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Abstract
Purpose In recent years, point-of-care (POC) devices, especially smart wearables, have been introduced to provide a cost-
effective, comfortable, and accessible alternative to polysomnography (PSG)—the current gold standard—for the monitoring,
screening, and diagnosis of obstructive sleep apnea (OSA). Thorough validation and human subject testing are essential steps in
the translation of these device technologies to the market. However, every device development group tests their device in their
own way. No standard guidelines exist for assessing the performance of these POC devices. The purpose of this paper is to
critically distill the key aspects of the various protocols reported in the literature and present a protocol that unifies the best
practices for testing wearable and other POC devices for OSA.
Methods A limited review and graphical descriptive analytics of literature—including journal articles, web sources, and clinical
manuscripts by authoritative agencies in sleep medicine—are performed to glean the testing and validation methods employed
for POC devices, specifically for OSA.
Results The analysis suggests that the extent of heterogeneity of the demographics, the performance metrics, subject survey,
hypotheses, and statistical analyses need to be carefully considered in a systematic protocol for testing POC devices for OSA.
Conclusion We provide a systematic method and list specific recommendations to extensively assess various performance
criteria for human subject testing of POC devices. A rating scale of 1–3 is provided to encourage studies to put a focus on
addressing the key elements of a testing protocol.
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Introduction

Obstructive sleep apnea (OSA) is a sleep disorder characterized
by recurrent cessations of breathing. Patients regularly report
functional impairments and daytime fatigue, which affect cog-
nitive performance and overall quality of life [1, 2]. In fact,
motor vehicle accidents are three to seven times more likely
in drivers with untreated sleep apnea [3]. Untreated OSA also
accounts for approximately $3.4 billion to health care costs in
the USA [4, 5]. It has been epidemiologically at high risk of
comorbidity with diseases such as stroke, obesity, and hyper-
tension [6–9]. The development of an accurate, affordable, and
convenient diagnostic device is necessary to improve world-
wide accessibility to OSA assessment. While this disorder is
prevalent among the population, studies show that 75 to 80% of
OSA patients still remain undiagnosed [10–12].

Polysomnography (PSG), which must be performed in the
sleep laboratory setting, is the only clinical gold standard for
diagnosing OSA. However, with costs as high as $6000 per
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(overnight) test, a frequent need to conduct more than two
nights of study, and an average appointment wait time of
about 1 year, PSG testing proves difficult to access [13–16].
This concern is highlighted by the fact that countries outside
of the USA struggle to supply even conservative numbers of
PSG devices and sleep laboratories necessary for fast, exten-
sive diagnosis of all patients. This results in a lack of oppor-
tunity for diagnosis for potential OSA patients. PSG is also
marked with its own demerits in regard to accuracy in diag-
nosis. Without adequate technician editing, the autoscoring
methods can produce varying results compared with the alter-
native manual paper scoring [17, 18]. Additionally, a subject
often finds it hard to fall asleep during the first night of a PSG
test due to the difference in the sleep environment as well as
continuous contact with multiple wires and sensors. This in-
troduces a significant bias and possible variability among the
outcomes from different nights of testing [19]. These differing
results, attributed to the night-to-night effect, are particularly
important in milder cases when OSA is detected by a small
margin [20]. For other patients, the limited ergonomic features
of PSG will make an impact on diagnoses. The poor level of
sleep in the laboratory compared with home environments
will impact the metrics used to diagnose OSA, such as the
apnea-hypopnea index (AHI) and respiratory disturbance in-
dex (RDI), particularly for children and the elderly [21].

Home sleep testing (HST) is an alternative with greater
convenience to patients but a different set of disadvantages
[22–25]. Equipment is limited in resources and still results in
expenses of over $700 in rental purchases. Furthermore, diag-
nostic quality may be impacted by a lack of patient supervi-
sion during self-hookup and potentially inadequate system
sensitivity. While HST can provide an indication of a sleep
disorder, negative results on a symptomatic patient do not
necessarily rule out the possibility that one exists [26, 27].

