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Obstructive sleep apnea (OSA) is a chronic sleep and breathing disorder with significant health

complications, including cardiovascular disease and neurocognitive impairments. To ensure timely

treatment, there is a need for a portable, accurate and rapid method of diagnosing OSA. This review

examines the use of various physiological signals used in the detection of respiratory events and

evaluates their effectiveness in portable monitors (PM) relative to gold standard polysomnography.

The primary objective is to explore the relationship between these physiological parameters and

OSA, their application in calculating the apnea hypopnea index (AHI), the standard metric for OSA

diagnosis, and the derivation of non-AHI metrics that offer additional diagnostic value. It is found

that increasing the number of parameters in PMs does not necessarily improve OSA detection.

Several factors can cause performance variations among different PMs, even if they extract similar

signals. The review also highlights the potential of PMs to be used beyond OSA diagnosis. These

devices possess parameters that can be utilized to obtain endotypic and other non-AHI metrics,

enabling improved characterization of the disorder and personalized treatment strategies.

Advancements in PM technology, coupled with thorough evaluation and validation of these devices,

have the potential to revolutionize OSA diagnosis, personalized treatment, and ultimately improve

health outcomes for patients with OSA. By identifying the key factors influencing performance and

exploring the application of PMs beyond OSA diagnosis, this review aims to contribute to the

ongoing development and utilization of portable, efficient, and effective diagnostic tools for OSA.
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1. Introduction

Obstructive sleep apnea (OSA) is a sleep and respiratory disorder characterized by repetitive partial

or complete collapse of the upper airway during sleep [1]. This narrowing or collapse of the upper

airway is primarily attributed to factors such as poor upper airway anatomy, reduced

responsiveness of dilator muscles, and hypertrophy of airway soft tissues, resulting in decreased

airflow, oxygen desaturations and increased effort to breathe during sleep [[2], [3], [4]]. OSA is

associated with a range of negative health outcomes, including daytime sleepiness, neurocognitive

impairment, cardiovascular diseases, and increased mortality [[5], [6], [7], [8]]. It affects a

substantial portion of the general population, with prevalence rates ranging from 9 to 38 % [9].

Given the detrimental effects associated with OSA, there is a critical need for early and accurate

diagnosis. Polysomnography (PSG) is currently considered the gold standard for OSA diagnosis,
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where the apnea-hypopnea index (AHI) is determined. The AHI serves as the standard diagnostic

metric for OSA, quantifying the frequency of airflow reduction or cessation associated with the

upper airway during sleep [1]. PSG involves a comprehensive sleep laboratory assessment that

measures various physiological parameters, including respiration, snoring, cardiovascular measures,

and brain activity [10]. To capture these measurements, PSG employs a multitude of sensors, such as

pulse oximeter, respiratory inductance plethysmography (RIP) belts, nasal pressure transducer,

oronasal thermistor, electroencephalogram (EEG), electrooculogram (EOG), chin and limb

electromyogram (EMG), video and microphone [11]. Trained technicians attach these sensors to the

patient's body within a controlled clinical setting.

However, the requirement for a clinical setting, technical expertise, and the attachment of multiple

sensors to the body limit the practicality and accessibility of PSG. In response to these limitations,

portable monitors (PMs) have been developed for the detection of OSA, particularly in symptomatic

patients having no underlining cardiovascular diseases [12]. PMs utilize one or more of the

physiological signals typically acquired during PSG but are applied outside of the clinic [12,13].

This review aims to discuss the various physiological signals used in PSG and PMs, their relevance to

OSA, and their acquisition and utilization in calculating the AHI. Furthermore, it examines the

performance of PMs in detecting OSA compared to PSG, considering sensitivity, specificity, and

accuracy, while also exploring factors that may influence their performance. The review also delves

into the concept of endotypic metrics, including upper airway collapsibility, muscle responsiveness,

loop gain, and arousal threshold, which are derived from PSG and/or non-PSG signals and used to

stratify OSA patients into treatment subgroups. Additionally, it describes other non-AHI metrics,

such as hypoxic burden index and obstruction severity, and highlights their potential use for

predicting specific effects of OSA. Finally, the review discusses the applicability of non-AHI metrics

in PMs and the role of modified or advanced PMs in OSA endotyping.

2. Apnea hypopnea index (AHI) and polysomnography (PSG)

PSG involves monitoring various physiological signals during sleep, including EEG, EOG, limb and

chin EMG, oxygen saturation, respiratory movement of the chest and abdomen and body position

(Fig. 1). EEG with or without EOG and chin EMG are used to detect REM and NREM sleep stages and

determine total sleep time [[14], [15], [16], [17], [18]]. Limb EMG is used to monitor periodic limb

movement, which can interfere with the overall accuracy of OSA diagnosis [19]. Oxygen saturation

levels throughout sleep are monitored by a pulse oximeter, often attached to the finger [17]. Sleep

position, such as lateral or supine, is tracked by an accelerometer and video to distinguish between

position-dependent and position-independent OSA [17,20,21].
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Fig. 1. A sample of the common physiological parameters acquired during polysomnography.

