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Abstract

Purpose Polysomnography is not recommended for children at home and does not adequately capture partial upper airway
obstruction (snoring and stertor), the dominant pathology in pediatric sleep-disordered breathing. New methods are required for
assessment. Aims were to assess sleep disruption linked to partial upper airway obstruction and to evaluate unattended Sonomat
use in a large group of children at home.

Methods Children with suspected obstructive sleep apnea (OSA) had a single home-based Sonomat recording (n =231).
Quantification of breath sound recordings allowed identification of snoring, stertor, and apneas/hypopneas. Movement signals
were used to measure quiescent (sleep) time and sleep disruption.

Results Successful recordings occurred in 213 (92%) and 113 (53%) had no OSA whereas only 11 (5%) had no partial obstruc-
tion. Snore/stertor occurred more frequently (15.3 [5.4, 30.1] events/h) and for a longer total duration (69.9 min [15.7, 140.9])
than obstructive/mixed apneas and hypopneas (0.8 [0.0, 4.7] events/h, 1.2 min [0.0, 8.5]); both p <0.0001. Many non-OSA
children had more partial obstruction than those with OSA. Most intervals between snore and stertor runs were < 60 s (79% and
61% respectively), indicating that they occur in clusters. Of 14,145 respiratory-induced movement arousals, 70% were preceded
by runs of snore/stertor with the remainder associated with apneas/hypopneas.

Conclusions Runs of snoring and stertor occur much more frequently than obstructive apneas/hypopneas and are associated with
a greater degree of sleep disruption. Children with and without OSA are frequently indistinguishable regarding the amount,
frequency, and the degree of sleep disturbance caused by snoring and stertor.

Keywords Snoring - Stertor - Breath sounds - Auscultation - Partial upper airway obstruction

Introduction Supervised polysomnography (PSG) is the recommended di-
agnostic test in clinical practice [2]; however, it is widely

Sleep-disordered breathing (SDB) in children typically pre-  recognized that PSG-derived indices do not adequately char-
sents as a history of snoring, disturbed sleep, and enlarged  acterize childhood SDB [3]. While standard PSG metrics re-
adenoids/tonsils. An array of daytime symptoms, including  port apneas and hypopneas, they do not measure periods of
attention difficulties and hyperactivity are common [1].  partial upper airway obstruction (UAO) such as snoring that
are characteristic of pediatric SDB. Many PSG systems do use
snore sensors but the recommended recording parameters [4]
59 Mark B. Norman only permit capture of a small bandwidth of snore sounds
mark.norman@sydney.edu.au [5—-7]. Flow limitation is another sign of UAO seen on PSG
but it is not routinely quantified as it is difficult to do so.
Additionally, body movements, a robust indicator of sleep
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respectively at a threshold of 5 events per hour. This system
also allows accurate measurement of snoring and stertor [6, 7]
which are pathognomonic physical signs of partial UAO and
may be associated with sleep disruption [§].

The purpose of this study was to use the Sonomat in the
homes of a large group of children with symptoms of SDB
and to compare the sleep disturbance (movement arousal) as-
sociated with snoring and stertor to that caused by apneas and
hypopneas. A secondary aim was to evaluate the unsupervised
use of this system when administered by parents/caregivers.

Materials and methods

This study was undertaken through the David Read
Laboratory (University of Sydney, NSW, Australia) with
the protocol approved by the University of Sydney
Human Research Ethics Committee (HREC Ref: 10—
2007/10229). Parents/caregivers of children (< 18 years)
with suspected SDB were invited to participate and provid-
ed written informed consent if agreeable. Children provid-
ed assent when able.

Participants

Otherwise healthy children (2 =231) with a range of symp-
toms suggestive of SDB, referred clinically to an otolaryngol-
ogist for assessment for adenotonsillectomy, were recruited.
The parent/caregiver managed a single overnight Sonomat
recording in the child’s bed.

The Sonomat (Sonomedical Pty Ltd. Balmain Australia) is
placed on the child’s mattress with bed clothes arranged as
normal and records breath sounds (similar to a digital stetho-
scope) and movement without physical attachment of sensors
to the body.

All four Sonomat sensors record the same signals, and this,
in conjunction with their physical placement within the
Sonomat (Fig. 1), creates a redundancy that permits the child
to move around the bed in all directions while minimizing the
amount of time off all sensors. Analysis requires signals from
only one sensor. Figure 1 shows breathing movements (inspi-
ration up) on the movement channel with breath sounds (first
sound = inspiration) and heart sounds (vertical spikes) shown
on the breath sounds channel. The breath sounds channel sig-
nal can be replayed through audio speakers/headphones and
analyzed using spectrographic methods that allow visual dis-
play and measurement of the frequency components of the
breath sounds.

Sonomat scoring criteria

Apneas, hypopneas, snoring, stertor, body movements, quies-
cent time (Qd), poor-quality signals, and instances of the child
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leaving the bed were scored manually as described in detail
previously [7]; however, we include a summary of these scor-
ing criteria. Recordings were scored by MBN and reviewed
by CES to ensure scoring consistency.

