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obstructive sleep apnoea in the home
environment setting: an evaluation study
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Stuart Bowyer,? Esther Rodriguez-Villegas

ABSTRACT

Objectives Obstructive sleep apnoea (0SA) is a heavily
underdiagnosed condition, which can lead to significant
multimorbidity. Underdiagnosis is often secondary to
limitations in existing diagnostic methods. We conducted
a diagnostic accuracy and usability study, to evaluate the
efficacy of a novel, low-cost, small, wearable medical
device, AcuPebble_SA100, for automated diagnosis of 0SA
in the home environment.

Settings Patients were recruited to a standard 0SA
diagnostic pathway in an UK hospital. They were trained
on the use of type-lll-cardiorespiratory polygraphy,
which they took to use at home. They were also given
AcuPebble_SA100; but they were not trained on how to
use it.

Participants 182 consecutive patients had been referred
for OSA diagnosis in which 150 successfully completed
the study.

Primary outcome measures Efficacy of AcuPebble_
SA100 for automated diagnosis of moderate—severe-
0SA against cardiorespiratory polygraphy (sensitivity/
specificity/likelihood ratios/predictive values) and
validation of usability by patients themselves in their home
environment.

Results After returning the systems, two expert clinicians,
blinded to AcuPebble_SA100’s output, manually scored
the cardiorespiratory polygraphy signals to reach a
diagnosis. AcuPebble_SA100 generated automated
diagnosis corresponding to four, typically followed,
diagnostic criteria: Apnoea Hypopnoea Index (AHI)

using 3% as criteria for oxygen desaturation; Oxygen
Desaturation Index (ODI) for 3% and 4% desaturation
criteria and AHI using 4% as desaturation criteria. In

all cases, AcuPebble_SA100 matched the experts’
diagnosis with positive and negative likelihood ratios

over 10 and below 0.1, respectively. Comparing against
the current American Academy of Sleep Medicine’s AHI-
based criteria demonstrated 95.33% accuracy (95%

Cl (90-62% to 98-10%)), 96.84% specificity (95% Cl
(91-05% to 99-34%)), 92.73% sensitivity (95% Cl (82-41%
t0 97-98%)), 94.4% positive-predictive value (95% Cl
(84-78% to 98-11%)) and 95.83% negative-predictive
value (95% CI (89-94% to 98-34%)). All patients used
AcuPebble_SA100 correctly. Over 97% reported a strong
preference for AcuPebble_SA100 over cardiorespiratory

polygraphy.

2 Swapna Mandal’

Strengths and limitations of this study

» This study demonstrates the diagnostic accuracy
and unattended/untrained usability in real-world
conditions of a new commercial wearable medical
device for fully automated diagnosis of obstructive
sleep apnoea.

» In addition to the diagnosis, it assesses the accuracy
in classification of apnoea events and their type.

» Four different diagnostic indices were used to test
the accuracy of the medical device.

» The study used multichannel cardiorespiratory
polygraphy as gold-standard reference, with no
neurological channels.

» The study is single centre.

Conclusions These results validate the efficacy of
AcuPebble_SA100 as an automated diagnosis alternative
to cardiorespiratory polygraphy; also demonstrating

that AcuPebble_SA100 can be used by patients without
requiring human training/assistance. This opens the doors
for more efficient patient pathways for 0SA diagnosis.
Trial registration number NCT03544086; ClinicalTrials.
gov.

INTRODUCTION

Obstructive sleep apnoea (OSA) is a common
condition with prevalence exceeding 50% in
some countries.' * Recent data suggest that up
to 1 billion adults globally aged 30-60 have
OSAI; and if left untreated, OSA significantly
increases the risk of cardiovascular and cere-
brovascular complications such as myocardial
ischaemia, stroke and arrhythmias.3 * The
repetitive awakenings from sleep that charac-
terise OSA and the resultant sleep fragmenta-
tion and daytime somnolence can adversely
impact on quality of life, cognitive function
and mental health.” ® OSA also has a signif-
icant global economic impact. In the USA,
approximately 80% of patients with moderate
or severe OSA are not diagnosed, costing
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the economy between US$60bn and US$160bn a year.”
A Health Economics Report commissioned by the UK
British Lung Foundation (BLF) estimated that 85% of
patients with OSA are undiagnosed and that diagnosing
and treating these patients could generate cost savings
of £55 million for the National Health Service (NHS)
and increase survival rates for those patients by 25%.°
Furthermore, around 25% of car accidents in Europe
are attributed to OSA,9 and in the UK, up to 40 000 road
accidents could be avoided per year if all patients were
diagnosed and treated.® Additionally, recent data suggest
that patients with mild OSA may benefit from treatment;
thus, it is likely that an increasing number of individuals
will be referred for testing.'’

Diagnosis of OSA typically occurs in secondary care
sleep clinics where arrangements for patients to be
monitored either with full polysomnography or limited
cardiorespiratory polygraphy (CR-PG) are made. CR-PG
involves wearing several bands, sensors and probes over-
night, ideally attended as an inpatient or, due to services
being overwhelmed by demand and costs, unattended
at the patient’s own home. The domiciliary approach
is more commonly undertaken in UK sleep clinics and
involves the patients attending the hospital to be trained
on how to attach and use a CR-PG system, wearing the
device overnight at home and then returning it the
following day."'

This method of diagnosis has significant limitations
since the process of training patients can be time-
consuming and some patients struggle to set up the
device properly, thereby generating invalid signals and
tests. Additionally, the devices can be cumbersome and
may move or deattach during the night or be a source of
discomfort for patients, affecting their sleep quality and
in turn the validity of the result. Failure rates from 5% to
39% have been reported.'” The high cost of these devices
often means that they can only be offered to a relatively
small number of patients at any one time."” Furthermore,
the complexity of interpretation often leads to diagnostic
delays as the signals require manual ratification and anal-
yses by specialists, since automated diagnostic software is
not reliable. This process can take up to 1-2 hours per
patient."* Thus, despite the convenience of an ambulatory
approach, services remain overwhelmed by demand, cost
and clinician time constraints. Finally, more recently, due
to the COVID-19 pandemic, these traditional methods
can no longer easily be used due to infection prevention
and control, and novel approaches for ‘virtual’ diagnos-
tics are desperately required to overcome these issues.

