 5.3*° 120 £ 5.7 9.6 +59° 10.3 £ 5.3*° 0.400 0.039
Nocturnal DBP dipping,%* 172 + 6.8 186 +7.8 165+ 6.9 174 £ 6.1 0.397 0.295
(Continued)
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Table | (Continued).
Characteristics Normal (OAHI<I/ PS N= 103 OSA (OAHI =1/h) P value®
h) N =262
N =245
REM-OSA Non REM-OSA P value*
N =169 N =93
Any hypertension (daytime or 34 (19.9) 11 (16.9) 24 (20.5) 15 (23.1) 0.686 0.853
nocturnal), n (%)

Notes: Data presented as mean # standard deviation unless otherwise specified. P value? represents the comparisons between REM-OSA and non REM-OSA. P value®
represents the comparisons among all groups by one-way ANOVA, Kruskal-Wallis |-way ANOVA and Chi-Square for parametric, non-parametric and categorical variables
respectively. *>< Cells in each row with different superscripts represent statistically significant differences in group means or medians (p < 0.05). *Data were available from
171 normal, 65 PS, 117 REM-OSA and 65 non REM-OSA subjects. #Habitual snoring and mouth-breathing = 3 nights per week.

Abbreviations: OSA, obstructive sleep apnea; PS, primary snoring; h, hour; OAHI, obstructive apnea—hypopnea index; REM, rapid-eye-movement; NREM, non-rapid-eye-
movement; BMI, body mass index; ESS, Epworth Sleepiness Scale; ODI, oxygen desaturation index; Arl, arousal index; SpO2, oxygen saturation; OAHIgrgm, OAHI in REM
sleep; OAHInrem, OAHI in NREM sleep; DBP, diastolic blood pressure; SBP, systolic blood pressure.

Subjects with REM-OSA had significantly lower total
OAHI (median 8.48 events/h, IQR 5.76-14.59 vs 15.22
events/h, IQR 7.68-23.20) and arousal index (median
16.45 events/h, IQR 11.85-22.47 vs 23.68 events/h, IQR
16.44-34.98) than those with non REM-OSA. There were
no statistically significant differences in other clinical
characteristics between the subtypes.

Natural History of OSA Subtypes

Table 4 describes the follow-up OSA status and subtypes by
the subjects’ status at baseline. Overall, for those who had
REM-OSA at baseline and had persistent OSA at follow-up,
the majority (72%) remained to have REM-OSA regardless
of the OAHI cutoff to define OSA. Among the 13 partici-
pants with REM-predominant moderate-to-severe OSA at
baseline, 7 persisted to have OSA at follow-up with OAHI
>5 events/hour, and 6 (86%) continued to have REM-OSA.
Four of the 6 non-REM moderate-to-severe OSA at baseline
persisted to have OSA at follow-up. In contrast, all of them
evolved to be REM-OSA. Among 45 REM-predominant
mild OSA at baseline, 11 had persistent OSA (OAHI >5
7 (64%) remained REM-
predominant. Among 28 non REM-predominant mild OSA
at baseline, 7 (25%) had persistent OSA (OAHI >5 events/h)
at follow-up and 5 (71%) remained as non REM-OSA. The
incidence rate of OSA (with OAHI >5 events/h) at follow-up
among those who were normal or having primary snoring at

events/h) at follow-up,

baseline was 20%. Among these adolescent/young adult-
onset OSA, 15 (52%) were REM-OSA.

Associations Between OSA Subtypes and
BP

Associations between OSA subtypes and BP are shown in
Table 5. By linear mixed model, only those with REM-OSA,

but not non REM-OSA, had significant BP differences from
those without OSA. When compared to non-OSA individuals,
subjects with REM-OSA had significantly higher nocturnal
SBP (mean difference 2.19 mmHg, 95% confidence interval
(CD: 0.12, 4.26; p = 0.039) and DBP (mean difference 1.58
mmHg, 95% CI: 0.11, 3.04; p=0.035), and less nocturnal SBP
dipping (mean difference —1.84%, 95% CI: —3.25, -0.43; p =
0.011), after adjusting for age, sex, BMI, body height and
parental history of hypertension. Details of the between-
group differences are shown in Supplementary Table 2.