Briefly, a movement arousal (MA) was identified as an
abrupt change in the regular pattern of breathing movements,
classified as spontaneous or respiratory-induced based on
breath sounds occurring in the 5 s prior to their occurrence.
Spontaneous MAs had normal breath sounds preceding
whereas respiratory-induced MA events were preceded by
apneas, hypopneas, snoring, or stertor. In MA sub-group anal-
ysis, examining the specific breathing event preceding
respiratory-induced movements, if a hypopnea and a run of
obstructed breathing occurred simultaneously, the MA was
logged as being caused by the hypopnea.

The periods of time between all movements, where the child
was quiescent, were considered analogous to sleep and used as
the denominator for calculating respiratory event indices.

Snoring was scored when breath sounds contained fre-
quency bands from 20 to ~300 Hz and stertor was scored
when breath sounds contained no clear frequency peaks
but “white noise” from ~300 to 2000 Hz. A single breath
containing the aforementioned sounds was sufficient to
score snore/stertor events. Snoring and stertor are collec-
tively referred to herein as “obstructed breathing”. The
term obstructed breathing was chosen as, although snore
and stertor each contain different frequency components,
both consist of breathing sounds that are pathognomonic
indicators of upper airway obstruction.

Apneas were scored when there was an absence of breath
sounds and classified based on the presence or absence of
breathing movements. Hypopneas were scored when there
was a change in the amplitude of the breathing movement
channel and further classified based on the presence or ab-
sence of obstructed breathing, scored as obstructive and cen-
tral hypopnea respectively. A minimum of two breath duration
was required for scoring of apneas and hypopneas.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
24 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA, USA). Normally dis-
tributed data are presented as mean = SEM and non-normally
distributed data as median and interquartile range (IQR). The
significance of any differences was determined using unpaired
t tests and Mann Whitney U tests and, in multiple measures,
was performed using ANOVA for normally distributed data or
a Kruskal-Wallace test for non-normally distributed data.
Correlation was performed using Spearman’s rank-order
method. All tests of significance were two-tailed and a p value
of < 0.05 was considered significant.



Sleep Breath (2019) 23:1245-1254

1247

Movement

Breath Sounds

Fig. 1 Sonomat sensor location with child lying supine. Four Sonomat
sensors (hatched circles) all record sound and movement signals (output

Results

There were 213 technically successful recordings (92%) from
231 children. The 18 failures comprised no recording in three
(17%), <4 h of interpretable data in seven (39%), and <4 h
lying on the Sonomat in eight (44%); all in this latter group left
the bed after several hours of sleep and did not return. Six of
the seven children (86%) who were on the Sonomat for >4 h,
but whose recordings contained <4 h of interpretable data,
were <5 years old. However, although children <5 years of
age predominated in this group of poor-quality recordings,
they were only a small proportion (5%) of the 129 children
in this age group.

The cohort was aged 5.2 years (3.7, 8.5) range 0.8-17.7,
120 (56%) were male, with BMI z-score = 0.46 (—0.35, 1.7)
(n =154 with height/weight information). Two-thirds of chil-
dren (n =141) were <6 years (Fig. 2).

There were 116,605 min recorded (range 284 to 733) with
uninterpretable signals for 10,841 min (9% of TRT) leaving
105,764 min (91% of TRT) available for analysis (range 240
to 710). Uninterpretable signals included poor-quality signals
(max = 382 min) and time out of bed (max =250 min). There
were 145 children (68%) with > 1 episode of poor signal qual-
ity and 59 (28%) left their bed on > 1 occasion. Detailed time
and movement data are shown in Table 1.

Apnea and hypopnea events

Obstructive apneas were present in 114 (54%), central apneas
in 182 (85%), and mixed apneas in 103 (48%) children.

from only one sensor shown). Two room sound microphones (open
circles) record sound signals

Obstructive hypopneas were present in 136 (64%) and central
hypopneas in 116 (54%). There were 13 children (6%) with no
apneas or hypopneas.

Snore and stertor events

Snore runs were present in 201 (94%), runs of stertor in 132
(62%) and, combined, obstructed breathing was present in
202 (95%). There were 11 children (5%) with no evidence
of UAO. Over half the snoring children also had stertor
(65%) whereas 99% of stertorous children snored.

Table 2 details the occurrence of apneic, hypopneic, and
obstructed breathing events.

Obstructive events

There were 38,935 obstructive upper airway events (obstruc-
tive apneas, mixed apneas, obstructive hypopneas, and
obstructed breathing runs). Of these, 17% were apneas/
hypopnea events and 83% were obstructed breathing events.
Table 2 shows a comparison of these MOAHI and obstructed
breathing events in detail.

Age-related differences

Different age ranges were examined in relation to time and
movement (Table 3) in addition to respiratory variables
(Table 4). Poor signal quality, time spent out of bed,
respiratory-induced MAs, spontaneous MA frequency,
obstructed breathing, the AHI, and the MOAHI all decreased
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with increasing age whereas analysis time and Qd tended to
increase with age. Parameters that did not change with age
were TRT and spontaneous MA duration. There was a weak
relationship between age and the MOAHI (r=—0.181, p=
0.008) with younger children tending to higher values.
Similarly, moderate relationships existed between age and
snore frequency (r=—10.319, p <0.0001) and duration (r=—
0.162 p=0.018) with younger children snoring more often
and for longer. There was a moderate decrease in percent time
moving as age increased (r=—0.382; p < 0.0001) but a strong
decrease in the frequency of MAs as age increased (r=—
0.511; p <0.0001).