With recent technological advancements, there has been a
significant increase in the efforts to develop alternative point-
of-care, wearable devices for OSA monitoring, diagnosis, and
treatment. Portable monitors, activity monitors, and non-
contact sensors are just some of the recent developments in
the field of point-of-care (POC) device technologies for OSA.
Upholding major initiatives to improve comfort, health out-
comes, and affordable options, POC testing devices also offer
the versatility to be utilized in several different sleeping envi-
ronments [28, 29]. The ability to remotely monitor and collect
medical data proves to be evenmore beneficial for chronically
ill and elderly patients [30]. Moreover, professionals become
capable of making quicker decisions and addressing concerns
more proactively. In turn, this can improve general wellness of
the patient and potentially reduce the duration of care. Such
data integration can not only be incorporated through daily
home monitoring but also alert the appropriate medical and
personal caregivers with up-to-date information on a patient’s
condition. Also, POC diagnosis rapidly improves operating

efficiency by reducing hospital visits and promoting accurate
assessments in emergency care.

Several healthcare providers have implemented POC por-
table devices (e.g., EarlySense [31], HealthPatch [32], Watch
PAT_100 [33]) with the intent to provide an alternative for
OSA detection. However, each paper validating the quality of
devices utilizes a different experimental setup and methods to
compare to the gold standard. Such heterogeneity in the study
design and result reporting puts the relative performance of
these devices into question. Methods such as inter-scorer reli-
ability, for example, should be universally implemented to
ultimately improve the homogeneity of these validation stud-
ies. Without a proper baseline of assessment for each device,
there is no certainty that a device can address practice guide-
lines, accreditation standards, or management principles.

Therefore, streamlining and standardization of the testing
procedures and metrics for assessing the performance of POC
devices for OSA is highly desirable. The purpose of this paper
is to distill the best elements of prior testing methods and
thereby establish necessary guidelines for the design, imple-
mentation, and reporting of studies on POC wearable devices
for OSA. This distilled protocol serves to provide specificity
on the level of evidence required from future studies. It is
anticipated that streamlining and standardization of protocols
can enhance the adoption of POC diagnostic devices for OSA.
The remainder of the paper is organized as follows: the meth-
od employed to conduct a critical review and graphical anal-
ysis of the related literature is presented in “Materials and
methods”; the resulting set of protocols for POC devices, dis-
tilled from the best elements of the methods reported in the
literature, is presented in “Results”; and “Discussion” presents
a brief discussion of the results and concluding remarks.

Materials and methods

The main objectives of this paper are to identify the critical
elements of the current OSA device validation methods re-
ported in the literature and to apply a graphical descriptive
analytics method to establish the non-uniformity among the
current methods for validation of OSA devices. The following
sections describe the methodology in more detail.

Identification and selection of relevant literature

As summarized in Fig. 1, five databases were used to identify
articles on POC devices for OSA: Wiley, Springer, Elsevier,
IEEE Xplore, and Google Scholar. Articles resulting from the
search came from a number of sources, including web pages,
book chapters, and journals. The keywords include “Point-of-
care,” “Portable,” “Sleep Apnea,” “Validation,” “Protocol,”
“Assessment,” and “Literature Review.” Papers were assessed
by their title, abstract, and content to see if they were related to
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the search terms. Articles sought for this review had to address
the validation of a POC device with a primary target of OSA
patients. The diagnostic results from the listed device also
required comparison with a gold standard. There was also
preference for selecting literature with a greater number of
citations. The intent of this paper is to encourage future adop-
tion of the protocol; by reviewing and analyzing the most
popular papers, these standardized measures would be taken
with a higher level of credibility. A total of 35 articles were
finally reviewed after thorough collection of the literature.

Selection of articles for review

In an effort to fully display the dissimilarities among as well as
some missing details in studies reported, we summarized lit-
erature into two tables. Table 1 presents demographic data of

the five most commonly cited papers in our review of POC
device validation for OSA. As evident from the table, these
studies show a lack of consistency in all aspects, including the
number of subjects and Epworth Sleepiness Scale (ESS).
These are two critical factors for validation of an OSA device,
since they affect variability in results and reflect the careful
selection of subjects. This bird’s-eye view of the table also
serves to quickly provide insight into the irregularities present
in the literature. The majority of the other papers reviewed
also followed this manner of non-uniformity in validation of
OSA devices, thus underlying the importance of a standard-
ized protocol. Table A1 included as part of the Supplementary
section summarizes all 35 reviewed papers to fully explain
which key points of information were present and not present.
In particular, the table displays the lack of consistency in every
paper’s “methods” and “results” sections. For example, only
about 50% of papers in this review presented methods of
feature extraction (i.e., manual scoring, epoch-by-epoch anal-
ysis, etc.).