Obstructive apnea and hypopnea events are defined by cessation or reduction, respectively, in

airflow/pressure signals despite persistent movement of the chest/abdomen and are accompanied

by decrease in oxygen saturation (SpO2). Arousal may occur at the end of the obstructive event or

following airflow restoration. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

The PSG data are analyzed alongside nasal airflow to detect and score airflow reduction (hypopnea)

and airflow cession (apnea). Apnea is scored as a ≥90 % decrease in airflow from pre-event baseline,

and hypopnea as a ≥30 % decrease in airflow from pre-event baseline with ≥3 % oxygen desaturation

or arousal lasting for ≥10s [22]. Arousal is indicated by sudden change in the frequency of the EEG

waveform (Fig. 1) [18]. The AHI is then computed as the sum of apneas and hypopneas per hour of

sleep time for different sleep stages and sleep positions [11]. To use AHI in the diagnosis of

“obstructive” sleep apnea, respiratory effort measured by RIP-monitored chest and abdomen

movements must persist during the OSA events (Fig. 1) [23]. The presence of effort discriminates

OSA from central apnea, in which there is no effort to breathe and airflow ceases [24]. AHI is

required to assess the severity of OSA, where 5≤AHI ≤15 events/hr is considered mild, 15≤ AHI ≤30

events/hr is moderate and AHI >30 events/hr is severe [1].

3. Portable monitors

PMs have emerged as a simplified alternative to PSG for certain cases, addressing the complex and

technical challenges associated with PSG, which is typically limited to sleep clinics and specialized

centers [11]. PMs are essentially OSA testing devices that can be used outside of the sleep clinic

environment [17]. Depending on their type, PMs employ simplified methods and connections to the

body to acquire the necessary physiological parameters for detecting respiratory events, often

requiring minimal or no assistance from a trained technician [25,26]. PMs are generally classified
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into three main types: PM II, III and IV [13], based on the number of channels used to capture the

relevant physiological parameters (Fig. 2). It is worth noting that a fourth monitor type, referred to

as PM I, is recognized as PSG itself [12].
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Download: Download full-size image

Fig. 2. A summary of the number and type of signals used in portable monitors (PMs) I-IV. PM II,

known as unattended PSG, uses the same number of channels (at least 7) as standard PSG (PM I).

PM III requires at least 4 physiological signals, while PM IV only needs one or two signals. RM,

respiratory movement. PR, pulse rate.

Prior to considering the use of PMs for OSA diagnosis, a pre-diagnostic clinical examination is

typically conducted [27]. During this examination, the clinician evaluates the patient's sleep history

and assesses their respiratory and cardiovascular health. Symptoms such as regular loud snoring,

nocturnal gasping or choking may indicate increased risk of OSA. PMs II-IV are recommended for

home sleep apnea studies in symptomatic patients who do not suffer from potential respiratory

muscle weakness, severe cardiopulmonary disease, or critical illness or immobility [12,27].

Otherwise, clinical PSG is the preferred diagnostic approach. Fig. 3 provides an overview of the

decision-making process for selecting the appropriate PM [27].
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Fig. 3. Procedure for portable monitor prescription. Upon suspicion of OSA, the clinician physically

examines the patient, and enquires about the sleep history. In the absence of severe comorbidities,

portable monitors III and IV are recommended. Otherwise, PSG (i.e., PM I) is required.

PM I, also known as standard PSG, employs a minimum of 7 channels, including EEG, chin EMG,

EOG, ECG, airflow, effort, and oxygen saturation [12,28]. Although rarely prescribed [12,29], PM II

utilizes the same number of channels as PM I, but is intended for unattended use outside of the

laboratory setting [27]. Patients are initially set up with a PM II device in the clinic and then sent

home, where they initiate data acquisition on the device upon going to bed. Alternatively, the setup

can be conducted directly at the patient's home [29]. PM III utilizes at least 4 channels,

incorporating two respiratory parameters such as airflow and respiratory movements, a cardiac

parameter such as ECG or heart rate, and oxygen saturation [13,27]. PM IV, on the other hand,

utilizes one or two channels, typically focusing on heart rate and oxygen saturation or solely airflow

[27].

For a potential OSA patient, a standard ambulatory diagnostic device, either PM III or IV, is typically

prescribed [30,31]. At the clinic, the patient receives education on the proper use and setup of the

PM before taking it home. The patient then wears the PM to bed at home, collecting the necessary

sleep data for the instructed number of nights. Subsequently, the patient returns the PM to the

clinic, where the acquired sleep data is processed for diagnosis. These clinically oriented PMs

require prescriptions from a sleep practitioner. In contrast, consumer-focused PMs can be directly

obtained from the manufacturer. These PMs utilize cloud algorithms to process a user's sleep data

and present OSA-related information on a user-friendly graphical user interface (GUI)-enabled
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device upon request [32,33]. Table 1 provides a select list of both clinically oriented and consumer-

focused PMs that are currently available.

Table 1. Types of portable monitors (PMs).

Alice 5 Respironics(

Murrysville PA, USA) [34,35]

I The physiological signals acquired by different sensors are received by a

computer, which is connected to the Alice base station set up at the clinic

through wires or wirelessly, or a network switch. The computer displays

these signals for use by the clinician. The base station stores and digitizes

these signals received from the sensors connected to a patient.

SOMNO sleep lab PSG

(SOMNOmedicsGmbH,

Germany) [36,37]

I SOMNO HD eco allows transfer of acquired physiological data to the

clinician or physician's tablet and smart phone, in addition to display on

the computer, thus enhancing monitoring in the sleep lab.

SleepStudy PSG (Medeia,

Santa Barbara, CA93101, US)

[38]

II SleepStudy home PSG acquires 8 channels, while Embletta MPR PG offers

12–28 channels for data acquisition.

Embletta MPR PG (Natus

Medical Inc., Middleton, WI

53562 USA) [39]

II

Nox-T3 (Nox Medical) [40] III NOX-T3 has bipolar channels for ECG, EEG, EMG and EOG as in PSG,

however these select channels are not commonly used [40]. Hence, it is

here categorized type III.