This paper presents the outcomes of a diagnostic accu-
racy and usability study carried out to evaluate the efficacy
of a novel, small, wearable medical device, Acupebble
and accompanying software for the automated diag-
nosis of OSA (AcuPebble SA100). AcuPebble SA100 was
conceived to be used by patients without the need for
intensive face-to-face training by a healthcare professional
(HCP), aiming to overcome some of the limitations of
current systems, consequently facilitating the diagnosis of

OSA and helping to unblock some of the existing bottle-
necks in current diagnostic pathways.

METHODS
A prospective study of diagnostic accuracy was under-
taken. The study was registered on ClinicalTrials.gov.

Study design
The study was designed following the recommendations
given by the British Medical Journal on assessments and
critical appraisals of diagnostic tests, the USA Agency for
Healthcare Research and Quality for studies specific to
diagnosis and treatment of sleep apnoea in adults'> and
the ISO Standard on Clinical Investigation of Medical
Devices for Human Subjects EN ISO 14155:2011.
Consecutive patients aged between 18 and 70 who were
referred for evaluation of possible OSA to the Sleep and
Ventilation clinic at the Royal Free London Hospital NHS
Foundation Trust were recruited for the study.

Patient and public involvement

Members of the public were involved in prior forma-
tive usability evaluations (IEC 62366) that informed the
design of the study.

Eligibility criteria

All adult patients were included except for those above
the age of 70; subjects who were not fluent in English or
had special communication needs; those with a known
allergy to adhesive dressings; subjects with physical or
mental impairments, which would make them unable to
use the new technology on their own; subjects with elec-
tronic body implants and subjects with extremely lose
skin in the neck area, which would make the device swing
if the neck moved.

Test methods

Patients who consented to participate in the study were
issued with both a CR-PG device as per usual clinical care
and an AcuPebble SA100 device with a smart phone.
Both the CR-PG and AcuPebble SA100 were to be used
simultaneously. The patient was first trained on the use of
the CR-PG device, including a demonstration of how to
wear it and basic troubleshooting. This training is part of
the typical pathway and takes approximately 30 min per
patient. No specific face-to-face training was offered to
the patient on the use of the AcuPebble SA100, since an
objective of the study was to demonstrate usability in the
absence of prior training. Once at home, the smart phone
app guided the patient through the process of setting up
the sensor, attaching it, starting and finishing the study. On
completion of the study, the app would offer the patient
the possibility of filling a simple voluntary questionnaire
designed to evaluate the user experience. Patients were
asked to return the devices the following day. This would
have been required regardless of the study, since it forms
part of the conventional diagnostic pathway. If a patient
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did not undertake the study once they were at home, the
patient was not rerecruited.

Reference standard: CR-PG

The domiciliary CR-PG system used in this study was the
type III monitor; Embletta MPR Sleep System (Natus
Medical, California) and accompanying Embla Remlogic
software (Natus Medical, California). The following
signal channels from the CR-PG device were used for
analysis: thoracic and abdominal piezoelectric respira-
tory movement sensors peripheral pulse oximetry, nasal
thermistor air flow sensor, snore and body position. This
device was chosen for two reasons: the system is routinely
used in the Sleep and Ventilation clinic at Royal Free
London NHS Foundation Trust for diagnosis of sleep
disordered breathing and meets the American Academy
of Sleep Medicine’s (AASM) technical adequacy require-
ments to be considered a %old standard for ambulatory
diagnosis of the disease.'’'” Given that the intended use
of AcuPebble SAI00 is for ambulatory home testing,
and one objective of this study was to test usability in
real conditions, the current gold-standard type III home
CR-PG monitors were felt to be the appropriate compar-
ator. In clinic/hospital, Polysomnography (PSG) would
not have been representative of the real use scenario,
and neither common clinical practice. Furthermore, the
principle of operation against in clinic-PSG had already
been demonstrated in a prior pilot evaluation, where a
less advanced, non-commercial, research variant of the
sensor and algorithms demonstrated an 88.6% sensitivity
and 99.6% specificity for apnoea detection."*

Index test: AcuPebble SA100
The device under evaluation, AcuPebble SA100, is a wear-
able electronic technology, measuring 2.9 cm diameter,
1.4 cm height and weighing 7 g, figure 1. The device
attaches to the neck, anywhere between the laryngeal
prominence of the thyroid cartilage and the supra-sternal
notch, with a disposable medical grade adhesive. The
exact location is not important. The device functionality
is based on the principle of acoustic sensing of a number
of physiological sounds, including those generated by the
respiratory and cardiovascular systems.

AcuPebble SA100 works with an accompanying self-
explanatory application (App) running on a smartphone/

tablet. The App has two distinctive sections: section 1
provides access to a HCP portal and section 2 is for patients.
The HCP portal allows the clinician to setup the sleep
study for individual patients and also visualises/reviews its
outcomes. Once the study is setup, the patient portal of
the App for that particular study becomes enabled allowing
the patients to complete the overnight study, during which
acoustic signals are collected from the wearable device. At
the end of the study, the AcuPebble SA100 software algo-
rithms derive the breathing segments, cardiac information
and their time—frequency characteristics from the sensed
acoustic signal. These are then used to automatically detect
disordered breathing events and generate the diagnostic
output based on the AASM recommendations.