Inclusion criteria

& Studies that seek to validate a POC device for obstructive
sleep apnea patients

& Studies that specifically proposed a POC device in the
form of portable monitors, actigraphy, or non-contact
sensors

& Studies published in the English language

Exclusion criteria

& Studies that did not report a validation study or device
comparison study

Fig. 1 Framework for article
inclusion

Table 1 Subject demographic data in the five most-cited papers among
those included in the present review

Patients
and age
(years)

Number of
patients
(M/F)

Body mass
index (BMI)
(kg/m2)

Epworth
Sleepiness
Scale (0–24)

MESEM 4 [34] 47.5 56 (46/10) 27 Not listed

Watch-PAT100
[25]

41.4 185
(162/2-
3)

34.7 16.4

Actillume
recorder [35]

86.4 10 (2/8) Not listed Not listed

Actiwatch-L
[36]

Not listed 20 Not Listed Not listed

Mini
Motionlogger
Actigraph
[37]

25.5 21 (7/14) Not listed Not listed
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& Studies that did not compare the proposed POC device
with a customary device

Key terms

In this paper, “obstructive sleep apnea” (OSA) is defined by
recurrent cessations of breathing. Specifically, apneas are defined
as a cessation of airflow ≥ 10 s and hypopneas as reduction of
respiratory signals ≥ 10 s associated with oxygen desaturation >
4% and/or arousal. “Apnea-hypopnea index” (AHI) refers to the
number of apneas and hypopneas per hour of sleep time and is
considered the main metric for diagnosing OSA. “Respiratory
disturbance index” (RDI) similarly refers to the number of apneas
and hypopneas per hour of recording time, and “oxygen
desaturation index (ODI)” measures the number of times that
the oxygen level in blood drops by 4% or more during sleep.
“Point-of-care” (POC) refers to any device that is considered
accessible and relatively comfortable for a patient to wear
(a.k.a. wearables). In this paper, POC devices include portable
monitors (PM), actigraphy, and non-contact sensors.
“Polysomnography” (PSG) is the diagnostic tool for sleep, wide-
ly considered the gold standard. “Validation paper” refers to a
paper that provides evidence backing a proposed device when
compared with a gold standard device. In this context, validation
papers often serve to compare a POC device with PSG.

Figure 2 provides an encapsulated summary of the key
elements of the OSA device validation methods reported in
the literature. It serves to visually display Table A1 and pro-
vide takeaways regarding the frequency and correlation of
different variables, or aspects, in each paper. Each color rep-
resents a unique category of a paper, and each node is sized
according to the frequency in which it is utilized. For example,
some of the larger nodes indicate that more than 60% of pa-
pers validate their device by using AHI and total sleep time
(TST) as metrics for further analysis by Bland-Altman plots
and statistical tests. Some categories of the graphic, such as
metrics and quantitative validation, only display the most
common aspects gleaned from the literature. The devices that
are currently in the market are represented as bright (yellow)
colored nodes under the ground truth instrument column.
Nodes shaded with a gray color indicate that these devices
are not available in the market.

In addition to visually representing each node, the graphic
uses uniquely colored lines to correspond to each sample size
range. This extra level of visibility brings out a number of
meaningful insights. For one, it can be noted that studies con-
taining more than 51 subjects were more likely to implement a
wider range of metrics. Every range containing at least 51
subjects—represented by a red, blue, or green line—used each
of the metrics. On the other hand, studies containing less than
25 subjects had only used TST or Sleep Efficiency (SE) as
metrics, while implementing correlation as the only means of

Fig. 2 Interrelations among key variables of OSA device testing papers reviewed [22, 25, 38–77]. Here, TST: total sleep time; SE: sleep efficiency; ODI:
oxygen desaturation index; AHI: apnea–hypopnea index; RDI: respiratory disturbance index
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quantitative validation. The graphic also uses the thickness of
a line to show how frequently there is correlation between two
attribute values (i.e., the number of tests in which these attri-
bute values were chosen). Upon closer analysis of the path of
these lines, studies were only shown to have consistently used
all types of metrics and quantitative validation techniques if
they had between 76 and 100 subjects. While every quantita-
tive validation technique was used in conjunction with every
metric at least once, statistical testing was more commonly
used with AHI and correlation was more commonly used with
TST.