BREAS SC20(Breas Medical

AB, Sweden) [41]

III Both BREEAS SC 20 and ApneaLink Air are entirely cardiorespiratory

devices recording at least airflow, respiratory movements, oxygen

saturation, pulse rate. Snoring is additionally recorded by ApneaLink Air,

while ambient light intensity and limb movements are also monitored by

BREAS SC20. SleepView monitor basically records respiratory movement,

nasal airflow, pulse rate and oxygen saturation.

ApneaLink Air(ResMed) [42] III

SleepView monitor

(CleveMed) [43]

III

Apnomonitor (Chest M.I. Inc,

Tokyo) [44]

IV Apnomonitor records airflow, pulse rate, oxygen saturation and body

position. It is classified as a type IV device as it does not measure

respiratory movement [44].

Belun sleep platform (ring)

[45,46]

IV An FDA-approved ring, it provides physicians with a patient's AHI as well

as vitals like SpO2, heart rate and response of autonomic nervous system

to heart rate variability.

WatchPAT [47,48] – WatchPAT records 7 physiological signals, including the propriety

peripheral arterial tonometry (PAT), SpO2, heart rate, snoring, body

Clinical PMs Type Description
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movement and position, and chest motion, but it does not belong to any

class of PMs due to its use of PAT [27]

AccuPebble SA100 [49], [50] – AccuPebble is a small pebble-shaped device attached to the neck. It is only

commercially available to the clinician and can provide full remote

diagnostics reports to the clinician.

Consumer-focused PMs Type Description

Firefly App (ResMed) [51] – This proprietary application runs on mobile phone and eliminates the

need for buying extra sensors [51].

Apnea App [52] – A proprietary application, Apnea App runs on a mobile phone, eliminating

the need for additional sensors [52].

Withins Sleep Analyzer

[32,53]

– CE-marked for consumer use, contactless, and displays OSA information

using a custom operating system or Android App on a mobile phone.

GT 2 Watch, Huawei [33,54] IV The physiologic data measured by GT2 smartwatch are not for medical

use, as indicated by the manufacturer. Nonetheless, a recent clinical trial

has shown the watch's potential for AHI estimation [33].

Data acquired by clinical PMs are processed only by clinicians, whereas the OSA information can be provided

to the user of a consumer-focused PM upon a request to the manufacturer's cloud system. Apnea App and

Firefly App are potential consumer focused PMs requiring only users' mobile phone. “-” is used where PM does

not fit into the types I-IV, e.g., Watch PAT uses peripheral arterial tonometry (PAT) in addition to pulse

oximetry [47] and does not fit into any of PMs I-IV [27].

4. Physiologic parameters used in OSA detection and portable monitors

Certain physiological parameters, such as SpO2, heart rate and respiratory rate, can be derived from

one physiological signal measured from a single channel of pulse oximetry [33]. Accordingly, PMs

are grouped into different categories based on the number of common parameters measured or

derived, rather than the number of channels. Table 2 provides a summary of various PM devices

along with their physiological parameters and performance characteristics in terms of AHI

detection.

Table 2. Different combinations of physiological parameters in portable OSA detection based on PSG-

AHI cutoffs of 5, 15 and 30.

Clinical PMs Type Description
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Respiration ResMed

ApneaLink [55]

90 79 66.7 76.9 88.2 95.5 – – – 53

Nasal flow

wizard [34]

85 – 80 92 – 89 – – – 193

APScan CIED

[56]

– 80 83.3 – 60 60 – – – 21

SpO2 WISM,

CloudCare

Healthcare [57]

98 92 – 100 100 – 98 93 – 196

Gutiérrez-Tobal

et al. [58]

96.6 92.5 88.5 50 73.5 65.5 92.9 87.4 78.7 320

SpO2 + heart rate Belun Sleep

Platform Ring

[59]

55.8 62.1 50 88.6 79.6 67.2 70.5 73.1 64.1 78

Airflow + SpO2 + heart

rate

SleepView [60] 80.3 87.0 94.9 95.45 84.62 92.59 – – – 93

Airflow + SpO2+ heart

rate + PPG amplitude

change

Sommermeyer

et al. [31]

100 90 87 60 86 96 – – – 66

Airflow + SpO2 + heart

rate + sound + body

position

Apnomonitor

Mini [44]

82.8 – 75.8 76 – 80.4 89.7 – 80.6 387

Airflow + SpO2 + heart

rate + sound + body

position + body

movement + effort

Nox T3 [40] 95 93 63 69 85 93 – – – 77

Effort IR-UWB radar

[61]

100 93 100 92 84 100 – – – 94

Coronel et al.

[62]

– – – – – – 90 52

Categories Device name

or authors

Sensitivity (%) Specificity (%) Accuracy (%) Number

of

patients
AHI

≥5

AHI

≥15

AHI

≥30

AHI

≥5

AHI

≥15

AHI

≥30

AHI

≥5

AHI

≥15

AHI ≥30
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Effort + SpO2 Coronel et al.

[25]

80 91 88 61

Effort + body movement SleepMinder

[63]

86.1 88.7 – 46.4 92.1 – – – – 157

Apnea App [52] – – – – – – 86.5 37

Effort + body

movement + sound

Firefly App [51] – 80 – – 88.3 – – 84.2 – 128

Sound Rodriguez-

Villegas et al.