Sample calculation

The sample size for the study was calculated to be 150
valid patients. This sample was based on a conserva-
tive estimation, to accommodate prevalence values for
moderate/severe sleep apnoea from 30% to 50%, and
assuming the sensitivity and specificity of the system would
be 91%-99%. With these ranges, the positive likelihood
ratio (LR+) would be over 10 and the negative likelihood
ratio (LR-) would be under 0.1. If the system achieved
these numbers, its efficacy as a method of diagnosis for
OSA would be proven."

Data analysis

The primary objective of this study was to assess the
efficacy of AcuPebble SA100 for automated diagnosis
of moderate-severe OSA against CR-PG as well as vali-
date the usability of the system by patients themselves
in their home environment. Secondary objectives
included an assessment of AcuPebble SA100’s perfor-
mance in differentiating between apnoeic and hypop-
noea obstructive events and for differentiating central
and OSA.

AcuPebble SA100 can automatically generate four
different diagnostic outputs. The rational for having four
alternative diagnostic outputs was to afford clinicians the
choice of the appropriate diagnostic output for their service,
since globally, differing sleep clinics use different diagnostic
criteria and may use different versions of the AASM diag-
nostic recommendations.'” The four outputs are:

Figure 1

From left to right: AcuPebble SA100 sensor; AcuPebble SA100 sensor with accompanying app; Model (not patient)
wearing the sensor (photo obtained from https://acurable.com/products/acupebble-SA100/patients).
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» Diagnosis based on AHI defined by the current
recommended AASM criteria!’ (ie, with 23% as the
threshold for oxygen desaturation).

» Diagnosis based on AHI defined by the AASM
criteria,'” but with the exception of having >4% as the
threshold for desaturation.

» Diagnosis based on ODI considering 23% desatura-
tion as the threshold for events.

» Diagnosis based on ODI considering >4% desatura-
tion as the threshold for events.

In order to test the efficacy of AcuPebble SA100 for
the four different diagnostic outputs, the CR-PG signals
were manually and independently scored by two experi-
enced clinician scorers, resulting in these four diagnostic
indices and corresponding diagnosis. The clinicians were
blinded to the outputs from the AcuPebble SA100. At the
end of the study, the diagnostic results derived from the
experts manual scoring were compared with AcuPebble
SA100 automated diagnosis.

The following criteria were used to evaluate the diag-
nostic performance:

» A diagnostic output was considered a true positive if
both AcuPebble SA100 and the Gold Standard agreed
on the diagnosis of a patient as having either moderate
(ie, 15-30 AHI or ODI) or severe (ie, >30 AHI or
ODI) sleep apnoea. Moderate and severe OSAs were
considered to be true positives since these are the
diagnostic categories for which gold-standard treat-
ment (Continuous Positive Airway Pressure (CPAP))
is recommended.”

» A diagnostic output was considered a true negative if
both AcuPebble SA100 and the gold standard agreed
on the patient not having moderate or severe OSA.

» A diagnostic output of AcuPebble SA100 was consid-
ered a false negative if the gold standard diagnosed the
patient with moderate or severe OSA, and AcuPebble
diagnosis was mild or normal.

» A diagnostic output of AcuPebble SA100 was consid-
ered a false positive if the gold standard diagnosed
the patient with normal or mild sleep apnoea, and
AcuPebble SA100 diagnosis was moderate or severe.

The performance metrics used for evaluation followed
the recommendations for validation of efficacy in diag-
nostic methods: sensitivity, specificity, positive predictive
value, negative predictive value, LR+, LR~, accuracy and
Cohen’s Kappa (K)."”

Usability analysis
Patient feedback regarding the usability, comfort and
confidence of using the AcuPebble SA100 device was
collected using a voluntary questionnaire included within
the App.
Usability was quantified in terms of:
1. Percentage of patients who used the system correctly.
2. Percentage of patients who did the test and returned
diagnostically valid AcuPebble signals.
3. Percentage of patients that placed the sensor correctly.
4. Usability answers in the App questionnaire.

RESULTS

Participants

One hundred and eighty-two consecutive patients were
recruited for evaluation over an 8-month period between
November 2018 and July 2019. One hundred and twenty-
nine (71%) were men. Of these studies, 150 could be
used for evaluation purposes. A subject participation and
data sufficiency diagram are shown in figure 2. It is note-
worthy that all of subjects were able to use the AcuPebble
SA100 and equally all the signals from AcuPebble SA100
were valid and analysable. Demographic data and comor-
bidities for the participants are presented in table 1.

Diagnostic accuracy evaluation

The diagnostic performance of AcuPebble SA100 for the
four different criteria, when comparing with the equiv-
alent diagnosis following the gold-standard method of
diagnosis at home (ie, CR-PG followed by expert manual
scoring of signals), is shown in tables 2-5. The data
demonstrate that AcuPebble SA100 is accurate in diag-
nosing OSA with specificity of 96.8%, sensitivity of 92.7%,
LR+ of 29-36, LR~ of 0-08 and Cohen’s Kappa of 0.90,
using the current AASM diagnostic criteria. Table 6 shows
the confusion matrix showing the accuracy for different
disease levels. Outputs for which the indexes showed to
be exactly at the border of the classification limits (eg, an
index of exactly 30) would be registered in the cell corre-
sponding to the classification of the reference test, if this
was in agreement (ie, the diagonals in the table). Other-
wise, they would be in the corresponding non-diagonal
cell (which quantify disagreement).

AcuPebble SA100 also gives an output of the subdivi-
sion of apnoeic versus hypopneic events. In order to eval-
uate the performance, the classification of events for 10
randomly chosen patients with moderate or severe sleep
apnoea was individually compared with the blind classifi-
cation of the scorer. The accuracy of the classification was
90-20% with 95% CI (89-11% to 91-22%).