OSA versus non-0SA children
Using standard OSA severity criteria 113 (53.1%) children were

normal (MOAHI < 1 events/h), 49 (23.0%) had mild OSA (1<
MOAHI < 5 events/h), 26 (12.2%) had moderate OSA (5<

1

2 3 45 6 7 8 9 10 11 12 13 14 15 16 17
Age (yrs)

MOAHI < 10 events/h), and 25 (11.7%) had severe OSA
(MOAHI > 10 events/h); there were 100 (46.9%) OSA children
with 51 (23.9%) of these classified as moderate to severe.

OSA children had longer obstructed breathing duration
(OSA =140.9 [86.6, 225.6], non-OSA =23.3 [1.6, 61.2]
min; p<0.0001) and more obstructed breathing runs
(OSA =30.7 [19.9, 39.6], non-OSA =6.1 [1.4, 13.7] runs/h;
p<0.0001); individually, snore and stertor were also signifi-
cantly greater in OSA children. However, long periods (>
10 min) of obstructed breathing occurred in 69 (61.1%) and
frequent runs (> 5/h) of obstructed breathing occurred in 63
(55.8%) of the 113 non-OSA children (Fig. 3).

In the non-OSA group (n =113, 59 male), 12 (10.6%) had
no snoring, 11 (9.7%) snored for < 1.0 min, 16 (14.2%) snored
for >1.0-4.9 min, 6 (5.3%) snored for >5.0-9.9 min, and 68
(60.2%) snored for > 10 min. The 68 non-OSA snoring chil-
dren spent 48.3 min (24.6, 82.7) (range 12.5-185.2) snoring,
at a rate of 12.1 (8.5, 18.3) snore runs/h (range 1.9-39.4). In

Table 1 Recording time, body

movement, and quiescent time Variable Duration (min) Percentage Number (/h)
data

TRT 557.1 (496.6, 604.5) - -

Poor signal quality 16.4 (0.0, 69.0) 3.4(0.0, 12.0) -

Out of bed 0.0 (0.0, 0.7) 0.0 (0.0, 0.1) -

Analysis time
Quiescent time (Qd)

513.6 (425.9, 573.5)
474.0 (391.1, 532.6)

95.7 (85.7, 100.0) -
93.4 (91.6, 94.7)* -

Spont. MA 23.1(164,31.4) 4.8 (3.6,6.4) 13.7(10.1, 17.8)
Resp. MA 5.6(22,14.3) 1.3(0.4,3.0) 45(1.4,123)
Total MA 31.9 (24.8, 41.0) 6.6 (5.3, 8.4) 21.0 (16.0, 28.5)

Values are median (interquartile range)

TRT total recording time, Od quiescent time, Spont. spontaneous, MA movement arousal, Resp. respiratory-

induced

# Analogous to sleep efficiency
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Table 2  Presence and duration of SDB pathology
No. Occurrence (/h) Duration (s) Range (s) Total duration (min) Duration (% of Qd)

All resp. events® 8735 2.3(0.8,6.3) 12.0 (9.0, 17.0) 1.8-77.2 1998 2.0
OA 1955 0.1 (0.0, 0.9) 9.0 (7.0, 12.0) 2.0-53.0 331 0.3
CA 1497 0.5(0.2,1.1) 9.0 (7.0, 11.0) 3.0-77.2 229 0.2
MA 445 0.0 (0.0, 0.4) 11.0 (8.7, 13.0) 3.4-40.0 84 0.1
All apneas 3897 1.1(0.4,2.7) 9.0 (7.0, 12.0) 2.0-77.2 645 0.7
OH 4263 0.4 (0.0, 2.8) 15.0 (12.0, 20.2) 1.8-72.0 1209 1.2
CH 575 0.1 (0.0, 0.4) 13.0 (10.0, 17.7) 3.0-55.0 144 0.1
All hypopneas 4838 0.8 (0.1, 3.7) 15.0 (11.1, 20.0) 1.8-72.0 1353 14
Obstructive Events ° 6663 0.8 (0.0, 4.7) 13.0 9.0, 18.0) 1.8-72.0 1625 1.7
Central events © 2072 0.8 (0.4, 1.8) 10.0 (7.0, 12.9) 3.0-77.2 373 04
Snore 28,420 14.5 (5.0, 27.4) 10.5 (4.1, 28.0) 0.6-3595 18,115 18.2
Stertor 3852 0.3 (0.0,3.2) 12.2 (6.0, 28.7) 0.6-2338 2381 24
Obstructed breathing ¢ 32,272 15.9 (5.3, 30.1) 11.0 (4.8, 28.0) 0.6-3595 20,508 20.6

Values are median (interquartile range)

No. number, Qd quiescent time, OA obstructive apnea, CA central apnea, MA mixed apnea, OH obstructive hypopnea, CH central hypopnea

# Apneas + hypopneas

°0A +MA + OH
°CA+CH

9 Snore + stertor

this same non-OSA group, 75 (66.4%) had no stertor, 24
(21.2%) had stertor present for < 1.0 min, 7 (6.2%) had stertor
present for 1.0—4.9 min, 1 (0.9%) had stertor present for > 5.0—
9.9 min, and 6 (5.3%) had stertor present for > 10 min. The 6
non-OSA stertorous children had 21.6 min (12.9, 36.2) of
stertor (range 10.0-42.3) occurring at a rate of 1.5 (0.4, 2.9)

stertor runs/h (range 0.4-4.3).