This graphic thus brings out not just the extent of correla-
tions between key variables but also visually displays the lack
of consistency among papers examining subject feedback and/
or using other metrics such as RDI. Following this extensive
review of the literature, we present systematic recommenda-
tions on the test protocols that will combine the best practices
and common elements of all papers and enhance diagnostic
quality of devices.

Results

Based on our narrative review and employing procedures
from the protocols of other devices [38], we identified a dis-
tilled protocol that incorporates seven key aspects of studies
on sleep apnea diagnosis devices to ensure valid assessment
and comparison. Table 2 provides a summary of these criteria.
Following this list of recommendations and underscored ob-
servations is a proposed rating system. This rating system,
seen in Table 3, assesses the performance of any given study
and provides a summarized list of what will be mentioned in
this section.

Device

In this section, we will outline each type of device that was
reviewed in this paper and present expectations for the perfor-
mance of each device. While certain reviews have been more
inclusive of options for diagnosis (e.g., sleep switch device,

Peripheral Arterial Tone (PAT)) [39], this paper, as noted
earlier serves to highlight the divergence among the various
device validation methods reported in the literature, and pro-
vide a protocol that aims to capture and combine their salient
aspects.

Type of devices

The main diagnostic solutions covered in this paper are por-
table monitors, activity monitors, and non-contact sensors.
Actigraphy only requires one channel and sensors have none.
As per American Academy of Sleep Medicine (AASM)
criteria, sleep monitoring devices exist in four variants de-
pending on the number of channels [40]. Only type III and
type IV were considered a valid POC device for this paper
since they can be performed at home and are not related to
polysomnography (PSG). Type III utilizes at least four chan-
nels for diagnosis, while type IV utilizes one or two.

Device requirements and recommendations

The devices covered in this review are largely either of type III
or type IV, each measuring a different kind and number of
biometric variables. Interesting, one of the devices reviewed
had a portable device with the option of an additional auxiliary
channel [41]. While this addition was not implemented in the
study, the use of additional, optional channels could be ex-
plored to better enhance diagnostic accuracy. Portable moni-
tors have also been known to generate many false negatives,
thereby placing potential risk for patients not getting diag-
nosed for OSA. The variability of such evidence tends to
increase with the fewer number of channels the monitor has.
In an effort to minimalize such a risk, the AASM recommends
these systems record at least airflow, respiratory effort, and
blood oxygenation [42]. Following these requirements of the
protocol can ensure that all devices in the market have a base-
line number of channels. An established baseline promotes
higher device quality in the long run.

We also review studies not utilizing portable monitors, in-
cluding activity monitors and non-contact sensors [43–53].
Studies validating activity monitors were more thoroughly
reviewed in large part due to these devices’ success in the
market already. Studies are, however, still recommended to
list the device components in use. Few clarify the way motion
is being measured (e.g., linear accelerometer) [35, 36]. Even
fewer discuss how various image and light signals are record-
ed. Studies regarding non-contact sensors are not expected to
further detail the instruments and equipment employed for
diagnosis. Most of these devices intuitively detect body and
respiratory movements through the use of sensors not in con-
tact with the subject. Since they are wireless, they may not
directly comply with AASM recommendations of recording
airflow, respiratory effort, and blood oxygenation. This does

Table 2 Key aspects of POC device studies for OSA

Key criteria Summary

Device Device type and no. of channels

Subjects Background information

Study design Detail on study protocol

Signals Collected data during diagnosis

Metrics/metric extraction Taken from features

Gold standard Reference standard used

Validation and comparison Quantitative and qualitative assessment
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not necessarily determine efficacy, but papers should make a
note of such limitations (see [52] for additional discussion of
this matter).

Subjects

Studies covered subject background in varying detail. Papers
often showed an ad hoc approach to implementing exclusion-
ary criteria and displaying demographic tables. The number of
subjects in all studies ranged from 6 to 3924. One paper used
the regression coefficient to estimate the number of subjects
required for testing [44], but that can also be achieved using a
desired significance level of 95% or power of 80% [54].While
this a minimum threshold, a report from the World Health
Organization [55] indicates that a health study should include
a high number of subjects. Figure 2 also suggests that papers
containing more than 50 subjects tend to use more metrics and
techniques for validation.