For apnoea events, the accuracy of classification
between central and obstructive apnoea was 81-7% with
95% CI77-68% to 85-25%. This result was validated using
the events from the 10 patients for whom the scorers
(using the CR-PG signals) showed the maximum number
of central events. The total number of events individually
compared was 426, out of which 117 were central and 309
were obstructive.

Usability

One hundred and twenty-three patients out of the 150
evaluation cohort completed the usability questionnaire.
The questionnaire as well as graphical representations
of the answers are shown in figure 3. Patients found the
AcuPebble sensor more comfortable than CR-PG, with 111
patients (90%), reporting it to be much more comfort-
able; 10 patients (8%) found it equally comfortable and
2 patients found it less comfortable. However, out of the
two patients finding it less comfortable, one of them
commented that they had been awake since 03:30, when
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Potential Consecutive
Patients Presented to the
Clinic
N=182

Y

Patients Meeting Inclusion
Criteria
N=182

| Exclusion Numbers:
>

A 4

Consented to the Study
N=182

N=0

7 patients forgot to do

Zero patients
withdrew consent

A 4

the test

4 patients were given

A 4

the wrong kit for the
study

4 patients "played" with the app before
going to sleep, logging themselves out

(and they had not been given the
password to log back in)

16 patients suffered problems with
polygraphy (gold-standard) to the point

Y

the data recorded was not valid for
diagnosis

1 patient started the test but forgot the

A 4

Number of Patients for
Evaluation
N=150

Y

Used in the Evaluation
N=150

Number of Patients Signals

Figure 2 Flow of participants and data sufficiency.

further inspection of this particular data set demonstrated
that both AcuPebble SA100 and signals from the CR-PG
system highlighted apnoeic events through the night,
suggesting this individual was in fact asleep. One hundred
and nineteen patients (97%) agreed that AcuPebble SA100
was easier to use than CR-PG. The remaining four, neither
agreed nor disagreed. Ninety-nine per cent of subjects felt
confident with using the App. The individual who stated

phone in another room before going to
sleep

Y

lack of confidence commented that the specific lack of
confidence was of the use of the English language, implying
alanguage barrier, rather than a usability one. One hundred
and twenty patients (97-6%) claimed to have followed all
the steps without assistance. Although three claimed to have
needed assistance, they obtained this by themselves (ie, no
one within the research team provided this assistance) and
managed to complete the test.
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Table 1 Characteristics of the 150 patients used for
evaluation

Age (years) Median 45

Mean 44

SD 11

Range (21,65)
BM! self-reported. Data  Median 29.9
OO IZS an

SD 7.6

Range (17.6, 56.6)
Weight (kg) Median 92
oo ot Wean
patients (84.9%) SD 25.7

Range (45.7190)
Height (cm) Median 175.2
ohponed oas e
patients (86.8%) SD 9.8

Range (150,197)

Number of patients per Underweight (<18.5) 1(0.7%)

BMI classification Healthy weight (18.5-24.9) 26 (17.3%)
Overweight (25-29.9) 36 (24%)
Obese (30-39.9) 51 (34%)
Severely obese (>40) 12 (8%)

Sex Male 107 (71.3%)
Female 43 (28.7%)

Ethnicity (number of White British 47 (31%)

patients) White other 19 (12.67%)

Asian or Asian British
(excluding the ones below)

31 (20.67%)

Black or Black British 3 (2%)
(excluding the ones below)
Indian 2 (1.33%)
Pakistani 2 (1.33%)
White or Black African 2 (1.33%)
Chinese 1(0.67%)
White or Black Caribbean 5 (3.33%)
Other 38 (25.34%)
Most common High blood pressure 38 (25.3%)
sl Diabetes 17 (11.3%)

BMI, body mass index.

In addition, the patients were given the option of
writing down comments about the experience. Overall,
the comments showed how patients were impressed with
the device, the ease of use and very much preferred it to
the current CR-PG system.

Comparative analysis of healthcare human resources in
setting up CR-PG and AcuPebble SA1000

A comparative analysis of healthcare human resources
associated to setting up the device for diagnosis and
obtaining the diagnostic output, for AcuPebble SA100
and CR-PG, in the UK,19 is summarised in table 7. This

Table 2 Evaluation of performance in diagnosing OSA
when comparing automatic diagnosis of AcuPebble
following the current AASM AHI based criteria,* with the
reference test (CR-PG)

Statistic Value 95% CI

Disease prevalence (%) 36.67 28.96 to 44.92
Sensitivity (%) 92.73 82.41 t0 97.98
Specificity (%) 96.84 91.05 to0 99.34%
Positive likelihood ratio 29.36 9.62 to 89.64
Negative likelihood ratio 0.08 0.03 to 0.19
Positive predictive value (%) 94.44 84.78 t0 98.11
Negative predictive value (%) 95.83 89.94 to 98.34
Accuracy (%) 95.33 90.62 to 98.10
Cohen’s Kappa 0.90 0.82 to 0.97

Note also that the same results would be obtained under the upcoming 2.6
version, since the changes with respect to 2.5 do not affect this work.
*AASM v2.5."7

AASM, American Academy of Sleep Medicine; AHI, Apnoea Hypopnoea
Index; CR-PG, cardiorespiratory polygraphy; OSA, obstructive sleep apnoea.

demonstrates that using AcuPebble SAI00 can result in
significant time savings for HCP. This would allow for a
shift of resources to improve the efficiency of the diag-
nostic and treatment pathways.

Adverse events
There were no adverse events in the study.

