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Aim: To audit the feasibility and patient experience of home polysomnography (sleep study) for the
investigation of a sleep disorder in children.
Methods: The signal quality and outcomes of a Level 2 (home) polysomnography in young people un-
dergoing investigation between September 2020 and January 2021 in a single centre was reviewed. A
successful home polysomnogram was defined as a study with �6 h of sleep and all channels (EEG,
thoraco-abdominal bands, calculated airflow, and pulse oximetry) present for at least 90% of the study
time. Feedback from the guardian and young person was collected following the study using a
questionnaire.
Results: Fifty-five patients, aged 4 months to 18 years, were included. A successful polysomnogram, on
the first attempt, was achieved for 48/55 (87%) subjects. There were no differences in success when
accounting for neurodevelopmental conditions, OSA severity or age. The majority (76%) of guardians felt
that their child slept the same or better than normal and only 12% found having the study conducted at
home difficult. Following the study, only 8% would have preferred a hospital sleep study in retrospect.
Conclusions: Home polysomnography produced a technically adequate study for the majority of subjects.
Most families also found the experience of having a home sleep study to be positive. These data support
the use of home sleep studies as an alternative to an in-patient sleep study, in appropriate circumstances,
for young people undergoing investigation of a sleep disorder.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Paediatric sleep disorders are important and common condi-
tions. Sleep disordered breathing, which includes obstructive sleep
apnoea (OSA), has an estimated prevalence of 1e5% [1] and restless
legs syndrome/periodic limb movement disorder has an estimated
prevalence of 2% [2]. OSA has been associated with impairments of
memory, learning, behaviour, growth, quality of life and cardio-
vascular health [3]. Restless sleep disorders have been shown to
result in sleep disruption, impaired cognitive function, reduced
mood, and poorer quality of life [4].

The reference standard for the investigation of paediatric sleep
disorders is a polysomnogram (PSG, also known as a sleep study)
[5]. A Level 1 PSG is performed in hospital, under the supervision of
g and Sleep Specialists, 639
stralia.

ier B.V. This is an open access artic
trained medical staff and includes the measurement of multiple
physiological signals which allows a comprehensive assessment of
sleep quality, breathing, oxygenation and movement. However,
such studies are labour intensive and costly.

A Level 2 sleep study refers to an unattended PSG study (no
medical staff present) and is performed outside of a sleep labora-
tory, typically in the patient's home [5]. It still includes the mea-
surement of at least 7 physiological signals which allow a similar
assessment of sleep quality, breathing, oxygenation andmovement.
Although some more technically demanding measures such as
carbon dioxide (CO2) levels and video are often absent.

There are a small number of studies which have examined the
feasibility and utility of Level 2 sleep studies for the assessment of
OSA in children [6e8]. These studies reported that 81%e91% of the
studies were acceptable based on differing criteria. Ioan, Weick [6]
described a clinical sample of 57 children aged 3e16 years. Of these,
8 (14%) subjects were developmentally delayed, and the median
agewas 7 years. Failurewas defined as<5 h of data or�75% artefact
in one or more major signals. It was reported that 81% of subjects
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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had a technically acceptable study and all but one had an inter-
pretable study. Marcus [8] described the outcome for 201 children
aged 5e12 years who were being followed up as part of a neonatal
research study. It included few children with medical co-
morbidities. An adequate study, >4 h of data and signals present
for >75%, occurred in 91% of subjects. Goodwin, Enright [7] re-
ported the outcomes of home sleep studies in 157 children aged
5e12 years recruited from the community. Children with signifi-
cant medical or developmental disorders were excluded. The au-
thors reported that 91% of subjects had at least 5 h of interpretable
data.

There has been significant progress in sleep monitoring equip-
ment with improved signal quality, smaller light-weight equip-
ment, and leadless technology such as Bluetooth being
incorporated into devices. A calibrated signal derived from bands
worn around the subject's chest and abdomen has been shown to
produce a calculated airflow signal which in adults was comparable
with airflow measured by face mask and pneumotachometer [9].
This is important as direct airflow monitoring is often disliked by
children and is one of the more commonly lost signals.