[64]

77.1 99.7 – 30

Sound (cardiac and

breath)

AcuPebble

SA100 [49]

– 92.7 – – 96.8 – – 95.3 150

Sound + effort Ghahjaverestan

et [65]

93.3 91.7 83.3 33.3 55.6 86.7 76.2 77.2 85.7 21

Position + sound + body

movement

Clebre [66] 96 76 86 30

Effort + heart

rate + sound + body

movement

Within sleep

analyzer [32]

88.7 88 86 75 88.6 91.2 – – – 118

SpO2 + heart

rate + Respiratory rate

GT2, Huawei

Device Co [33]

76.5 85.7 80 100 100 80 88.3 92.9 80 20

Effort + SpO2+heart

rate + PAT + sound + body

movement + position

WatchPAT [47] – 85 – – 70 – – – – 84

Effort + SpO2 + heart

rate + RR + body

movement + position

Zavanelli et al.

[26]

100 – – – – – – 9

Heart rate

variability + respiratory

rate + PPG-sleep

Papini et al.

[67]

72 59 41 71 90 98 – – – 502

Categories Device name

or authors

Sensitivity (%) Specificity (%) Accuracy (%) Number

of

patients
AHI

≥5

AHI

≥15

AHI

≥30

AHI

≥5

AHI

≥15

AHI

≥30

AHI

≥5

AHI

≥15

AHI ≥30
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pattern + body

movement

Effort + heart

rate + SpO2+

sound + body position

ApneaLink Air,

ResMed [42]

– – – – – – †80 – 20

Mandibular

movements

Pepin et al. [68] 91 92 – 94 84 – 92 88 – 376

EEG Zhao et al. [69] – – – – – – #

80.4

##

84.9

###95.2 30

Note that portable monitor (PM)-AHI is different from the set cutoffs, e.g., PM-AHI of 10.3 events/h satisfies

the AHI cutoff of 5 with a sensitivity of 82.8 % and specificity of 76.0 % [44]. Sound = breathing sound/snoring.

Respiration = airflow or tidal volumetidal vo ; RR = respiratory rate. refers to % accuracy for classifying breathing

during sleep into OSA, central apnea and normal breathing rather than with respect to the AHI cutoffs under

which they appear in the table. † refers to AHI ≥10. Note that where information is missing in the table for

parameters, these were not presented in the respective original work. Some

sensitivities/specificities/accuracies in the table do not fall under a particular AHI cutoff but entered under AHI

≥ 5 over all AHI categories, as they were simply reported as overall performance in the associated work.

The minimum essential physiological signals recommended for OSA detection are airflow,

respiratory effort, and oxygen saturation [12]. However, other parameters have also been utilized

for detecting respiratory events (apnea and hypopnea) with varying performance characteristics

compared to standard PSG (Table 2) [12]. Upon closer examination of the different PMs, it is evident

that the sensitivity, specificity and accuracy of a PM do not necessarily increase with an increased

number of parameters. For example, some devices relying on respiratory movement (effort) alone

or both effort and body movement tend to perform better than a device incorporating effort, body

movement and breath sound [[51], [61], [63]]. On the other hand, when two PM devices share

common physiological parameters, such as oxygen saturation and heart rate, the device that

includes an additional parameter like respiratory rate or at least three additional parameters such

as effort, peripheral arterial tonometry and sound, has shown superior performance compared to a

PM lacking these additional parameters (Table 2) [33], [47], [59]. Specifically, for a pulse oximeter,

adding SpO2 to pulse-to-pulse interval and pulse-derived respiratory effort improved the

performance for OSA classification compared to the separate use of the last and both the latter

parameters, which had equal performance [70].This observation supports the notion that

Categories Device name

or authors

Sensitivity (%) Specificity (%) Accuracy (%) Number

of

patients
AHI

≥5

AHI

≥15

AHI

≥30

AHI

≥5

AHI

≥15

AHI

≥30

AHI

≥5

AHI

≥15

AHI ≥30

#, ##, ###

10/7/25, 10:45 AM Obstructive sleep apnea diagnosis and beyond using portable monitors - ScienceDirect

https://www.sciencedirect.com/science/article/pii/S1389945723004525 11/59

Patent Owner, CleveMed - Ex. 2028, p. 11

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/tidal-volume
https://www.sciencedirect.com/topics/medicine-and-dentistry/peripheral-arterial-tonometry
https://www.sciencedirect.com/topics/medicine-and-dentistry/peripheral-arterial-tonometry


incorporating some specific physiological parameters can enhance the overall performance of a PM,

as similarly acknowledged by Alarcon et al. [71].

The reasons for variations in performance among PMs is not completely understood. There may be

differences in the algorithms used to process physiological signals, which can impact the accuracy

and performance of a PM [69], [72]. Additionally, several factors, such as the definition of apnea,

inclusion or exclusion of central apnea, patient exclusion criteria, lab or home setting, and the study

sample size, contribute to variations in PM performance at different AHI cutoffs compared to PSG

(Table 2) [19,59,[44], [45], [52], [67]].

PSG utilizes various respiratory events, including central, obstructive, and mixed apnea, as well as

hypopnea, in computing AHI [52,73]. OSA patients with predominant central apnea, as confirmed

by simultaneous PSG data, are excluded from PM evaluation studies [44], given this has been shown

to improve PMs performance as opposed to including such patients [45]. While some studies did

not explicitly state whether they included or excluded central apnea when evaluating their PMs,

suspected central apnea is a criterion that contraindicates using PMs for the diagnosis of suspected

OSA, as the accuracy of PMs in detecting central apneas requires further investigation [12,27]. Two

studies evaluating the Belun sleep PM, one involving OSA patients with heart failure, who are

commonly more predisposed to central apnea [74], and another without, demonstrated a better

performance in the absence of heart failure, as compared to its presence [45], [59]. Specifically, the

studies showed that the sensitivity/specificity for AHI ≥15 was 93.1/73.5 % without heart failure

versus 62.1/79.6 % with heart failure, while the sensitivity/specificity for AHI ≥30 was 74/95.3 %

without heart failure versus 50/67.2 % with heart failure. This performance difference was attributed

to the inability of the PM to detect central apneas [45].