Runs of obstructed breathing were frequent and brief
(Table 5) with the interval between the end of one run and the
beginning of the next demonstrating their fragmentary nature

half (49.1%) of stertor runs occurred < 30s apart.

(Table 6). There were 28,220 intervals between snore runs and
3722 between stertor runs; the duration of these intervals dif-
fered significantly (snore =17 [9, 47], stertor=31 s [10, 201],
»<0.0001). Only 8.6% of the intervals between snore runs
were > 5 min (300 s) whereas 21.4% of intervals between ster-
tor runs were > 5 min. Two-thirds (65.7%) of snore runs and

As obstructed breathing duration increased, the % time
moving and frequency of movements increased (r=0.219,
p=0.0013 and r=0.396, p < 0.001 respectively). As obstructed

Table 3  Differences in time and movement variables across different age ranges

<2 years 3-5 years 6-8 years 9-12 years >13 years p value
Subjects, n 34 89 47 29 14 -
TRT, min 5447+ 144 540.5+£9.9 560.6+11.3 563.9+8.5 522.8+13.5 0.356
Poor signal quality, min 72.7 (7.2, 170.0) 21.0 (0.0, 69.0) 27.5 (0.0, 69.7) 1.3 (0.0, 15.6) 0.0 (0.0, 50.0) <0.0001
Out of bed, min 0.0 (0.0,2.3) 0.0 (0.0, 1.6) 0.0 (0.0, 0.0) 0.0 (0.0, 0.3) 0.0 (0.0, 0.0) 0.046
Analysis time, min 442.4+14.9 489.5+11.3 5148+154 5492 +8.8 493.1+£16.7 0.0003
Total MA index, /h 31.5(25.9, 38.0) 20.7 (16.8, 28.3) 20.2 (15.0, 24.9) 16.5 (13.8, 20.6) 14.0 (11.7, 17.4) <0.0001
Total MA time, % 8.3 (6.8, 10.6) 6.4 (5.1,84) 6.7 (5.7, 8.5) 5.5(4.5,6.8) 5.3 (4.6, 6.6) <0.0001
Spont. MA index, /hr 14.1 (10.7,21.2) 15.5(11.7, 18.8) 12.8 (7.9, 17.3) 12.1 (8.6, 14.9) 11.3 (8.9, 15.8) 0.0231
Spont MA time, % 5.8(3.5,7.1) 5.1(4.0,6.4) 4.8 (3.1,6.5) 4.1(3.2,5.3) 4.6 (3.1,6.1) 0.142
Resp. MA index, /hr 15.4(7.4,22.3) 3.6(1.3,104) 3.9 (1.5,11.5) 4.0 (1.0,9.5) 2.5(1.0,5.7) <0.0001
Resp. MA time, % 3.0(1.5,4.2) 1.1 (0.4, 3.0) 1.1 (0.4, 3.0) 1.3(0.2,2.3) 0.7 (0.2, 1.4) 0.0002
Qd, min 402.5+14.3 456.1+10.7 478.7+14.4 517.3+7.9 465.4+16.0 <0.0001

Values are median (interquartile range) and mean + SEM where appropriate

TRT total recording time, MA movement arousal, Spont. spontaneous, Resp. respiratory-induced, Qd quiescent time
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Table 4 Differences in respiratory variables across different age ranges

<2 years 3-5 years 6-8 years 9-12 years > 13 years p value
Subjects, n 34 89 47 29 14 -
Snoring, % 27.9 (14.6, 42.4) 13.2(3.2,21.7) 14.1 (2.1,31.7) 7.1 (0.5, 26.0) 7.9 (0.7, 18.8) 0.001
Snore runs, /h 27.8 (17.5,30.4) 12.6 (3.6, 27.0) 14.5 (5.8, 26.0) 6.2 (2.2,22.1) 9.3 (1.6, 14.3) <0.0001
Stertor, % 22(0.1,4.1) 0.0 (0.0, 2.0) 0.0 (0.0, 3.9) 0.0 (0.0, 0.9) 0.0 (0.0, 0.7) 0.0073
Stertor runs, /h 2.7(0.6,5.9) 0.2 (0.0,3.2) 0.2 (0.0, 3.1) 0.0 (0.0, 1.7) 0.0 (0.0, 0.8) 0.0007
OB, % 30.4 (16.8, 50.1) 14.4 (3.4,28.7) 16.0 (2.3, 40.8) 7.1(0.7, 26.5) 8.9 (1.3, 18.8) 0.0011
OB runs, /h 30.8 (22.2, 36.6) 14.1 (3.9, 30.3) 15.3(5.8,28.2) 6.7 (3.0, 23.1) 9.5(3.3,14.4) <0.0001
AHI, events/h 5.5(3.3,16.7) 1.7 (0.8, 5.6) 2.0(0.5,6.5) 2.0(0.8,5.3) 1.4 (0.8,2.7) 0.0036
MOAH]I, events/h 3.5(1.6,11.5) 0.4 (0.0, 4.2) 0.7 (0.0, 5.1) 1.1 (0.0, 3.1) 0.5 (0.0, 1.3) 0.0011

Values are median (interquartile range) and mean + SEM where appropriate

OB obstructed breathing, AHI apnea/hypopnea index, MOAHI mixed and obstructive apnea/hypopnea index

breathing frequency increased, both the % time moving and
frequency of movements increased (r=0.229, p =0.0008 and
r=0.540, p <0.0001 respectively). Positive correlations were
also present between the MOAHI and % time moving (r=
0.263, p=0.0001) and movement frequency (r=0.548,
»<0.0001). Thus, indices of obstructed breathing and the
MOAHI all correlated to a similar degree with sleep disruption.