DISCUSSION

This study has demonstrated that this novel device,
AcuPebble SA100, can accurately and automatically diag-
nose OSA among patients attending a centre for home
sleep testing. Furthermore, patients were able to use

Table 3 Evaluation of performance when comparing
automatic diagnosis of AcuPebble SA100, based on AHI
defined by the AASM criteria* but with the exception of
having >4% as the threshold for desaturation, with the
reference test (CR-PG)

Statistic Value 95% CI
Disease prevalence (%) 32.67 25.24 to 40.79
Sensitivity (%) 95.92 86.02 to 99.50
Specificity (%) 97.03 91.56 to 99.38
Positive likelihood ratio 32.29 10.58 to0 98.59
Negative likelihood ratio 0.04 0.01t0 0.16
Positive predictive value (%) 94 83.69 to 97.96
Negative predictive value (%) 98 92.65 t0 99.48
Accuracy (%) 96.67 92.39 to 98.91
Cohen’s Kappa 0.92 0.86 to 0.99

Note also that the same results would be obtained under the
upcoming 2.6 version, since the changes with respect to 2.5 do not
affect this work.

“AASM V.2.5."7

AASM, American Academy of Sleep Medicine; AHI, Apnoea
Hypopnoea Index; CR-PG, cardiorespiratory polygraphy.

6

Devani N, et al. BMJ Open 2021;11:046803. doi:10.1136/bmjopen-2020-046803

yBuAdoo Aq paloalold 1sanb Aq £202 ‘v'T 1800190 U0 /wod fwauadolwg//:dny woiy papeojumod "TZ0Z Jaquiadad Tz Uo £089%0-0202-uadolwa/osTT 0T se paysygnd isiy :uado CINg


http://bmjopen.bmj.com/

Table 4 Evaluation of performance when comparing
automatic diagnosis of AcuPebble SA100, based on ODI o
alone considering >3% desaturations as the threshold for o
events, with the reference test (CR-PG) 8 g
Statistic Value  95%Cl T 3| o o o w
< n 3V
Disease prevalence (%) 52.00 43.70% to 60.22 KA
Sensitivity (%) 91.03 82.38% to 96.32 T
]
Specificity (%) 93.06 84.53% to 97.71 E 2
Positive likelihood ratio 13.11 5.61 to 30.62 8 E
Negative likelihood ratio 0.10 0.05 to 0.20 2 §° - ® o -
Positive predictive value (%) 93.42 85.87 t0 97.07 (%
Negative predictive value (%) 90.54 82.48 to 95.11 g
Accuracy (%) 92 86.44 to 95.8 g
Cohen’s Kappa 0.84 0.75t0 0.93 3 .
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Figure 3 Usability results. The questions posed (in the form
of degrees of agreement to statements) are represented

in the x axis of the figures. These were: Q1. | managed to
follow all the steps on the mobile app without assistance.
Q2. | understood all instructions in the phone/tablet. Q3. |
felt confident using the app on the phone/tablet. Q4. It was
easy to attach the sensor to my neck. Q5. | had no problem
replacing the adhesive (sticky paper) on the sensor. Q6. The
sensor on the neck was more comfortable than the other
sensors on my body. Q7. The sensor on the neck was easier
to attach than the combination of all the other sensors on my
body.

oxygen saturation levels are obtained from acoustic signal
processing features derived from surrogate physiological
signals (including cardiac and respiratory sounds), as
opposed to directly from oxygen saturation levels. Still,
the accuracy for ODI-based automatic diagnosis was over
90%, the LR~ lower or equal to 0-1, and the LR+ higher

Table 7 Comparative analysis table summarising
healthcare human resources associated to setting up the
device for diagnosis and obtaining the diagnostic output, for
AcuPebble SA100 with respect to CR-PG, in the UK*

AcuPebble
SA100 CR-PG
Time Time
Cleaning 0.5 min 2 min
Device preparation 0.5 min 10 min
Time of healthcare 0 30 min
professional training
patient on using the
device
Analysis of signals 0 60-120 m
by experts to issue a
diagnosis
Cost" ~£1 £250-£500*

*This range has been calculated taking into account the variation
in the time spent by different healthcare professionals analysing
signals (60-120 min), as well as their cost in the UK NHS. The
numbers have been obtained using the tool provided by the UK
National Institute for Health Research, version 2019." It has been
assumed that the training of the patient is done by a nurse or allied
health professional and the analysis by a clinician.

CR-PG, cardiorespiratory polygraphy.

than 10. Furthermore, the instances where AcuPebble
and CR-PG differed could be largely explained by a variety
of factors. First, human error when manually scoring the
cardiorespiratory traces, relating to event duration and
overestimation of short respiratory, pauses not meeting
diagnostic criteria. Second, the airflow quantification in
both systems is based on two different anatomical loca-
tions and physical processes. Thus, it is not always the case
that the same volume of air flows through the nose as it
does in the lower respiratory tract. Additionally, improper
placement of the CR-PG sensor in the nostril (resulting on
low-quality signal) could cause a disagreement between
the two systems on whether the reduction in flow was
above the threshold to be classified as an event. This was
compounded by the fact that there were borderline events
a human marker cannot visually accurately classify as a
reduction in flow below or above the threshold (whereas
mathematical algorithms can). Finally, the airflow chan-
nels in the CR-PG system have electronic filters incor-
porated, which slow down and delay the output signal,
with respect to their physiological start time. This is not
usually an issue, since the exact duration of an event to
subsecond accuracy is not important clinically, but it is
the reason behind some of the differences between
the output of AcuPebble SA100 and the reference test.
AcuPebble SA100 relies on automated algorithms which,
unlike the human markers, always follow the same exact
rules for the determination of start and stop of events.
Thus, for example, a 9-5 s event will always be calculated
to have the same duration by AcuPebble SA100, whereas
a human expert marker will, sometimes, mark it as 9 s ad
others as 10.5 s. In addition, the sensing mechanism and
electronics blocks in AcuPebble SA100 have much faster
temporal responses than those in conventional polysom-
nography channels, which at times (depending on the
signal strength) manifest with events that are shorter (but
represent better the physiological processes) than those
that manifest in the airflow and effort bands. Both of
these factors would make a difference to the AHI, since
only events larger than 10 s count. These factors explain
most of the differences in diagnosis made between the
two devices.