It should be noted that multiple entries in Table 2 have performance metrics that were determined

in the sleep lab and measured against simultaneous PSG. However, these performance metrics may

differ if the PMs were tested at home in comparison to PSG [32,47,60]. Indeed, studies have shown

that the performance of home-tested PMs is poorer compared to lab-tested PMs deployed

simultaneously with PSG and has lower AHI correlation to PSG AHI [55,75]. For instance, ResMed

ApneaLink had sensitivity/specificity of 79/88.2 % for in-lab testing and 73.7/85.3 % for home testing

at AHI ≥15 [55]. This may be due to various factors, such as the presence of bed partners and the

patient's habits, including drinking alcohol prior to bed at home and spending more time sleeping

in the supine position in PSG than at home [75,76]. On the other hand, AccuPebble, tested in a home

setting, showed high sensitivity and specificity to OSA detection, but this might partly be due to its

evaluation relative to a home-deployed PM III rather than PSG [49]. It is worth noting that the use of

a PM III, rather than PSG, as a reference precludes sleep staging and can therefore affect the

accuracy of the reference total sleep time used [49], [75]. Additionally, the effects of night-to-night

variability in the diagnosis of OSA severity is likely to play a major role in any comparison between

devices conducted on separate nights and needs to be taken into serious consideration [77].
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The composition and characteristics of sample size in PM studies can also potentially influence the

reported PM performance. Large sample sizes can reduce the probability of reporting false negatives

and positives [78] and contribute to the overall performance of PMs using similar physiological

signals, such as sound (Table 2) [49,64]. Having a predominance of males in the sample could also

impact performance. Crinion et al. [75] suggested that the presence of more males in a study

sample may improve the performance of a PM. For example, at AHI >15, the accuracy for males was

72.3 % versus 65 % for females. According to the authors, this difference may be due to variations in

physical body characteristics, particularly the abdomen and chest, which are the basis for

respiratory event detection in some PMs [19]. In contrast, significantly less sleep efficiency in males

compared to females can reduce the total sleep time, leading to an overestimation of AHI and

reduced PM performance [79]. Also, especially in PMs that detect respiratory events based on heart

rate variability, age-related reductions in sleep efficiency and frequent arousals, which are

positively associated with age, can accentuate false positives and reduce the overall performance of

PMs [67,79,80].

Therefore, several factors can jointly affect the performance of PMs. In the following sections, we

review the parameters used in these PMs, which may be combined however necessary, based on

how they are acquired and how they are related to OSA to calculate AHI. The limitations associated

with harnessing some of these parameters are also highlighted.

5. Physiological parameters for deriving AHI

5.1. Nasal airflow

Nasal airflow during breathing is the volume of air passing per second through the nose and is

measured directly using a pneumotachometer with differential pressure transducer and nasal mask

or indirectly using an oronasal thermistor or nasal pressure transducer [81]. Although the

pneumotachometer is considered the gold standard for airflow monitoring, the discomfort caused

to subjects by wearing a mask has led to the use of nasal pressure transducer and oronasal

thermistor for the clinical detection of hypopnea and apnea [22,82]. When using the airflow signal

alone for OSA detection, a ≥30 % decrease in airflow from baseline for ≥10s is defined as hypopnea,

while a ≥90 % decrease in airflow from baseline for ≥10s is an apnea [22]. PMs using only airflow can

detect OSA with 60–90 % sensitivity and specificity with respect to AHI cut offs of 15 and 30 (Table

2) [34], [55].

5.2. Tidal volumeTidal vo

Tidal volumeTidal vo  refers to the volume of air that is inspired or expired during a respiratory cycle. It is

typically derived by integrating the nasal airflow signal or by detecting tracheal breath sound or

chest movement, and intrathoracic electrical impedance oscillations [[56], [65], [83], [84]]. While

tidal volume is not used for event detection in PSG, in portable monitoring, hypopnea events aretidal vo
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defined as a reduction of ≥50 % or 74 % in tidal volume from baseline and apnea events as tidal vo absence of

tidal volume for at least 10s [tidal vo 56,85].

Barbieri et al. [56] reported sensitivity of 80 % and specificity of 60 % for the APScan CIED PM based

on changes in tidal volume. However, the AHI estimated by the device was poorly correlated to PSG-tidal vo

AHI (R = 0.41, p = 0.07). This poor correlation was attributed to the device's low success rate (42.8 %)

in detecting apnea events in patients with PSG-diagnosed central sleep apnea, who constituted

∼50 % of the study population.

5.3. Respiratory rate

Respiratory rate (RR) is the number of breaths per minute. It can be obtained from various

respiratory signals such as airflow, electrocardiogram (ECG), photoplethysmography (PPG),

ballistocardiograph (BCG)-derived respiratory signals, chest bioimpedance, respiratory inductance

plethysmography, impedance pneumography, chest piezoelectric signal and breath sound [[86],

[87], [88], [89], [90], [91], [92]].