Depending on the device validation method, study subjects
were either healthy or had some form of sleep disordered
breathing. While most studies chose a population including
only one or the other, combining both will allow for a broader,
comprehensive range of results implying strength in diagno-
sis. One paper had subjects who were healthy volunteers or
from a sleep disorders center; the healthy volunteers served as
true negatives in the lower spectrum of results [56].
Implementing these different subject populations will explain
the results of a paper far clearer, therefore cementing its cred-
ibility. In an effort to increase transparency in study design, all
papers should provide subject data regarding age, sex, ESS,
and body mass index (BMI) scores. Other recommendations
include restrictions prior to testing. As people who drink al-
cohol [45] or smoke are more likely to have a sleep disorder
[57], it is encouraged that subjects refrain from such behavior
for at least 24 h before partaking in the study. Only two re-
corded studies in this reviewmaintain such standards [37, 45].
Enforcing these restrictions can improve test integrity.

Table 3 Listed categories and subcategories of proposed rating system

Study
characteristic

Ratings

1 2 3

Blinded readers One blinded reader One blinded reader Two or more blinded readers

Subject
conditions

Either the subjects are
healthy or diagnosed
to some extent of
SDB

One group of subjects is healthy and the other is
diagnosed to some extent of SDB

One group of subjects is healthy and the other is
diagnosed to some extent of SDB

Subject data Includes age, sex, BMI,
ESS

Includes age, sex, BMI, ESS and/or other subject
history

Includes age, sex, BMI, ESS, and/or other subject
history

Restrictions No alcohol or caffeine
from past 24 h

No alcohol or caffeine from past 24 h No caffeine from past 48 h and no alcohol from past
72 h

Exclusionary
criteria

Subjects follow the ESS
criteria

Subjects follow the ESS criteria Subjects follow the ESS criteria

Self-application
of
home-based
POC device

Informational video Informational video Live instruction and informational video provided

Sleep metrics Lists TST and AHI Lists TST, AHI, and SE/RDI/ODI Lists TST, SE, AHI, RDI, ODI

Metric
extraction

Lists
algorithms/analyses

Lists algorithms/analyses Explains algorithms/analysis

Quantitative
methods

Utilizes Bland-Altman,
correlation, and one
statistical test

Utilizes Bland-Altman, correlation, specificity,
sensitivity, and one statistical test

Utilizes Bland-Altman, correlation, specificity,
sensitivity, and more than one statistical test

Qualitative
methods

Provided post-sleep
questionnaire

Provided post-sleep questionnaire Provided post lab questionnaire provided and noted
number of adjustments

Data protection
and security

Ensures compliance
with institutional
human subject testing
standards

Ensures compliance with the institutional, as well as
Health Insurance Portability and Accountability
Act (HIPAA) and other international standards
including the General Data Protection Regulation
(GDPR)

Ensures compliance with international standards,
and incorporates additional complex data
protection, encryption and security to preserve the
integrity of data and its management

AHI apnea-hypopnea index, BMI body mass index; ESS Epworth Sleepiness Scale, GDPR: General Data Protection Regulation, HIPAA: Health
Insurance Portability and Accountability Act, ODI oxygen desaturation index, RDI respiratory disturbance index, SDB sleep-disordered breathing, SE
sleep efficiency, TST total sleep time
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Finally, completion of the ESS will guarantee studies have
listed exclusionary material for subjects who cannot be eligi-
ble for participation. While most studies do contain some ex-
clusionary material, they are varying in detail. It is recom-
mended that the specificity in subjects is kept in a reasonable
balance. For instance, consider a POC device that fails to
provide consistent, accurate diagnoses for patients with a mild
to moderate likelihood for OSA. Studies validating that device
might potentially attempt to exclude those specific subjects in
order to make the results appear more conclusive. The ESS
can serve as a tool to increase transparency and allow for more
representative results in this case. While it is only used by less
than 40% of literature (see Fig. 2, Tables 2, and AI), the
questionnaire ensures that subject criteria are both explicit
and wide-ranging. A standardization in exclusionary criteria
would significantly reduce variability in results.