Although AcuPebble SA100 does not provide direct
access to the photoplethysmography signal (ie, the phys-
iological signal from which the oxygen saturation values
are obtained) or to any absolute value of oxygen satura-
tion, the system is able to identify drops in oxygen satura-
tion via features of the acoustic signals. These features are
representative of different physiological processes. Using
this, hypopneas can be identified, since these only rely on
identification of desaturations over 3% and 4% thresh-
olds, and not on absolute values of oxygen saturation.

Within the context of the study, five patients forgot to
undertake the test and three did not do it as they logged
themselves out of the App (note that patients had not
been given the password to log back in and had not been
warned of the possibility of this happening). However, it
is noteworthy that, while these scenarios could happen in
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real life, outside the context of the study, patients would
not necessarily have to return the system the next day
and could easily try again the following night. Equally,
they have access to several mechanisms (such as a dedi-
cated number) to retrieve the login code. For this study,
patients were recruited consecutively and, hence, had
different comorbidities. It would be, however, of interest
to conduct future studies in patient populations specifi-
cally with specific comorbidities such as diabetes, Chronic
Obstructive Pulmonary Disease (COPD), high blood
pressure and others.

The feedback from patients revealed a clear preference
for the AcuPebble SA100 system when compared with the
alternative ambulatory CR-PG system. Furthermore, 100%
of patients were able to use the device correctly without
training, which together with the fact that no manual anal-
ysis of the signals is needed (but can be accessed if required),
significantly reduces the resources that would be needed for
the diagnosis of OSA. This could either lead to pathways
savings or alternatively to resources being transferred towards
treatment of more patients. It should be noted that although
the upper age limit was set to 70 for this study, over 70s are
not excluded from the intended use of AcuPebble SA100.
Since a secondary endpoint of this study was to evaluate the
usability on fully unattended and untrained conditions in
consecutive patients, when the study was initially conceived,
it was decided that a separate usability study would be done
with patients over 70.

In addition to the improved patient experience, using
technology with the characteristics of AcuPebble SA100
has the potential to afford other advantages: the ease of
device use lends it to being issued in community-based
diagnostic clinics or even being sent to patients directly.
This is particularly important given the current global
pandemic, sleep diagnostics have been severely affected
with many trusts experiencing a severe backlog, the ability
to reduce face-to-face contact for diagnostics in criti-
cally important during this time.” This had the added
advantage of further reducing the costs associated with
diagnosis by reducing the number of outpatient appoint-
ments a patient is required to attend®® and allowing alter-
native service models to be developed. This also aligns
with key aims of some national healthcare systems recent
long-term plan?’; and might also reduce waiting times
and enable patients to have faster access to treatments
by quicker diagnosis. Clearly, improving access to diag-
noses is desperately needed given the BLF, McKinsey &
Company and Harvard and Sleep for America estimates
over a million ‘missing” OSA cases in the UK, and in
excess of 18 million in the USA.”® This is especially perti-
nent given data which support treating clinically signif-
icant OSA as cost-effective to healthcare providers.”® *
Finally, CR-PG and full PSG equipment require a large
capital investment and if devices break down, this can
have significant impact on service delivery. Sleep services
can stock AcuPebble SA100 devices in larger quantities,
thus ensuring that patient testing is never affected by
breakdown of devices. Indeed, our preliminary findings

demonstrate that use of the AcuPebble SA100 is compar-
atively inexpensive in the set up phase and these cost
savings will be passed on to services purchasing devices
and treatment costs. Overall, AcuPebble SA100 could
result in whole systems cost savings and significantly
better patients’ experience.

Limitations

The authors acknowledge that the gold-standard test for
OSA is full PSG; however, we did not test against this as
increasingly many sleep services in Europe are not using
full PSG as their primary diagnostic test for OSA,B0 and
also because, although AcuPebble SA100 can be used in
hospital settings, the ultimate intended use is in the home
environment. Since this study was done for regulatory
purposes, the real use conditions had to be replicated as
close as possible and thus, from the regulatory point of
view, there was no justification to carry out the study using
full in-clinic PSG. Furthermore, although full athome
PSG could have been considered, since the AASM defi-
nition of events used for diagnosis did not require the
use of neurological channels, those channels would
have been an unnecessary burden for the patients while
providing no benefit for the patients. Additionally, a less
advanced research variant of the device had already been
compared with PSG, although, in a pilot study.14 We chose
CR-PG as this is a commonly used domiciliary sleep test™
and, therefore, represents an appropriate comparator for
Acupeble SA100, which will also be a home testing device.
It could be argued that oximetry devices are also rela-
tively inexpensive and accessible. However, it is known
that oximetry may underestimate the degree of sleep
disordered breathing as many patients with OSA do not
always have a desaturation with every respiratory event.”'
Furthermore, usability results in the pilot study14 revealed
that out of all of the sensors worn on the patient’s body
during PSG, the clip on the finger is the one that they
found more disturbing during sleep.

Currently, AcuPebble SA100 has not been validated
for the diagnosis of other respiratory sleep disorders
such as hypoventilation. However, for most centres, OSA
will be the most common respiratory sleep disorder and
AcuPebble SA100 will be sufficient for these patients.
Furthermore, AcuPebble SA100 could be used to either
directly diagnose patients for OSA or assist in the triaging
process to determine appropriate diagnostic testing,
ensuring that the more complex patients have access to
more complex testing in a timely manner.

Finally, this was a single-centre study. However, in order to
try to reduce any bias due to this, sleep tests were performed
unattended in the home environment of patients, and
manual scoring was performed independently by two expert
clinicians

CONCLUSIONS
Overall, AcuPebble SA100 provides significant advantages
with respect to existing gold-standard methods for home
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sleep testing for OSA, with excellent diagnostic accuracy,
potential cost savings, reduction in face-to-face contact
and clear patient preference compared with CR-PG.