There was a significant modulating effect by the visit time
point (baseline vs 10-year follow-up visit) on the association
between OSA subtypes and SBP dipping (p=0.041), therefore
subgroup analysis was performed and results are shown in
Table 6. The significant association between REM-OSA sub-
type and nocturnal SBP dipping was observed at baseline visit
only. Analyses were repeated for those (N = 157) who had
both valid ABP measurements at baseline and follow-up,
similar findings were observed (Supplementary Tables 3 and
4). In addition, when compared to non REM-OSA, those with
REM-OSA also had significantly less nocturnal SBP dipping
(mean difference —2.34%, 95% CI: —4.46, —0.21; p = 0.031)
and significantly less DBP dipping (mean difference —2.73%,
95% CI: =5.73, —0.092; p = 0.043). Associations between
OSA subtypes and BP were further evaluated using OAHI
>5 events/h to define OSA, results are shown in Table 7.
Similarly, those with REM-OSA had significantly lower noc-
turnal SBP dipping (mean difference —2.15%, 95% CI: —4.19,
—0.12; p = 0.038) than non-OSA individuals, although other
associations became insignificant.

At baseline and follow-up visits, the number of indivi-
duals having hypertension is shown in Tables | and 2. By
Poisson regression, REM-OSA, when compared to non-
OSA individuals, was not significantly associated with
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Table 4 SDB Status and Subtypes at Baseline and Follow-Up (N = 234)
Baseline SDB Subtypes Follow-Up
No SDB Primary OAHI =5/h OAHI =5/h Non Subtotal
OAHI<5/h Snoring REM-OSA REM-OSA
Incidence/ Normal - 7/95 10/95 7/95 24/95
Progression (25%)
Primary snoring - - 5/47 7147 12/47
(26%)
Mild OSA — REM-OSA (OAHI | - - - - -
1-<5/h)
Mild OSA — Non REM-OSA - - - - -
(OAHI [-<5/h)
Persistence Normal 71/95 - - - 71/95
(75%)
Primary snoring = 9147 = = 9147
(19%)
Mild OSA — REM-OSA (OAHI | — - 7/45 4/45 11/45
1-<5/h) (24%)
Mild OSA — Non REM-OSA - - 2/28 5/28 7/28
(OAHI -<5/h) (25%)
MS OSA — REM-OSA (OAHI - - 6/13 1/13 7/13
25/h) (54%)
MS OSA — Non REM-OSA - - 4/6 0/6 4/6 (67%)
(OAHI 25/h)
Remission/ Primary snoring 26/47 - - - 26/47
Improvement (55%)
Mild OSA — REM-OSA (OAHI | 27/45 7/45 - - 34/45
1-<5/h) (76%)
Mild OSA — Non REM-OSA 20/28 128 - - 21/28
(OAHI [-<5/h) (75%)
MS OSA — REM-OSA (OAHI 4/13 2/13 - - 6/13
=5/h) (46%)
MS OSA — Non REM-OSA 116 1/6 - - 2/6 (33%)
(OAHI 25/h)

Abbreviations: OSA, obstructive sleep apnea; MS, moderate-to-severe; h, hour; OAHI, obstructive apnea—hypopnea index; REM, rapid-eye-movement.

hypertension or non-dipping of nocturnal BP at both base-
line and follow-up (Supplementary Tables 5-7).

Discussion

In our community-based cohort, REM-OSA was the pre-
dominant subtype (65%) of childhood OSA. REM-OSA
was associated with higher nocturnal BP and a lower
degree of nocturnal SBP dipping when compared to

those without OSA. This association between REM-OSA
and lower nocturnal SBP dipping was observed at baseline
visit only in subgroup analysis. At 10-year follow-up,
REM-OSA remained more common (59%). For those
who had REM-OSA at baseline and had persistent OSA
at follow-up, most (72%) remained to have REM-OSA.
Our study shared a similar but slightly lower preva-
lence of REM-predominant OSA in childhood than

https:
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0.004

0.064

0.599
0.588

Upper

Bound

—-1.03

0.19

1.21
1.40

95% CI

Lower
Bound

—5.45
—6.72

-2.10
—2.47

Mean
Difference

—3.24*
—3.26"