Fig. 3 Bubble plot showing total 103
duration (log; o, x-axis) plotted
against number of runs (log;g, y-
axis) of obstructed breathing for
each child. MOAHI values are on
the z-axis; blue circles are non-
OSA children with hotter colors
and larger circles indicating in-
creasing severity of OSA (all
MOAHI values > 10 events/h
have the same diameter). Red
dashed lines indicate thresholds
of 10 min (x-axis) and 5 events/h
(y-axis). MOAHI mixed and ob-
structive apnea’hypopnea index

Obstructed breathing runs (events/hr)

Respiratory event-induced movement arousals

Subgroup analysis of movement arousals showed that 4248
(48.6%) of 8735 apneas and hypopneas were terminated with
a body movement compared to 9897 (30.7%) of
32,272 obstructed breathing runs. However, while apneas
and hypopneas were more likely to be associated with a

|
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Table 5 Comparison of usual
MOAHI events and obstructed Obstructive/mixed apneas and hypopneas Obstructed breathing p value
breathing events
Occurrence (/h) 0.8 (0.0,4.7) 15.9 (5.3, 30.5) <0.0001
Duration of event (s)* 13.0 (9.0, 18.0) 11.0 (4.8, 28.0) <0.0001
Total duration (min)° 1.2 (0.0, 8.5) 69.9 (15.7, 140.9) <0.0001

Values are median (interquartile range)

#Median duration of individual events

® Total duration of all events

MA, most (9897 or 70.0%) of the 14,145 M As were preceded
by obstructed breathing.

Discussion

While it has long been recognized that childhood SDB is
characterized by “prolonged partial upper airway obstruction”
[9], objective measurement has proven elusive. Various
methods have attempted to compensate for the limitations of
AHI metrics [3], but their invasive [10] or complex [11] nature
has precluded widespread acceptance in clinical practice.
Quantitative measurement of snoring and stertor with the
Sonomat system provides a practical way of assessing partial
UAQO, in addition to identifying discrete apnea/hypopnea
events. The failure rate in an unsupervised environment was
very low, confirming that the Sonomat is practical and easy to
use with children in the home.

A small proportion of children, not unexpectedly, left their
bed and did not return (possibly to sleep in their parent’s bed).
Those whose studies failed due to poor signal quality tended
to be younger (<5 years). It is possible that their small size
allowed them to lie between the four sensors for long periods
although one study was failed due to the presence of a cooling
fan masking signals from all sensors. Despite children <
5 years of age predominating in the studies deemed to have
failed due to poor-quality signals, they were only a small pro-
portion of all children aged 5 years or younger. Additionally,
although we show that the duration of poor-quality signal is
greater in younger age groups, the duration of good quality
recordings remains at >7 h (Table 3). Therefore, a younger
age does not contraindicate Sonomat use. In our experience,

Table 6 Time intervals between runs of snore and stertor

younger children are ideally suited for Sonomat use as they
are often the most distressed during polysomnography.

Our results in this large group extends previous work in
which the method was validated against PSG [7] and con-
firms that obstructed breathing predominates as an indica-
tor of pediatric SDB. Quantification of obstructed breath-
ing identified 98% of OSA children with only 2 children
crossing one, but not both obstructed breathing thresholds
(Fig. 3). Thus, the absence of obstructed breathing could
be used to discount the presence of OSA. Most important-
ly, OSA and non-OSA children were frequently indistin-
guishable regarding the frequency and duration of
obstructed breathing and many symptomatic children did
not have OSA or obstructed breathing.

A major new finding is that runs of snoring and stertor are
linked to most movement arousals resulting in a level of sleep
disruption that is an order of magnitude greater than that as-
sociated with apneas/hypopneas alone. The current standard
metrics generated from routine PSG, focusing on apneas and
hypopneas, underestimate the nature and extent of partial
UADO in children and its major role in sleep disruption.

The finding that obstructed breathing runs are frequently
terminated by movement may help to explain why some ro-
bust measures of SDB outcome do not have a simple relation-
ship with the AHI. The most notable is that SDB of any se-
verity, including “simple” snoring, is associated with elevated
blood pressure [12]. Our data support the idea that obstructed
breathing, not just AHI-linked events, is a major pathophysi-
ological pathway in pediatric SDB. We suggest that the further
step of providing an accurate measurement of obstructed
breathing, as a complementary measurement to AHI metrics,
will further clarify links to cardiovascular and other outcomes.

Interval (s) <10 <30 <60 <120 <300 <600 > 600
Snore (n) 8080 18,554 22,164 24,197 25,796 26,685 1535
Percent of all snore intervals (%) 28.6 65.7 78.5 85.7 91.4 94.6 5.4
Stertor (1) 857 1828 2259 2594 2927 3132 590
Percent of all stertor intervals (%) 23.0 49.1 60.7 69.7 78.6 84.1 15.9
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Our analyses show that snore and stertor runs are brief and,
as they are also separated by short intervals, tend to occur in
clusters. Without an electroencephalogram (EEG), we cannot
confirm that the episodes of normal breathing between
obstructed breathing runs occur during wake/arousal or sleep;
however, they would undoubtedly have a fragmentary effect
on sleep and/or sleep processes. Even in the absence of a MA,
a change from abnormal to normal breathing strongly indi-
cates that some form of activation has occurred within the
airway. Work investigating respiratory effort-related arousal
events [13] would support this.