Study design

All studies must be approved by an accredited review board
to ensure ethical procedures are being followed. In an effort
to also remove any potential bias/ conflict of interest,
blinded technician recordings are also recommended.
Utilizing additional blinded readers can better account for
inter-reader variability, as one study did [22]. It is also ben-
eficial to require a sleep technologist to apply or educate the
patient on how to apply the sensors. Compared with provid-
ing subjects a video for self-instruction, expert guidance in
self-applying the device amounts to higher overall success
[25, 58]. Factors such as inadequately applying the device
also serve to explain why studies should include a home
group of subjects. The home environment is far more rep-
resentative of the potential challenges including the burden
that can come from wearing the device, and reduced signal
fidelity from a wireless device (e.g., attenuating signal in-
tensity) [53, 56]. Following this protocol section, the rating
system includes the aforementioned recommendations to
have blinded technician recordings, informational videos,
and/or live instruction.

Furthermore, any validation paper must include the ideal
populations for said device. Many studies are already intended
for patients with a particular ethnicity or disability [35, 50],
but few will clarify on the device’s optimal performance for a
certain age demographic. Limited numbers of POC devices
are currently clinically used. To at least provide diagnoses for
certain populations, studies are recommended to specify prime
subject demographics in the conclusion of the paper. These
improvements in study design will further demonstrate the
practicality of any given point-of-care device if it enters the
market. The aforementioned improved practices would also
increase the chances of Food and Drug Administration
(FDA) approval since more effort was put into the study.

Signals

Sleep is recorded in a variety of methods for diagnosis, most
commonly through body position, thoracic and abdominal
respiration, oxygen saturation, and oronasal flow. Type III
portable monitors measure all of the aforementioned channels,
while type IV portable monitors record oxygen saturation.
This data is then analyzed to gather sleep indices required
for validation, such as AHI, ODI, and RDI. While type III
portable monitors are recommended for enhanced diagnostic
accuracy, type IV monitors have slowly proven credence and
are recommended as a cheaper alternative [59]. One consider-
ation for improving analysis would be to implement additional
means of data collection (i.e., higher number of channels). For
example, one paper determined snoring levels from acoustic
microphones and head movement/ position from accelerome-
ters [56].

Activity monitors primarily measure body movements,
whereas non-contact sensors often measure body movement
as well as heart rate and respiration. These sensors serve to
detect sleep stages of the subject. Metrics such as TST and
total wake time (TWT) are accordingly estimated from these
sleep stage estimates. Similar to portable monitors, creating
further methods for data collection will improve the power of
diagnoses. Activity monitors often fail to adequately detect
wake; determining additional device components or channels
for data collection can possibly bridge the gap.

Metrics/metrics extraction

The primary outcome variables generated for algorithm and
epoch-based analysis, the AHI and RDI, determine severity of
sleep disordered breathing from the patient’s experiences. All
studies should implement one or both of these metrics to en-
sure reputability of the device. Although actigraphy and non-
contact sensors are not equipped with a lot of channels, it is
recommended that relevant sleep indices be generated by any
means possible. The most widely recognized method for AHI
determination is manual scoring, where an operator deter-
mines the number of apnea and hypopnea episodes in a des-
ignated time frame. Methods of automated scoring are also
widely popular among literature. According to the AASM
recommendations, sleep recordings should be scored manual-
ly, and automatic scoring algorithms are not yet considered as
a reference. Therefore, POC devices should be validated
against manual scoring and should provide signals that could
be scored manually, regardless of the reliability of their auto-
mated scoring. Automated scoring systems can be used wher-
ever possible, only to assist manual scoring.

Aside from manual scoring, devices often generate metrics
with differing methods of automated scoring. One particular
paper noted the lack of standardization of scoring from
actigraphy [49]. Certain studies covering portable monitors
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did not even mention any methods of data analytics for arriv-
ing at the sleep patterns and indices [41, 60]. Some papers
elaborated on the specific algorithms derived for assessment
or even provided a flow chart [37, 53, 61], yet the majority of
studies validating those devices simply listed the methods or
left the readers to assume [39]. Many other studies perform
epoch-by-epoch analyses and explain the process in a similar
fashion [43, 45, 46, 62, 63]. While it may be acceptable if
these widely implemented analyses are not elaborated upon,
less popular approaches (e.g., the statistical analysis of snor-
ing) require a much deeper, and rigorous investigation [22].
This practice of explaining analyses increases transparency
and provides more reasoning for the resulting diagnosis.
Homogeneity in the reporting of these analyses also allows
for more comparison between devices.