The principal aim of this study was to assess the feasibility of a
Level 2 diagnostic sleep study in a clinical cohort of children in an
Australian centre. The secondary aims were to assess the consumer
experience and preference for a home or hospital study.

2. Materials and methods

2.1. Setting

The study was conducted in a private paediatric sleep clinic in
Brisbane, Australia. The clinic has access to a 5-bed in-patient sleep
laboratory. Australia provide universal healthcare to all citizens.
However, there is a significant waiting time of >12 months for a
non-urgent sleep studies in most government run hospitals,
especially following the Covid-19 pandemic. Access to private
hospital facilities requires the family to hold private health insur-
ance or pay an additional fee which can be significant. Thus, there is
a need for diagnostic services that do not require admission to
hospital.

2.2. Population

This clinical audit describes the outcome of consecutive children
who underwent a Level 2 sleep study between September 2020 and
January 2021. All childrenwere reviewed by a clinician prior to their
sleep study. All patients were offered a choice of a hospital or home
sleep study.

2.3. Home polysomnography (PSG)

Ambulatory PSG was performed using a Nox-A1 device (Nox
Medical, Iceland). Monitored signals included frontal, central, and
occipital electroencephalogram (EEG: FpZ, F4, C4, O2, A1& A2), two
electrooculograms (EOG), chin electromyogram (EMG), electrocar-
diogram, respiratory inductance plethysmography (RIP) of chest
and abdominal movement, pulse oximetry (Nonin 3150 with one of
3 age-appropriate sized probes), audio, position/movement and leg
electromyograms when clinically indicated. Airflow was assessed
using cRIP flow, a calculated signal derived from the respiratory
bands. The equipment was applied in the clinic by a sleep physician
(SB), typically between 5PM and 6PM, and the patient returned to
their own home or a local hotel depending on their distance from
the clinic. Guardians started the studies manually at the child's
normal bedtime. Guardians were provided with verbal and written
instructions on the device. They were encouraged to contact the
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physician at any time and were provided with an on-call mobile
number. All of the leads connect to a battery powered device worn
on the child's chest and are bundled together to prevent a choking
hazard and the wrist worn oxygen saturation monitor connects to
the main device via Bluetooth. Studies were scored by an experi-
enced sleep scientist (JG) according to rules of the American
Academy of Sleep Medicine [10]. Mild OSA was defined as an
obstructive apnoea/hypopnoea index (OAHI) > 1 and < 5 events/hr,
moderate OSA if the OAHI was �5 and < 10 events/hr and severe
OSA if the OAHI was �10 events/hr. A diagnosis of periodic limb
movement disorder was made if the number of periodic limb
movement series was >5 per hour of sleep.
2.4. Signal quality

The Noxturnal software rates signal quality and calculates the
percentage of the study for which there was an adequate signal for
the oximeter, airflow, abdominal and thoracic respiratory effort.
This assessment was confirmed manually by SB. If either respira-
tory band signal was absent or a poor signal for >10% of sleep time
then the RIP bands were rated as inadequate. The EEG, EOG, chin
EMG and leg EMGs were assessment for quality manually by SB. To
be acceptable all 3 EEG signals needed to be present and sufficiently
free of any artefact for ¼>90% of sleep such that sleep stages could
be evaluated. The EOG was assessed as adequate if there was an
artefact free signal present for �90% of sleep time and REMs could
be identified. Chin EMG was assessed as adequate if present for
�90% of the recording and there was appropriate differentiation
between wake, REM sleep and NREM sleep.
2.5. Criteria for success

Studies with �6 h of sleep and key channels (EEG, RIP bands,
cRIP airflow and pulse oximetry) present for at least 90% of sleep
time were deemed successful.
2.6. Evaluation of home PSG

Guardians completed a questionnaire including lights off,
presence of audible snoring, how the young person slept compared
with normal, how easy the study was and whether in retrospect
they would have preferred a hospital or home sleep study if cost
had not been a factor.
2.7. Statistical analysis