These data may also provide an explanation for anomalies
in the landmark CHAT study [14, 15]. The first anomaly was a
lack of correlation between the AHI and clinical measures of
severity from the pediatric sleep questionnaire (PSQ).
Secondly, the AHI did not predict the response to surgery,
whereas the PSQ did. At face value, these results question
the utility of PSG. Our findings, that large numbers of
obstructed breathing runs are associated with sleep disruption,
could explain this as partial UAO was not quantified in the
CHAT study.

Our results also align with recent prospective work identify-
ing adverse impacts of childhood SDB in cognitive and behav-
ioral domains. Hunter et al. [16] found an association between
SDB and cognitive dysfunction that was particularly marked in
moderate/severe OSA. In contrast, separate analysis in the same
cohort [17] found that behavioral dysfunction was most prom-
inent in the mildest SDB (habitually snoring children without
OSA). Furthermore, abnormalities in the behavioral domain
were less marked as SDB severity increased. In these two anal-
yses, the history of snoring (assessed by questionnaire) was
included with the AHI as the independent variable. More re-
cently, the same data was re-analyzed with snoring and OSA
assessed as separate variables [18]. It emerged that the frequen-
cy of snoring (parentally reported weekly frequency, not to be
confused with frequencies contained within snoring sounds)
was better correlated with behavioral dysfunction than was
the AHI. Additionally, while behavioral abnormalities were less
marked as the AHI increased, abnormalities in cognitive mea-
sures were worse. Notably, these relationships were apparent
despite snoring “frequency” being assessed only by parental
reports. The findings are consistent with the interpretation that
sleep fragmentation induced by runs of snoring/stertor may
have the greatest impact on behavior, whereas changes in blood
gases associated with apneas/hypopneas may have a more pro-
nounced effect on cognition.

The two dominant pathophysiological pathways in SDB,
sleep fragmentation and blood gas changes, both entrain a
variety of different and overlapping downstream effects.
Blood gas changes induce major reflex responses (hyperten-
sion and arousal) as well as more direct adaptive and maladap-
tive cellular changes [19]. Arousal and sleep fragmentation
induces sympathetic activation (which may contribute to
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hypertension) and impacts on sleep-dependent brain function
[20]. It is not surprising that SDB can produce arousal without
significant blood gas changes. There is substantial data impli-
cating that a major pathway to arousal from sleep are upper
airway reflexes induced by vibratory stimuli [21]. We suggest
that obstructed breathing is a sensitive and specific indicator
of pediatric SDB that will show strong correlations with a
different spectrum of objective outcomes than does the
MOAHI alone [22].

Negative intrathoracic and increased intracranial pressures
may be another set of important pathophysiological pathways
in SDB; both are known to be influenced by UAO [23]. The
longer the duration that abnormal pressures are present may be
important and the total duration of UAO may be a useful
measurement to indicate this. The total duration of UAO is
not typically measured in PSG but we show that obstructed
breathing occurs for 60 times longer than do obstructive
apneas/hypopneas in this group of symptomatic
children (Table 5). Prolonged partial obstruction is a key
mechanism of elevated carbon dioxide levels, and in turn, a
driver of cerebrospinal fluid pressures and sympathetic out-
flow. Future work examining the relationship between time
spent in obstructed breathing and various outcomes is clearly
warranted.

These subjects were typical of a clinical group of children
referred to an otolaryngologist needing assessment for
adenotonsillectomy. All had a range of symptoms indicative
of SDB, for which the primary care physician thought assess-
ment was required and is representative of the ~90% of chil-
dren who undergo adenotonsillectomy without PSG evaluation
[24, 25]. We incidentally found nocturnal asthma in one child.
Although some snoring was present, the major component of
this child’s disordered breathing during sleep consisted of
wheeze. This exemplifies work showing that parents are unre-
liable in both determining the severity of OSA [26] and in
identifying wheeze [27] and has important clinical implications.

Limitations include the lack of an EEG to identify sleep and
arousal. However, previous work confirmed a close relation-
ship between Qd and EEG-defined sleep as well as accurate
calculation of MOAHI [7] and the use of body movement is a
robust indicator of sleep disturbance [28]. Adding oximetry to
the Sonomat system provides a more complete evaluation of
SDB but requires attachment to the body; we have experienced
problems using this additional channel, particularly in the
home. Transcutaneous carbon dioxide measurement has the
same physical constraints although it may be a better indicator
of the downstream effects of obstructed breathing [29].

Conclusion

The Sonomat is a reliable method for quantifying and charac-
terizing the extent and disruptive nature of partial UAO in
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children in the home environment as well as measuring the
standard metrics of SDB. Our previous work has been extend-
ed in this study by linking runs of snoring and stertor with
sleep fragmentation to an extent that is an order of magnitude
greater than that caused by apnea/hypopnea events. Thus,
many children classified as “simple” snorers without OSA
may have numerous runs of snoring and/or stertor that frag-
ment sleep. These findings may help to explain apparent
anomalies between the downstream effects of SDB and mea-
surements obtained using standard PSG. Finally, many chil-
dren who would progress to surgery on clinical indicators,
without objective measurement of SDB, may have minimal
partial obstruction and no obstructive respiratory events.