To automatically detect the respiratory rate, two consecutive peaks of inspiration in the respiratory

signal are identified within a specific time interval (in seconds). The instantaneous respiratory rate

is calculated as the reciprocal of this interval [90,93]. In OSA, where airflow decreases or ceases, the

respiratory rate signal is disrupted. In such cases, an advanced approach such as characteristic

moment waveform, is required to identify the peaks [89]. Using the approach, Fang et al. [89]

defined a threshold respiratory rate to be stable RR – stable RR/60, such that sub-threshold RR

lasting ≥10s is scored as apnea and otherwise as a hypopnea when the subthreshold RR lasts <10 s.

This method has not been compared with PSG for hypopnea and apnea detection but has a reported

respiratory rate detection accuracy of 98.4 % relative to manual counting [89].

5.4. Oxygen saturation

Oxygen saturation (SaO2) is the percentage of oxygen-containing hemoglobin in the blood,

measured invasively via oximetry of arterial blood [94]. Peripheral oxygen saturation (SpO2) is a

non-invasive measure obtained by pulse oximetry. SpO2 is commonly used in PSG given it has

strong agreement with SaO2 [[94], [95], [96]]. In sleep-related breathing studies, oxygen saturation

less than 90 % is an indicator of hypoxemia, whereas restoration of SpO2 has been used as a measure

of positive response to OSA treatment [96,97].

Recently, SpO2 features have been used to estimate AHI through machine learning-based detection

of apnea and hypopnea events. This approach showed promising results with relatively high

classification accuracy for OSA severity (∼70–90 %) [58], [98]. However, non-OSA related

desaturations can increase the number of false positives in an OSA patient and thus limit the

performance of a PM that adopts only the SpO2 signal for hypopnea and apnea detection [98].
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Monitoring SpO2 in OSA patients has shown that nadir SpO2 < 90 % during sleep is associated with

an increased risk of myocardial infarction of up to double, particularly in patients with a mean heart

rate >73 beats per minute or minimum heart rate >60 [99]. In women, but not men, nadir SpO2 is

associated with the incidence of cardiovascular disease in OSA patients [100]. Further research is

needed to understand why SpO2 features could determine the potential for female OSA patients,

but not males, in developing cardiovascular diseases.

6. EEG

The EEG, or electroencephalogram, measures the combined electrical activity of inhibitory and

excitatory post-synaptic potentials from various pyramidal neuronal populations via electrodes

placed on the human scalp [101]. It is used in PSG for detecting cortical arousal and sleep staging

[18]. Arousal is defined as a sudden change in EEG frequencies greater than 16 Hz (excluding

spindles), lasting at least 3 s and preceded by at least 10s of stable sleep. In individuals with OSA, a

respiratory related arousal occurs at the end of a hypopnea or apnea event, followed by recovery of

airflow and oxygen saturation level [102]. The magnitude of the arousal, known as arousal intensity,

is associated with increased pre-arousal respiratory effort during an OSA event [103].

EEG has also been used independently to detect respiratory events and categorize OSA based on

selected features, such as sample entropy and variance of different frequency sub-bands (alpha,

theta, delta, beta, and sigma) of the EEG signal, using machine learning techniques [69]. These

methods have achieved accuracies of ∼80–99 % for distinguishing OSA from normal breathing,

central sleep apnea and mixed apnea [69], [72]. However, additional studies are needed to

determine the performance of these techniques for classifying OSA severity. Currently, only one

study has shown the sensitivity and specificity of EEG in detecting mild OSA (86 and 84.4 %,

respectively), although this study used body movement and pulse oximetry in addition to EEG

[104].

6.1. Respiratory effort

Respiratory effort refers to the activity undertaken by the muscles of respiration, including the rib

cage muscles, diaphragm and abdominal muscles, to drive ventilation [105,106]. It is typically

measured using esophageal manometry, which involves passing an esophageal balloon or pressure

transducer-tipped catheter through the nose into the esophagus to measure intrathoracic pressure

[22,107,108]. Alternatively, respiratory effort can be estimated by measuring epiglottic pressure

[109]. However, due to the invasiveness of esophageal manometry (Peso) and epiglottic catheter

(Pepi), respiratory effort is often measured non-invasively using respiratory inductance

plethysmography belts that indicate volumetric changes due to chest and abdominal movements or

from suprasternal pressure or by accelerometer on the chest [22,23,110]. Other approaches for

detecting respiratory effort are non-contact monitoring of the movement of the abdomen and/or
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chest by 3D time of flight (TOF) infrared cameras, and using doppler-effect based thoracoabdominal

movement detection by radiofrequency, ultrawide radar and sonar systems [19], [52], [61], [62].

During a respiratory event, the nadir Peso or Pepi becomes more negative, indicating greater effort

in breathing and that the sleep apnea is obstructive rather than central [23]. In scoring these

obstructive sleep apnea events, the effort surrogate “thoracoabdominal movement” has been used

to determine apnea and hypopnea events as corresponding to at least a 90 % and 50 % decrease in

baseline abdominal or chest movement lasting ≥10 s, respectively [61,62]. Using only respiratory

movements, sensitivity and specificity up to 93 % and 84 %, respectively, at an AHI of at least 15

events/hr and overall accuracy of 90 % have been achieved for classifying respiratory events as

apneas and hypopneas [61,62]. In fact, a recent meta-analysis concluded that non-contact PMs,

some of which used respiratory movements for detecting OSA, had an overall low risk of bias for

sleep apnea assessment in terms of their validity relative to PSG [111].