Contributors SM led the clinical study, assisted by ND. Both of them were
responsible for the blind marking of the CR-PG signals. SM and ER-V designed

the protocol and created this manuscript. The statistical analysis was carried out

in the Wearable Technologies Lab at Imperial College London, which she leads.
RXAP and SB created a software tool to allow automatic comparison of the results
independently generated by AcuPebble and the clinicians; whereas SAl created a
software tool to help analyse the usability results. ER-V is responsible for the overall
content as guarantor.

Funding This research received no specific funding in the form of a grant from any
funding agency in the public, commercial or not-for-profit sectors. The objective

of this study was to prove the efficacy of AcuPebble SA100 as required by the EU
Medical Device Directive 93/42 for the purpose of CE marking. Hence, as per the
definition of the Directive, the study was sponsored by Acurable Limited, which
covered only the hospital costs associated to it.

Disclaimer Professor Rodriguez-Villegas is the CSO of Acurable and hence gets
paid for this role, irrespectively of the study presented in this paper. RXA Pramono,
Dr S Bowyer and Dr SA Imtiaz are all researchers in the Wearable Technologies
Lab at Imperial College London and are also part time employed as engineers by
Acurable. They get paid for this role. Prof Rodriguez-Villegas, a co-author of this
paper was the Founder of Acurable (the sponsor of the study). She is also a Full
Professor at Imperial College London, where she leads the Wearable Technologies
Lab which originally developed the technology.

Competing interests Apart from being a Full Professor at Imperial College London,
Prof Rodriguez-Villegas was the founder and is the CSO of Acurable. RXA Pramono,
Dr S Bowyer and Dr SA Imtiaz are all researchers in the Wearable Technologies

Lab at Imperial College London and are also part time employed as engineers

by Acurable. The clinical team, including the lead investigator had no conflict of
interests.

Patient and public involvement Patients and/or the public were involved in the
design, or conduct, or reporting, or dissemination plans of this research. Refer to
the Methods section for further details.

Patient consent for publication Not applicable.

Ethics approval The study was approved by an UK national ethics research
committee (RAS ID 225818, REC Ref 18/L0/0308) and the UK Medicines and
Healthcare products Regulatory Agency (MHRA.CI/2018/0015).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. Data
of individual participants will not be shared since consent for this has only been
granted for regulatory authorities. All other information will be shared on request,
and provided it is not confidential for IP protection reasons. Requests should be
directed to: e.rodriguez@imperial.ac.uk.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Esther Rodriguez-Villegas http://orcid.org/0000-0003-1957-2044

REFERENCES

1 Benjafield AV, Ayas NT, Eastwood PR, et al. Estimation of the global
prevalence and burden of obstructive sleep apnoea: a literature-
based analysis. Lancet Respir Med 2019;7:687-98.

2 Grote L. The global burden of sleep apnoea. Lancet Respir Med
2019;7:645-7.

3 Sharma S, Culebras A. Sleep apnoea and stroke. Stroke Vasc Neurol
2016;1:185-91.

4 McNicholas WT, Bonsigore MR, Bonsignore MR, et al. Sleep apnoea
as an independent risk factor for cardiovascular disease: current
evidence, basic mechanisms and research priorities. Eur Respir J
2007;29:156-78.

5 Kaufmann CN, Susukida R, Depp CA. Sleep apnea,
psychopathology, and mental health care. Sleep Health
2017;3:244-9.

6 Gosselin N, Baril A-A, Osorio RS, et al. Obstructive sleep apnea and
the risk of cognitive decline in older adults. Am J Respir Crit Care
Med 2019;199:142-8.

7 Harvard Medical School Division of Sleep Medicine. The price of
fatigue: the surprising economic costs of unmanaged sleep apnea,
2010.

8 Rejon-Parrilla JC, Garau M, Sussex J. Obstructive sleep apnoea
health economics report - consulting report for the British lung
foundation 2014;39.

9 de Mello MT, Narciso FV, Tufik S, et al. Sleep disorders as a cause of
motor vehicle collisions. Int J Prev Med 2013;4:246-57.

10 Wimms AJ, Kelly JL, Turnbull CD, et al. Continuous positive airway
pressure versus standard care for the treatment of people with
mild obstructive sleep apnoea (merge): a multicentre, randomised
controlled trial. Lancet Respir Med 2020;8:349-58.

11 Mandal S, Suh E, Davies M, et al. Provision of home mechanical
ventilation and sleep services for England survey. Thorax
2013;68:880-1.

12 Cooksey JA, Balachandran JS. Portable monitoring for the diagnosis
of OSA. Chest 2016;149:1074-81.

13 Lancet Respiratory Medicine. Refining the diagnosis of obstructive
sleep apnoea. Lancet Respir Med 2014;2:671.

14 Rodriguez-Villegas E, Chen G, Radcliffe J, et al. A pilot study of a
wearable apnoea detection device. BMJ Open 2014;4:e005299.

15 Agency for Healthcare Research and Quality U.S. Department of
Health and Human Services. Comparative effectiveness review
diagnosis and treatment of obstructive sleep apnea in adults, 2011.

16 Kapur VK, Auckley DH, Chowdhuri S, et al. Clinical practice guideline
for diagnostic testing for adult obstructive sleep apnea: an American
Academy of sleep medicine clinical practice guideline. J Clin Sleep
Med 2017;13:479-504.

17 Berry R, Albertario C, Harding S. Medicine for the aa of S. the
AASM manual for the scoring of sleep and associated events: rules,
terminology and technical Specifications., version 2.5, version 2.5.
Darien, IL: American Academy of Sleep Medicine, 2018.