Although not required by the standard guidelines, all POC
device testing protocols are recommended to be tested on met-
rics such as TST, TWT, sleep efficacy (SE), wake after sleep
onset (WASO), and rapid eye movement (REM). Providing
such sleep figures confirm if the POC device is precisely accu-
rate in detecting sleep and wake stages. Considering
actigraphy’s main weakness of differentiating silent wake from
sleep, these said factors are particularly crucial. Also, a com-
mon source of error for many of these devices is the inability to
distinguish quiet wakefulness from sleep. Since these limita-
tions strongly affect TST and SE, algorithms involving such
variables are recommended to be appropriately adjusted. On
the other hand, algorithms which estimate AHI have shown to
incorrectly categorize false positives from false negatives.
Additional methods of event-by-event detection and estimation
of event duration have proven to curtail such an issue [53].

Pertinently, our review (see Fig. 2 and Table AI) suggests
that almost 50% of reviewed papers do not report metrics such
as SE, RDI, and ODI. However, these metrics can be reported
and validated in much of the same fashion as AHI and TST.
While our rating system expects that all papers include AHI
and TST as metrics for validation, our literature review shows
that many highly cited papers also report SE, RDI, and ODI [, ,
49, 56, 59, 62].

Gold standard

Polysomnography (PSG) is the undisputed gold standard to
compare POC devices for diagnosing OSA. Although still
prone to a number of sleep study-related concerns such as dis-
comfort, night-to-night variability, and unconventional sleeping
environments, PSG is commonly referred to as the gold stan-
dard due to the sheer reality that it produces the most compre-
hensive diagnoses. However, studies should list the respective
PSG system or software being utilized. It must also be noted
that a PSG gold standard is not required to validate POC de-
vices that are of type III and type IV. As a consequence, metrics
such as TST that cannot be gathered from non-PSG gold

standards may not be used for validation. In fact, based on
Fig. 2, it is evident that prior works have employed metrics that
can be gathered from non-PSG gold standard devices for per-
formance assessment. At the outset, a POC device posting com-
parable results to a well-known PSG system receives consider-
ably more attention. Papers that explicitly state the name of the
PSG device will be providing more transparency and context to
the statistical analyses as a result.

Validation and comparison

Nearing the end of a clinical POC device validation paper
come the quantitative and qualitative methods of comparison.
These include statistical methods to display strong concor-
dance as well as patient ratings to imply higher satisfaction.
The rating system, shown in Table 3, makes recommendations
in regard to both methods for validation.

Quantitative methods

Quantitative validation methods are taken to compare the
strength of diagnoses of samples undergoing PSG and POC
devices. For example, over 80% of works reported in the
literature (see Table A1) use correlation coefficients and the
Bland-Altman technique to display the degree of association
and differences with both aforementioned. Sensitivity and
specificity, used to show accuracy of sleep states, should be
further implemented to validate quality in terms of true wake
and sleep. While correlation can only suggest the strength of
relation, these approaches to detecting true positives and neg-
atives properly measure concordance [37]. The receiver oper-
ating characteristic (ROC) curve is also recommended to dem-
onstrate viable evidence for distinguishing between true and
false positives and finding the optimal AHI cutoffs [64]. ROC
analysis can also be used to develop metrics that effectively
compare diagnostic results of a subject group after they have
been collected from multiple devices [64].

Studies also utilized a variety of statistical tests to compare
samples of PSG and POC devices for OSA. Figure 3 displays
which metrics were analyzed through statistical methods.
Analysis of variance (ANOVA), single/paired t test, and chi-
squared test were all commonly implemented to analyze the
differences between samples. Other studies utilized tests such
as Mann-Whitney U test, Shapiro-Wilk test, Kruskal-Wallis
test, and analysis of covariance (ANCOVA). Through the use
of more than one statistical approach, a paper removes bias or
possibilities for misleading agreement [49]. Our ratings sys-
tem therefore encourages that studies utilize more than one
statistical test.