—0.44*
~0.53

Upper

Bound

12.03
9.21

13.34

12.61

12.36
13.01

95% CI

Lower
Bound

7.70
4.03
6.43

9.38
8.75
9.17

Adjusted
Mean

9.87
6.62
9.89

11.00
10.56
11.09

Groups

OAHI <I/h

OAHI 21/h, REM-OSA
OAHI 21/h, Non REM-

OSA

OAHI <I/h

OAHI =1/h, REM-OSA
OAHI =1/h, Non REM-

OSA

Nocturnal SBP dipping

(%)

Nocturnal SBP dipping

(%)

Table 6 Subgroup Analysis on the Associations Between OSA Subtypes and Nocturnal Systolic Blood Pressure Dipping Among Participants

Visit Time

Point

Baseline

10-year follow-

up

Notes: *Mean difference between REM-OSA and OAHI<I/h (REM-OSA minus OAHI<I/h). AMean difference between REM-OSA and non REM-OSA (REM-OSA minus non REM-OSA). Covariates in the model: gender, age at baseline,

BMI at baseline, body height, parental history of hypertension.

Abbreviations: OSA, obstructive sleep apnea; h, hour; OAHI, obstructive apnea—hypopnea index; REM, rapid-eye-movement; NREM, non-rapid-eye-movement; DBP, diastolic blood pressure; SBP, systolic blood pressure; Cl, confidence

interval.

previous studies.®® The difference in the prevalence is not
surprising given the significant heterogeneity in defining
REM-OSA. Nonetheless, our study echoed previous stu-
dies that REM-OSA is a predominant subtype of child-
hood OSA. Overall the natural history of OSA did not
vary significantly among different subtypes. REM-OSA
remained to be more common when our participants
reached late adolescence and early adulthood. We also
documented that REM-OSA was a rather stable phenotype
as most participants with persistent OSA in young adult-
hood remained to have REM-predominant disease.
However, REM-OSA was relatively less prevalent among
young adult-onset OSA when compared to childhood-
onset OSA. Our findings are consistent with other studies
that REM-OSA is more common in children than in
adults.”’

Individual variations in endotypes that predispose to air-
way obstruction in different sleep stages may explain distinc-
tive polysomnographic phenotypes.” A recent study
demonstrated that individuals with REM-OSA displayed
a significantly more collapsible airway in REM compared
with NREM sleep, while individuals with NREM-OSA had
a higher loop gain and lower ventilatory drive during
obstructed breathing at arousal threshold during NREM
sleep.” The increase in airway collapsibility during REM
sleep is likely related to the characteristic muscle atonia during
this period of sleep.” Pharyngeal dilators are important to
maintain pharyngeal patency against factors that tend to col-
lapse the airway. During sleep, the neuromuscular tone of the
pharyngeal dilators is diminished making them less able to
compensate. The muscle activity further decreases during
REM sleep when compared to NREM sleep and there is
decreased genioglossus muscle tone secondary to the choli-
nergic mediated inhibition of the hypoglossal nerve, therefore
enhancing the likelihood of upper airway collapse.*® *° How
the arousal threshold differs between REM and NREM sleep
remains inconclusive.*' Some studies demonstrated reduced
arousal threshold during REM sleep while others reported
equal or increased arousal threshold during REM sleep when
compared to NREM sleep.”™*' In fact, a recent study reported
a higher arousal threshold in REM than NREM sleep in
individuals with REM-OSA.” In our study, we observed
a lower arousal index in those with REM-OSA at both baseline
and follow-up. The arousal indexes were also generally higher
at 10-year follow-up than baseline in all OSA subtypes, which
was consistent with previous findings of decreasing arousal
threshold with increasing age.* Similarly, the changes in
ventilatory control during sleep with aging have not been
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fully elucidated. As there is an increasing prevalence of SDB
and central apneas in the elderly, it is postulated that the
stability
However, studies have demonstrated contrasting results in

in ventilatory control decreases with aging.
this aspect that some reported an increase in loop gain in the
elderly** while others did not.** Further studies are needed to
evaluate how the ontogenetic variations in the endotypes,
including airway collapsibility, arousal threshold, and ventila-
tory control, influence the patterns of occurrence of disordered
breathing in different sleep stages across age groups.