Acknowledgements The authors would like to thank the children and
parents/caregivers who participated in the study and Sonomedical Pty
Ltd. for the loan of equipment.

Funding There was no direct financial funding but Sonomedical Pty Ltd.
loaned equipment for the overnight recordings.

Compliance with ethical standards

Ethical approval This study was approved by the University of Sydney
Human Research Ethics Committee (HREC Ref. 10-2007/10229) and has
therefore been performed in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and its later amendments.
Parents/caregivers of children provided written informed consent if agree-
able and children provided assent when able.

Conflict of interest Sonomedical Pty Ltd. provides payment to Mark
Norman for analysis of clinical Sonomat recordings and has sponsored
his attendance at conferences. Colin Sullivan is director and co-owner of
Sonomedical Pty Ltd. and holds several patents linked to the Sonomat.
The other authors declare that they have no conflict of interest.

All the authors have approved this manuscript.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Chervin RD, Dillon JE, Bassetti C, Ganoczy DA, Pituch KJ (1997)
Symptoms of sleep disorders, inattention, and hyperactivity in chil-
dren. Sleep 20(12):1185-1192

2. American Academy of Pediatrics SoPP, Subcommittee on
Obstructive Sleep Apnea Syndrome (2002) Clinical practice guide-
line: diagnosis and management of childhood obstructive sleep
apnea syndrome. Pediatrics 109(4):704-712

10.

11.

12.

13.

15.

Rosen CL, D'Andrea L, Haddad GG (1992) Adult criteria for ob-
structive sleep apnea do not identify children with serious obstruc-
tion. Am Rev Respir Dis 146:1231-1234

Berry RB, Brooks R, Gamaldo CE, Harding SM, Lloyd RM,
Marcus CL, Vaughn BV (2016) The AASM manual for the scoring
of sleep and associated events: rules, terminology and technical
specifications, version 2.3. American Academy of Sleep
Medicine, Darien

Arnardottir ES, Isleifsson B, Agustsson JS, Sigurdsson GA,
Sigurgunnarsdottir MO, Sigurdarson GT, Saevarsson G,
Sveinbjarnarson AT, Hoskuldsson S, Gislason T (2016) How to
measure snoring? A comparison of the microphone, cannula and
piezoelectric sensor. J Sleep Res 25(2):158-168. https://doi.org/10.
1111/jsr.12356

Norman MB, Middleton S, Erskine O, Middleton PG, Wheatley JR,
Sullivan CE (2014) Validation of the sonomat: a contactless mon-
itoring system used for the diagnosis of sleep disordered breathing.
Sleep 37(9):1477-1487

Norman MB, Pithers SM, Teng AY, Waters KA, Sullivan CE
(2017) Validation of the Sonomat against PSG and quantitative
measurement of partial upper airway obstruction in children with
sleep-disordered breathing. Sleep 40(3):zsx017. https://doi.org/10.
1093/sleep/zsx017

Lopes MC, Guilleminault C (2006) Chronic snoring and sleep in
children: a demonstration of sleep disruption. Pediatrics 118(3):
e741-¢746

Loughlin G, Brouillette R, Brooks L, Carroll J, Chipps B, England
S, Ferber R, Ferraro N, Gaultier C, Givan D, Haddad G, Maddern
B, Mallory G, Nathanson I, Rosen C, Thach B, Davidson-Ward S,
Weese-Mayer D, Wohl M, Society AT (1996) Standards and indi-
cations for cardiopulmonary sleep studies in children. Am J Respir
Crit Care Med 153:866-878

Chervin RD, Ruzicka DL, Wiebelhaus JL, Hegeman GL, 3rd,
Marriott DJ, Marcus CL, Giordani BJ, Weatherly RA, Dillon JE
(2003) Tolerance of esophageal pressure monitoring during
polysomnography in children. pp 1022-1026

McGinley BM, Kirkness JP, Schneider H, Lenka A, Smith PL,
Schwartz AR (2016) Utilizing inspiratory airflows during standard
polysomnography to assess pharyngeal function in children during
sleep. Pediatr Pulmonol 51(4):431-438. https://doi.org/10.1002/
ppul.23329

Horne RS, Yang JS, Walter LM, Richardson HL, O'Driscoll DM,
Foster AM, Wong S, Ng ML, Bashir F, Patterson R, Nixon GM,
Jolley D, Walker AM, Anderson V, Trinder J, Davey MJ (2011)
Elevated blood pressure during sleep and wake in children with
sleep-disordered breathing. Pediatrics 128(1):e85—€92. https:/doi.
org/10.1542/peds.2010-3431

Ayappa I, Norman RG, Suryadevara M, Rapoport DM (2004)
Comparison of limited monitoring using a nasal-cannula flow sig-
nal to full polysomnography in sleep-disordered breathing. Sleep
27(6):1171-1179