Statistical analysis was performed using SPSS version 26.
Descriptive statistics for clinical characteristics and home PSG re-
sults are expressed as median and range (or mean and SD if para-
metric) and questionnaire responses are displayed as frequencies
and percentages. Questionnaire data are represented as pro-
portions without missing data items. Non-parametric statistical
tests of association (chi-square analysis) between variables were
undertaken to explore failed home PSG recordings according to age,
sex, OSA severity and the presence of neurodevelopmental co-
morbidities. A significance Level of p < 0.05 was used.
2.8. Ethics

Ethical approval was obtained from the Mater Misericordiae
Human Research Ethics Committee (Ethics no: EXMT/MML/73550).



Fig. 1. Age and neurodevelopmental condition.
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3. Results

A total of 55 children were scheduled for a Level 2 home PSG
study during the study period (140 subjects had a Level 1 study
during the same time). The reason for choosing a home study over a
hospital study was not documented. Cost was a significant factor
for many families. Although 41% of those undertaking a home study
held private health insurance and other factors such as their child
sleeping in their own bed and/or avoiding a hospital admission
during the Covid-19 pandemic were also mentioned informally.
The most common indication for a sleep study was investigation of
possible OSA and participants had a mean age (SD) of 7.8yrs
(4.4yrs). Participant characteristics are presented in Table 1 and
Fig. 1. Twenty-one children (39%) had neurodevelopment disor-
ders: Down syndrome in 1 [2%], Prader Willi Syndrome in 4 [7%],
autistic spectrum disorder (ASD) in 5 [9%], attention deficit hy-
peractivity disorder (ADHD) in 4 [7%], ASD þ ADHD in 6 [11%] and
ASD þ significant global developmental delay in 1 [2%].

3.1. Waiting time for home PSG

The median time from referral to the initial sleep service clinic
appointment was 15 days (range: 1e115 days) and the median time
from clinic appointment to sleep study was 12 days (range: 0e172
days). Overall patients waited for a median time of 27 days from
referral to their sleep study (range: 1e191 days). An outlier from
regional Queensland waited 172 days to come to Brisbane because
of Covid-19 travel restrictions.

3.2. Home PSG

One subject did not tolerate the application of equipment, the
remaining 54 subjects underwent a home sleep study. The median
total sleep time (TST) was 540 min (IQR: 494e585 min) and an
overall sleep efficiency of 89.7% (IQR: 86e94%) (Table 2).

3.3. Success rates of home PSG

A total of 48/55 (87%) patients fulfilled the criteria for successful
home PSG. The reason for failure included: complete refusal in 1
(1.8%), TST < 6 hrs in 2 (3.6%), <90% signal quality in 3 (5.5%; due to
SpO2 artefact in 2 patients and SpO2 and EEG absence/artefact in 1
patient) and <6hr of TST and <90% signal quality in 1 (1.8%; due to
EEG absence/artefact). The child who did not tolerate application of
equipment was 4yrs and had an anxious temperament. His mother
attempted to apply the equipment when the child was asleep, but
this was unsuccessful. The percentage of TST with artefact free
oxygen saturation, RIP bands and EEG for the remaining subjects is
Table 1
Participant characteristics.

Males, n (%) 37 (67%)

Age in years, mean (SD) 7.8 (4.4)
<4 years of age, n (%) 8 (15%)
Private health insurance, n (%) 22 (41%)
Lives >100 km from clinic, n (%) 7 (13%)
Neurodevelopmental disorder, n (%) 21 (39%)
Indication for sleep study, n (%)a

Snoring, possible OSA 46 (84%)
Restless sleep 5 (9%)
Investigation of somnolence 8 (15%)
Cause of moaning in sleep 1 (2%)

a Multiple indications per child for undertaking sleep studies may have
been provided and therefore the total is higher than 100%; SD¼Standard
deviation; OSA¼Obstructive sleep apnoea.
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summarised in Fig. 2. Four of seven patients with a suboptimal
study had an ASD diagnosis and either anxiety or developmental
delay. All children <4years of age had a successful home PSG.
Overall, there was no difference in the success rates of typically
developing children versus children with neurodevelopment con-
ditions (p ¼ 0.19), children <4yrs versus children >4yrs (p ¼ 0.58),
or OSA severity (no OSA, p ¼ 0.19; mild, p ¼ 0.58; moderate,
p ¼ 0.13; severe p ¼ 0.09).