6.2. Snoring/breath sound

Snoring is the inspiratory and/or expiratory noise associated with narrowing and vibration of upper

airway soft tissue structures during sleep, including the soft palate, pharyngeal walls, epiglottis, and

tongue [112,113]. These loud breathing noises can occur without apnea or hypopnea [114]. Snoring

and breath sound can be detected with a microphone placed above or under the bed [115,116],

underneath a mat using digital stethoscope-based technology [117] or using tracheal sound sensor

attached to the suprasternal notch [118]. Both breath cessation and reduction are reflected in the

breath sound amplitude and snoring intensity [118]. Snoring intensities are usually measured in

decibels as the mean maximal snoring intensity and used to classify snoring as mild (40–45 dB),

moderate (45–55 dB), severe (55–60 dB) and very severe (≥60 dB) [119].

Breath/snoring sound and the pressure at the trachea can be simultaneously detected by a

suprasternal sound/pressure sensor, allowing for the distinction of obstructive apnea from central

apnea, with the suprasternal/tracheal pressure serving as a surrogate for effort [118]. Additionally,

tracheal movements and breath signals fed into a multivariate linear regression model and

synergized with snoring features have been used to determine AHI [65]. Tracheal movements are

the range of motions that the trachea undergoes during breathing, and they can be estimated via

accelerometer measurements [84], although imaging would provide more accurate readings [120].

Snoring features have been used to detect respiratory events and classify OSA severity. These

features include mel-cepstability, running variance, apneic phase ratio, pitch, pitch density, inter-

respiratory event silence duration, formant frequency distribution and volume information, which

are described further in the following references [65,115,121]. These features are commonly

calculated for OSA patients and then combined in a multi-variate regression model to be correlated

to PSG-AHI [65,115]. A combination of mel-cepstability, running variance, apneic phase ratio, pitch

density, inter-respiratory event silence duration has achieved OSA detection with sensitivity and

specificity of 87 % and 80 %, respectively, at AHI >10, and sensitivity and specificity of 89 % and 78 %
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for AHI >20 [115]. Montazeri Ghahjaverestan et al. [65] showed that incorporating melcepstability,

running variance, pitch density to breath sound and tracheal movements improved sensitivity and

accuracy of OSA detection at AHI >15–∼87 % and 84 % from ∼67 % to 79 % (before the addition).

Dips in the snoring sound dB-power time series have been used to detect respiratory events, based

upon which AHI was defined as the total number of dips per hour of snoring time [122]. This

approach was shown to attain sensitivity of 70 % and specificity of 94 % at AHI ≥15, with an overall

strong correlation with the PSG-AHI (R = 0.94). Similarly, snoring episode index, defined as the

number of snoring episodes per hour of snoring, was significantly correlated to AHI (R = 0.85),

although it was not intended for OSA detection [123].

Some snore features such as formant frequency and volume information features of snoring have

been reported to have poor correlation with the snore-specific AHI (ssAHI; correlations <0.3) [121].

ssAHI is the total number of apneas and hypopneas during the hour prior to the start of a snoring

episode. Despite its poor association with formant frequency and volume information, the new

metric ssAHI showed the potential of classifying snoring as mild or severe. In another study, the

formant distribution was used to create a map of snore types, including type 1 called monosyllabic

low-frequency snore, type 2 called duplex low-and-mid frequency snore, type 3 called the duplex

low and high-frequency snore, and type 4 called the triplex low, mid and high-frequency snore

[124]. Types 3–4 were shown to be significantly correlated to AHI (R = 0.52, p = 0.026), although the

study was conducted on only males using small sample size of 20.

Limitations associated with the use of snoring-based PMs for detection of OSA include BMI and

neck circumference, which can attenuate snoring features such as intensity [124]. Although the

snore features described here are not intensity-dependent, except sound power, further study on

the influence of BMI and neck circumference on the snoring-based PM performance is required.

Another challenge in using snoring signal in the detection of OSA is that signal loss due to change in

sleep positions may occur when a non-contact microphone is used to acquire the signals. The latter

requires that the sensor be attached to the neck, at the level of the trachea for instance, to minimize

the aforementioned potential signal loss [65].

6.3. Heart rate variability and pulse rate variability

Heart rate variability (HRV) can be measured from the ECG signal [125], while pulse rate variability

(PRV) can be derived from photoplethysmography (PPG). PPG involves the transmission and

reflection of red and infra-red light to sense the pulsatile blood volume changes in microvascular

beds [[126], [127], [128]]. PRV uses the pulse-to-pulse interval (PPI) of the PPG signal [129]. HRV is

estimated by analyzing the variation of a set of R–R intervals (RRI) of the ECG signal over ≤ 5-min

epoch [130]. PRV has been proposed as a close estimate of HRV [131].

The decrease in heart rate during respiratory events and the increase in heart rate following the

events with or without arousals contribute to heart rate variability [103,[132], [133], [134]]. Lower
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HRV is a characteristic of more severe OSA [135], and night-to-night decrease of HRV can suggest

worsening OSA severity [136]. In addition to sleep staging, features such as arousal probability,

frequency analysis, sample entropy extracted from HRV have been used to detect respiratory events

and determine AHI using machine learning [67,80]. Chang et al. [137] achieved sensitivity of 69 %

and specificity of 100 % for the detection of OSA at AHI >15 using the low-frequency component of

HRV with or without other HRV features. OSA detection by HRV may be affected by gender and age,

thus requiring wide testing of HRV-based PM for thorough performance evaluation [79].

6.4. Mandibular movements

Mandibular movement refers to the peak-to-peak movement of the mandible that has been shown

to occur during obstructive events or arousal [138]. This movement can be measured with

magnetometer attached to chin and forehead, or an accelerometer/gyroscope attached to chin

[138,139]. Mandibular movement opening (MMO) is defined as the lowering of the mandible

by ≥ 0.3 mm lasting for at least two respiratory cycles, while sharp upward mandibular movement

(MMS) is defined as movement amplitude >1 mm and/or ≥ twice the previous or the following

mandibular movement amplitude [138].The authors showed that a significant association exists

between MM and effort, as well as AHI, and MMS is associated with arousal following MMO.