As previously mentioned, metrics like AHI and/or RDI are
strongly recommended for POC device validation. Sleep indi-
ces hold the greatest weight for inter-device comparison.
Quantitative methods of validation for these metrics are
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therefore considered to be the utmost necessity. Ancillarymet-
rics and features such as TST also require attention for means
of validation, as shown in the figure. Additionally, reliability
and agreement between a POC device and a gold standard
(here, the OSA episode annotations from the POC device
versus those from a gold standard) can be captured in terms
of Cohen’s kappa coefficients [65]. Kappa coefficients can
provide an additional statistical quantification to validate the
reliability of POC devices. The continued streamlined
reporting of quantitative validation methods is paramount to
the validity in results.

Qualitative methods

POC devices have been introduced as an alternative to PSG
with the so-called merits of ease and affordability. While the
benefits in cost are clear, measures of comfort require more
validation. Hence, the use of post-sleep questionnaires comes
into discussion. Since only one paper used such a feedback
form to assess comfort of its device [66], pushing for such
criteria will allow for more standardized, ergonomic compar-
ison between different POC devices. These feedback forms
could potentially try to survey the subject’s overall experience
with the device and accept possible complaints with the pro-
cedure. Our ratings system strongly encourages post-lab ques-
tionnaires. To improve transparency with the POC device’s
comfort, it is also recommended that sleep technicians record
the number of adjustments taken for the subject’s satisfaction.
Although few studies focus on the ergonomics of the device,
enhancing patient well-being during testing can further reduce
the night-to-night variability [67]. It is therefore crucial that all
studies identify and report the subject’s experiences with the
device.

Future implementation of the rating system

Table 3 outlines the main requirements when assessing the
quality of a paper validating point-of-care (POC) devices for
OSA. An appropriate rating system provides rationale for
selecting one POC device over the other for reliable OSA
diagnosis. Evaluation of each feature will be determined by
a ratings system that is numbered 1 to 3. A rating of 1 is the
minimum expectation for any paper, while a rating of 2 or 3
implies that a paper is taking necessary steps for homogeneity.
These ratings, established after a comprehensive review of all
literature, do not cater to the specific interests of certain stud-
ies. A paper relating to a POC device for OSA patients with
dementia [], for instance, will only objectively be measured by
the rating system in regard to the aforementioned seven group-
ings. From a high-level perspective, this rating system serves
to reward papers that reduce variability of results and increase
transparency and integrity of the study. It also encourages the
standardization of future papers validating a POC device for
OSA.

Discussion

Currently, there is a push toward using wearable technologies
for sleep testing and diagnostics. Human subject testing of
these devices is essential for translating these devices from
laboratories into commercial practice. While there have been
mature practices for testing sleep apnea devices, there have
been significant non-uniformities as well as ad hoc-ism in-
volving the current practice of testing wearable devices for
sleep. The aforementioned narrative review outlines the lack
of homogeneity, from study design to qualitative validation.
This paper has distilled the various best practices from the

Fig. 3 Relationship between metrics and quantitative validation methods
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disparate publications featuring human subject testing for
sleep. A protocol bridges the issue of non-uniformity by sug-
gesting specific areas for standardization. By following the
protocol effectively, devices would end up having stronger
quality of diagnoses and studies would be designed more
methodically.

Delineating the non-uniformities in literature while also
providing recommendations is necessary to making improve-
ments to the status quo. Through the course of review, statis-
tical analyses implied to compare the performance of a wear-
able device to a gold standard have been shown to be widely
heterogeneous. Even crucial aspects of metric extraction were
performed in methods ranging from linear discriminant anal-
ysis to the statistical analysis of snoring, thereby making it
harder to compare a certain data point between different
papers.

This protocol brings together the key elements of previous,
disparate works. It identifies different areas for improvement,
thereby making a stronger case for implementation. It was
designed into groups and subgroups to cohesively break down
each aspect of a paper and suggest opportunities for growth.
Altogether, this streamlined approach will improve the quality
of future POC devices for OSA as well as provide efficient
structure of future literature in the field.

Additionally, such a systematic protocol can benefit a de-
vice manufacturer with reporting consistent metrics toward
complying with clearing FDA regulations. In order to be
cleared for commercial distribution, the submitter must re-
ceive a letter finding the device to be “substantially equiva-
lent” to another lawfully marketed device. Having a standard-
ized protocol allows consistency in the validation of, and per-
formance comparison among, POC devices. We also antici-
pate that this could lead to a higher worldwide acceptance of
POC devices for OSA monitoring and diagnostics.
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