3.4. Other signals

The two children who removed their head leads also removed
the leads for EOG and chin EMG. In additional there were two
children for whom the chin EMG did not provide good differenti-
ation between sleep stages and 4 children who either lost or had
artefact effecting the left EOG for >10% of the sleep time. The
absence of an adequate chin EMG or left EOG did not critically affect
sleep staging and these factors were not taken into account when
assessing the overall quality of the study. Leg EMGwasmeasured in
26 children. There were 7 children for whom one or both of the leg
EMGs were at least intermittently absent.

3.5. Clinically utility of home PSG

Of the seven patients whose study was deemed unsuccessful,
four were found to have moderate or severe OSA. One patient, who
was initially referred for investigation of moaning in sleep (possible
catathrenia), was only observed to moan at sleep onset and tran-
sitions (while awake) and not during sleep and therefore cata-
threnia could be excluded. Thus, although not ideal, these five
studies provided clinically useful data and these subjects did not
require further diagnostic testing. Overall a clinical diagnosis was
confidently made in 53 patients (96%).

3.6. Acceptability of home PSG

Fifty-one guardians (93%) completed the questionnaire.
Compared with their normal sleep: 2% felt their child slept much
better, 22% better, 52% the same, 20% worse and 4% much worse.
Guardians felt that having the study at home was very easy 16%,
easy 33%, neither easy or difficult in 39%, difficult in 10% and very
difficult in 2%. Most guardians still preferred a home sleep study
(75%) compared with no preference (18%) or a hospital study (8%).

4. Discussion

This audit of a clinical population of children undergoing a home
sleep study found that the overwhelming majority (87%) had a
successful study. For the remaining subjects the home study often



Table 2
Level 2 polysomnography results (n ¼ 54).

Median IQR Range

Total recording time (min) 565 511e602 248e677
TST (min) 540 494e585 226e668
Sleep efficiency (%) 90 86e94 60e97
NREM 1 (% of TST) 4.1 2.6e6.0 0.1e20
NREM 2 (% of TST) 41 35e46 25e82
NREM 3 (% of TST) 26 22e31 10e41
REM (% of TST) 27 23e30 4e43
Arousal index (number/hr of TST) 8 6e10 3e66
Obstructive apnoea/hypopnoea index (number/hr of TST) 0.6 0.2e2.4 0e91
Central apnoea/hypopnoea index (number/hr of TST) 1.7 1.0e3.2 0e38
Mean oxygen saturation (%) 97 96e98 73e99
Lowest oxygen saturation (%) 91 87e92 51e95
Oxygen desaturation index (number/hr of TST) 1.9 0.7e4.5 0e62
Periodic limb movement index a 2.5 0.0e6.0 0e17

n %

Total OSA 21 39
Mild OSA 10 19
Moderate OSA 6 11
Severe OSA 5 9

Periodic limb movement disorder a 7 28
Central sleep disorder 3 6

a Limb movement measured in 25 subjects; TST ¼ Total sleep time; NREM¼Non-rapid eye movement sleep; REM ¼ Rapid eye movement sleep; OSA¼Obstructive sleep
apnoea.

Fig. 2. Percentage of sleep time in which polysomnography signals were artefact free.
TST ¼ Total sleep time.
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provided sufficient information, leaving only 2 subjects (4%) in
whom further investigation was required. The criteria used for
success in this study were more stringent than in previous studies;
6 h of sleep and key signals present for �90% of sleep. Despite this,
the data were comparable with previous studies by Iona [6] who
reported 81% of studies were technically adequate and 98% inter-
pretable and both Goodwin [7] and Marcus [8] who reported an
adequate sleep study in 91% of subjects.