18 Diagnostic test studies: assessment and critical appraisal. Available:
https://bestpractice.bmj.com/info/toolkit/learn-ebm/diagnostic-test-
studies-assessment-and-critical-appraisal/ [Accessed 27 Feb 2020].

19 UK National Insttitute for Health Research Costing Template, 2019.
Available: https://www.nihr.ac.uk/documents/the-excel-industry-
costing-template-getting-started/12177 [Accessed 27 Feb 2020].

20 Chang, Xu L, Han F, et al. Validation of the NOX-T3 portable
monitor for diagnosis of obstructive sleep apnea in patients
with chronic obstructive pulmonary disease. J Clin Sleep Med
2019;15:587-96.

21 Garg N, Rolle AJ, Lee TA, et al. Home-based diagnosis of
obstructive sleep apnea in an urban population. J Clin Sleep Med
2014;10:879-85.

22 Smith D, Park J, Hay K. Use of a limited-channel device for
obstructive sleep apnoea diagnosis in a tertiary sleep disorders
centre. Intern Med J 2020.

23 Ward KL, McArdle N, James A, et al. A comprehensive evaluation of
a two-channel portable monitor to ‘rule in' Obstructive Sleep Apnea.
J Clin Sleep Med 2015;11:433-44.

24 Pépin J-L, Letesson C, Le-Dong NN, et al. Assessment of
mandibular movement monitoring with machine learning analysis
for the diagnosis of obstructive sleep apnea. JAMA Netw Open
2020;3:e1919657.

25 Respiratory function testing during endemic COVID-19. Assoc Respir
Technol Physiol 2020:5-8.

26 Devani N, Aslan T, Morgan S, et al. Introduction of a community
outreach service to transform the diagnostic pathway for patients’
referred with suspected Obstructive Sleep Apnoea (OSA). Eur Respir
J 2019;54:PA816.

27 NHS England. The NHS long term plan — a summary, 2019.

28 Guest JF, Helter MT, Morga A, et al. Cost-effectiveness of using
continuous positive airway pressure in the treatment of severe
obstructive sleep apnoea/hypopnoea syndrome in the UK. Thorax
2008;63:860-5.

29 Poullié A-1, Cognet M, Gauthier A, et al. Cost-effectiveness of
treatments for mild-to-moderate obstructive sleep apnea in France.
Int J Technol Assess Health Care 2016;32:37-45.

30 Corlateanu A, Covantev S, Botnaru V, et al. To sleep, or not to sleep -
that is the question, for polysomnography. Breathe 2017;13:137-40.

31 Chiner E, Signes-Costa J, Arriero JM, et al. Nocturnal oximetry
for the diagnosis of the sleep apnoea hypopnoea syndrome: a
method to reduce the number of polysomnographies? Thorax
1999;54:968-71.

10

Devani N, et al. BMJ Open 2021;11:¢046803. doi:10.1136/bmjopen-2020-046803

“ybBuAdoo Aq paroslold 1sanb Aq €202 ‘T 1290190 uo jwodwg uadolwg//:dny wolj papeojumoq ‘TZ0Z Jaquadad TZ Uo £08910-020z-Uadolwg/9eTT 0T se paysiignd 1siy :uado rINg


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-1957-2044
http://dx.doi.org/10.1016/S2213-2600(19)30198-5
http://dx.doi.org/10.1016/S2213-2600(19)30226-7
http://dx.doi.org/10.1136/svn-2016-000038
http://dx.doi.org/10.1183/09031936.00027406
http://dx.doi.org/10.1016/j.sleh.2017.04.003
http://dx.doi.org/10.1164/rccm.201801-0204PP
http://dx.doi.org/10.1164/rccm.201801-0204PP
http://www.ncbi.nlm.nih.gov/pubmed/23626880
http://dx.doi.org/10.1016/S2213-2600(19)30402-3
http://dx.doi.org/10.1136/thoraxjnl-2013-203566
http://dx.doi.org/10.1378/chest.15-1076
http://dx.doi.org/10.1016/S2213-2600(14)70208-5
http://dx.doi.org/10.1136/bmjopen-2014-005299
http://dx.doi.org/10.5664/jcsm.6506
http://dx.doi.org/10.5664/jcsm.6506
https://bestpractice.bmj.com/info/toolkit/learn-ebm/diagnostic-test-studies-assessment-and-critical-appraisal/
https://bestpractice.bmj.com/info/toolkit/learn-ebm/diagnostic-test-studies-assessment-and-critical-appraisal/
https://www.nihr.ac.uk/documents/the-excel-industry-costing-template-getting-started/12177
https://www.nihr.ac.uk/documents/the-excel-industry-costing-template-getting-started/12177
http://dx.doi.org/10.5664/jcsm.7720
http://dx.doi.org/10.5664/jcsm.3960
http://dx.doi.org/10.5664/jcsm.4600
http://dx.doi.org/10.1001/jamanetworkopen.2019.19657
http://dx.doi.org/10.1136/thx.2007.086454
http://dx.doi.org/10.1017/S0266462316000088
http://dx.doi.org/10.1183/20734735.007717
http://dx.doi.org/10.1136/thx.54.11.968
http://bmjopen.bmj.com/

	Accuracy and usability of AcuPebble SA100 for automated diagnosis of obstructive sleep apnoea in the home environment setting: an evaluation study
	Abstract
	Introduction﻿﻿
	Methods
	Study design
	Patient and public involvement
	Eligibility criteria
	Test methods
	Reference standard: CR-PG
	Index test: AcuPebble SA100
	Sample calculation
	Data analysis
	Usability analysis

	Results
	Participants
	Diagnostic accuracy evaluation
	Usability
	Comparative analysis of healthcare human resources in setting up CR-PG and AcuPebble SA1000
	Adverse events

	Discussion
	Limitations

	Conclusions
	References