Mitchell RB, Garetz S, Moore RH, Rosen CL, Marcus CL, Katz
ES, Arens R, Chervin RD, Paruthi S, Amin R, Elden L, Ellenberg
SS, Redline S (2015) The use of clinical parameters to predict
obstructive sleep apnea syndrome severity in children: the child-
hood adenotonsillectomy (CHAT) study randomized clinical trial.
JAMA Otolaryngol Head Neck Surg 141(2):130-136. https://doi.
org/10.1001/jamaoto.2014.3049

Redline S, Amin R, Beebe D, Chervin RD, Garetz SL, Giordani B,
Marcus CL, Moore RH, Rosen CL, Arens R, Gozal D, Katz ES,
Mitchell RB, Muzumdar H, Taylor HG, Thomas N, Ellenberg S
(2011) The childhood adenotonsillectomy trial (CHAT): rationale,
design, and challenges of a randomized controlled trial evaluating a
standard surgical procedure in a pediatric population. Sleep 34(11):
1509-1517. https://doi.org/10.5665/sleep.1388

@ Springer


https://doi.org/10.5665/sleep.1388
https://doi.org/10.1001/jamaoto.2014.3049
https://doi.org/10.1001/jamaoto.2014.3049
https://doi.org/10.1542/peds.2010-3431
https://doi.org/10.1542/peds.2010-3431
https://doi.org/10.1002/ppul.23329
https://doi.org/10.1002/ppul.23329
https://doi.org/10.1093/sleep/zsx017
https://doi.org/10.1093/sleep/zsx017
https://doi.org/10.1111/jsr.12356
https://doi.org/10.1111/jsr.12356

1254 Sleep Breath (2019) 23:1245-1254
16. Hunter SJ, Gozal D, Smith DL, Philby MF, Kaylegian J, 22. Nisbet LC, Yiallourou SR, Nixon GM, Biggs SN, Davey MJ,
Kheirandish-Gozal L (2016) Effect of sleep-disordered breathing Trinder J, Walter LM, Horne RS (2013) Nocturnal autonomic func-
severity on cognitive performance measures in a large community tion in preschool children with sleep-disordered breathing. Sleep
cohort of young school-aged children. Am J Respir Crit Care Med Med 14(12):1310-1316
194(6):739-747 23. Gonsalez S, Hayward R, Jones B, Lane R (1997) Upper airway

17. Smith DL, Gozal D, Hunter SJ, Philby MF, Kaylegian J, obstruction and raised intracranial pressure in children with cranio-
Kheirandish-Gozal L (2016) Impact of sleep disordered breathing synostosis. Eur Respir J 10(2):367-375
on behaviour among elementary school-aged children: a cross- 24. Mitchell RB, Pereira KD, Friedman NR (2006) Sleep-disordered
sectional analysis of a large community-based sample. Eur Respir breathing in children: survey of current practice. Laryngoscope
J 48(6):1631-1639 116(6):956-958

18. Smith DL, Gozal D, Hunter SJ, Kheirandish-Gozal L (2017)  25. Weatherly RA, Mai EF, Ruzicka DL, Chervin RD (2003)
Frequency of snoring, rather than apnea-hypopnea index, predicts Identification and evaluation of obstructive sleep apnea prior to
both cognitive and behavioral problems in young children. Sleep adenotonsillectomy in children: a survey of practice patterns.
Med 34:170-178. https://doi.org/10.1016/j.sleep.2017.02.028 Sleep Med 4(4):297-307 ‘

19.  Prabhakar NR, Semenza GL (2012) Adaptive and maladaptive car- 26 Preutthipan A, Chantarojanasiri T, Suwanjutha S, Udomsubpayakul
diorespiratory responses to continuous and intermittent hypoxia U (2000) Can parents predict the severity of childhood obstructive
mediated by hypoxia-inducible factors 1 and 2. Physiol Rev sleep apnoea? Acta Paedlatr 89(6):708-712 ] .
92(3):967-1003 27. Cane RS, McKenz1e SA (2001). Parents’ 1nt.erpre.tat10ns of chil-

20. Montgomery-Downs HE, Gozal D (2006) Snore-associated sleep dren’s respiratory symptoms on v1deq. Arch Dis Child 84(1):31-34
fragmentation in infancy: mental development effects and contribu- 28. Mograss MA, Dgchanne F M, Broulllette RT (1994) Movement/
tion of secondhand cigarette smoke exposure. Pediatrics 117(3): 'flrous.als. Description, c!assﬁ.'lcatlon, and relationship to sleep apnea
0496—e502 in chlldren. Am J Rffsplr Crit Ca{e Med 150(6 Pt 1):1690-1696

21, Plowman L, Lauff D, Berthon-Jones M, Sullivan C (1990) Waking 29. Morielli A, Desjardins D, Brouillette RT (1993) Transcutaneous

and genioglossus muscle responses to upper airway pressure oscil-
lation in sleeping dogs. J Appl Physiol 68(6):2564-2573

@ Springer

and end-tidal carbon dioxide pressures should be measured during
pediatric polysomnography. Am Rev Respir Dis 148(6 Pt 1):1599—
1604


https://doi.org/10.1016/j.sleep.2017.02.028

	Snoring and stertor are associated with more sleep disturbance than apneas and hypopneas in pediatric SDB
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Participants
	Sonomat scoring criteria
	Statistical analysis

	Results
	Apnea and hypopnea events
	Snore and stertor events
	Obstructive events
	Age-related differences
	OSA versus non-OSA children
	Respiratory event-induced movement arousals

	Discussion
	Conclusion
	References