Subjective sleep quality and satisfaction with having a home
sleep study were also high. A significant proportion of guardians
(76%) reported that their child slept as well or better than usual and
only 8%, in retrospect, would have preferred to have had a hospital
sleep study if cost had not been a factor.

There are numerous reasons why a Level 2 study was adequate
for most subjects. There have been technical advances in ambula-
tory sleep equipment. The device used is worn on the subject's
chest and oximetry connects via Bluetooth technology allowing
fewer cords and no connection to devices separate to the subject.
This also increases the safety of home sleep studies with fewer
choking hazards. In a previous study problems encountered
160
included limited power outlets nears the child's bed, the device
becoming unplugged when the child went to the toilet or inter-
ference fromhousehold devices [8], problems not experiencedwith
more modern equipment. The calibrated airflow signal was also
extremely robust and provided an airflow signal in all subjects
while the respiratory bands remained in place. The respiratory
bands are easily adjusted to fit the child well and remained in place
in all subjects with the exception of the child who did not allow any
equipment to be applied and one of the children who woke and
pulled off all equipment.

It is important to highlight that the investigators had performed
more than 200 ambulatory studies prior to this audit. During this
time mistakes were made, and procedures were adapted. The most
vulnerable signal is oxygen saturation and probes were always
securely fastened with tape at set-up. Guardians were provided
with clear verbal instructions, a laminated instruction sheet and
spare equipment. After-hours calls were uncommon, but the on-
call physician was contacted numerous times, most often
regarding the oximetry signal. Prior practice of guardians applying
at least some of the equipment at home was found to be less suc-
cessful. Assessing signal quality prior to the subject returning home
helped ensure that all equipment/leads had been configured and
applied correctly.

The aim of this project was to assess feasibility and not clinical
accuracy of home sleep studies. The equipment used in this study is
the same as may be used in a hospital sleep study. However, it is
conceded that subjects did not have a measure of CO2, direct mea-
surement of airflow or video. A study involving direct comparison of
subjects undergoing a Level 1 and 2 study would be required to
exclude differences in diagnosis or OSA severity. Ambulatory studies
were only offeredwhen the young person had an adequate domestic
setting, a guardian who could supervise the study and would not
requiremonitoring by a healthcare professional. During the period of
the audit all subjects met these criteria. Some complex patients (for
example those with a significant neuromuscular disorder or those
receiving respiratory support) will require CO2 and/or clinical
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monitoring. It is important to recognise that home sleep studies will
not be appropriate for all subjects who require investigation of a
sleep disorder because of the nature of the study required, clinical
complexity and/or social reasons.

A strength of this study is that it included a population of young
people typical of those seen in a sleep clinic, including a broad
range of ages (babies through to teenagers) and themajority had an
underlying comorbidity including neurodevelopmental, intellec-
tual, or mental health challenges. Ioan also included a clinical
cohort of children aged 3-16 y, of whom 14% had neuro-
developmental conditions [6]. Whereas both Marcus [8] and
Goodwin [7] included children with few comorbidities aged 5e12
years. Younger subjects and those with significant co-morbidities
were sometimes more challenging to set-up or had problems
with equipment during the night. However, many did not, and
some guardians reported that they believe their child did better in
their own home than they would have done in hospital. This audit
suggests that young age or neurodevelopmental problems should
not necessarily exclude subjects from having a home sleep study. A
proportion of home sleep studies will be unsuccessful and thus the
ability to repeat studies or perform a Level 1 study will be essential
in any service offering home sleep studies.

In summary, successful Level 2 paediatric studies are aided by
appropriate subject selection, high quality equipment, trained staff,
and on-call support. Level 2 studies are significantly less expensive
to perform than Level 1 studies. Although, the financial advantages
of Level 2 over Level 1 studies will depend upon how sleep services
are funded in the respective healthcare system. This audit dem-
onstrates that Level 2 studies are feasible for a significant propor-
tion of young people requiring a diagnostic study and may even
have advantages for those who might sleep better at home than in
hospital. Home sleep studies could be used to increase capacity and
Level 1 studies could be reserved for young people who require a
more complex investigation or whowould be better managed in an
inpatient setting.
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