REM-OSA was associated with higher nocturnal BP and
lower degree of nocturnal SBP dipping when compared with
those without OSA. Those with REM-OSA also demonstrated
worse BP outcomes when compared with non REM-OSA
when we narrowed the analysis to those with BP outcomes
from both baseline and follow-up visits. However, such differ-
ences were not observed between those with non REM-OSA
and those without OSA. Similar results and cardiovascular
risks were previously reported in adult REM-OSA.*!>"174
Sympathetic activation is believed to be one of the major
mechanisms by which OSA increases cardiovascular risk.
REM sleep is associated with greater sympathetic activity
and cardiovascular instability than NREM sleep in both
healthy subjects and patients with OSA.***’ Such acute
changes in hemodynamics and oxygen saturation caused by
respiratory events during REM sleep in REM-OSA could play
an important role in conferring a higher cardiovascular risk.*
Interestingly, with subgroup analysis, the significant associa-
tion between REM-OSA and lower nocturnal SBP dipping
was observed at the baseline visit only. Although the exact
reason is not well understood, it is important to note that at
follow-up, subjects with REM-OSA had less severe OSA than
those with non REM-OSA as reflected by the lower total
OAHI and arousal index while the two OSA subtypes shared
similar disease severity at baseline. This finding is consistent
with a recent adult study.” The differences in the overall OSA
severity between the two subtypes at follow-up likely have
significantly modulated the effect of stage-dependent OSA on
the BP outcomes. Moreover, the evaluation between REM-
OSA and BP outcomes at follow-up was likely limited by the
sample size. The complex relationship between stage-
dependent OSA and OSA severity on cardiovascular outcomes
remains to be explored.

A unique community-based longitudinal cohort that
allowed the observation of the natural history of stage-
dependent OSA was a strength in our study. This is one of
few studies which evaluated the prevalence and clinical sig-
nificance of REM-OSA in children. However, our study had

certain limitations. In our previous publication, we found
moderate-to-severe OSA in childhood was associated with
a higher risk of having hypertension at 10-year follow-up
when compared to individuals without OSA.>> However, we
did not find any significant associations between REM-OSA
and risks of hypertension in the current analysis. Subtyping of
the disease limited the sample size in each OSA subtype and
therefore restricted the study power. The associations between
OSA subtypes and BP outcomes could not be fully evaluated
with the current sample size. Studies with a large sample size
would be needed to further explore the associations.
Moreover, even after statistical adjustment for NREM OAHI
as a covariate in some of our models, residual confounding
effects of OSA events not occurring during REM sleep could
not be fully eliminated. In our cohort, many declined treatment
primarily because they were recruited from the community
and in their parents’ perspective were relatively asymptomatic.
Only 20% of children with OSA underwent surgery, while
14% received intranasal corticosteroids. Moreover, they
received treatments at variable time points. Therefore, the
effects of OSA treatment on the associations between stage-
dependent OSA and BP outcomes could not be assessed
systematically. Finally, the mechanisms of the development
of stage-dependent OSA and how it is associated with BP
outcomes have not been explored in our study. Future studies
assessing the pathophysiologic endotypes, endotype differ-
ences between age groups, and mechanistic pathways linking
to cardiovascular complications would be essential to guide
individualized management of stage-dependent OSA.

Conclusion

REM-OSA was a common subtype in childhood OSA and
remained to be prevalent in adolescent/young adult OSA.
It was associated with higher nocturnal SBP and less
nocturnal SBP dipping. Future research is needed to
further evaluate the clinical significance and mechanisms
of predisposition to stage-dependent OSA in children to
redefine treatment strategies for stage-dependent OSA.

Abbreviations
ABP, ambulatory blood pressure; Arl, arousal Index; BMI,
body Mass Index; BP, blood pressure; CI, confidence interval;
DBP, diastolic blood pressure; MAP, mean arterial pressure;
NREM, non rapid-eye-movement; OAHI, obstructive apnea
hypopnea index; ODI, oxygen desaturation index; OSA,
obstructive sleep apnea; PS, primary snoring; PSG, polysom-
nography; REM, Sa02,
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