Further studies have shown that mandibular movements can be utilized as a surrogate of

esophageal pressure, due to the existence of pattern match between the two signals, to measure

and discriminate between different respiratory efforts in relation to obstructive apnea, mixed

apnea, central apnea, central hypopnea and obstructive hypopnea [139,140]. For OSA detection at

AHI cutoff of 15, Pepin et al. reported high sensitivity (92 %), specificity (84 %) and accuracy (88 %)

using an MM-based PM [68]. However, according to the authors, this method may be limited by

excess fat on the neck and friction between MM sensors and pillow or mattress as patients change

sleep positions.

7. Physiological parameters not used to independently derive AHI

There are several physiological parameters that are not used separately in determining AHI.

However, they change in response to respiratory events and can facilitate the events identification.

7.1. Heart rate and pulse rate

Heart rate is measured as the number of times the heart beats per minute, and it is conventionally

measured from ECG [125]. Another method for detecting heart rate is ballistocardiography [141],

which measures the movement of the body's center of mass caused by acceleration of blood into

the great vessels in the body due to motion of the heart [142]. Pulse rate is a measure of heart rate

that is derived from the PPG signal [127]. To calculate heart rate or pulse rate in beats per minute,

the R–R interval or P–P interval, respectively, is measured in seconds on the corresponding

waveform and used to divide 60 [143].
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While heart rate and pulse rate are related, they are not the same. Pulse rate is generally considered

to be a more peripheral measure of heart rate, whereas ECG-derived heart rate is considered to be

more representative of the heart's activity [144]. However, in many cases, the terms heart rate and

pulse rate are used interchangeably, as they are highly correlated in both people with and without

OSA (correlation coefficient = 0.95–1) [145,146].

During a respiratory event, heart rate typically decreases and then increases when airflow resumes

or after arousal [132,147]. This change in heart rate is used in conjunction with peripheral arterial

tonometry to score these events and assess their severity [148].

7.2. Peripheral arterial tonometry

Peripheral arterial tonometry (PAT) is a non-invasive method that involves applying a uniform

pressure field (e.g., 40 mmHg) to the finger and measuring the pulsatile volume changes in the

vascular beds of the finger using optical sensors [149]. The pressure applied is aimed at increasing

the amplitude of the pulse wave signal without blocking veinous return or causing the device to

slide off the finger [149,150]. PAT signal amplitude decreases due to vasoconstriction, which can

occur with or without arousal following respiratory events [133,134]. Based on this premise, apnea

and hypopnea events can be scored when decrease in PAT amplitude is accompanied by an increase

in heart rate or body activity count, or when a decrease in PAT amplitude occurs together with ≥3 or

4 % OD [148].

7.3. Body movement

Body movement is a useful indicator of sleep state and can serve as a sleep surrogate for EEG

measurements [17]. It provides information that helps discriminate between wakefulness and sleep

and is used to determine the effective total sleep time for AHI computation [17,151]. By measuring

body movement, physiological signals, such as airflow and SpO2, can be segmented and accurately

scored as sleep events, while arousals or gross body movement can be excluded. Body movement

can be measured by 3D accelerometer placed on the wrist [47,67].

7.4. Body position

Positional body orientations during sleep, including supine, prone and lateral positions, can be

measured by accelerometer and/or gyroscope attached to the neck, wrist, or chest [[151], [152],

[153], [154]]. Supine position is known to be associated with a higher incidence of OSA than non-

supine positions [21]. If a patient's AHI is at least twice as high in the supine position compared to

the lateral position, they are classified as having positional OSA [21]. This is related to the increased

susceptibility of the upper airway to collapse under the effect of gravity in the supine position

[155]. Accurate tracking of sleep positions is therefore important to prevent overestimation of AHI

[75].
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8. Advantages and limitations of physiological parameters

Physiological parameters can be measured from one or more body parts, depending on the type of

sensor used and measurement required. For instance, ECG can only be acquired from the chest,

while PPG signals can be obtained from different parts of the body, including the finger, wrist, or

forehead [126]. Moreover, PPG signals have multiple applications, including the measurement of

pulse rate, pulse rate variability, cyclic variability of heart rate, and oxygen saturation.

Nonetheless, all sensors have some limitations, such as susceptibility to surrounding noise, motion

artefacts, or causing discomfort to the patients. Therefore, it is important to consider both the

advantages and limitations of each sensor to choose the appropriate one for a particular application.

A summary of the advantages and limitations can be found in Table 3.

Table 3. Physiological parameters used for OSA detection.

Pulse rate Pulse oximeter (from PPG) Mostly finger, wrist,

back of the neck, or

forehead [126].

The signal can be

obtained from

many parts of the

body.

Cardiac arrythmia and

heart failure disease can

affect the effectiveness of

the device for OSA

detection [47,67]; clips

affixing the sensor to the

finger may be disturbing

[49]; susceptible to motion

artefacts and surrounding

noise [156].

Heart rate

signals

ECG On the chest Restricted to the

chest.

Requires patients taking

off their tops; placement

of electrodes on the chest

may cause skin rashes or

irritation.

Oxygen

saturation

Pulse oximeter; arterial

blood gas

spectrophotometry.

finger, wrist, or

forearm.

Non-invasive

determination of

oxygen

desaturation; and

used to estimate

hypoxic burden.

SpO2 may be

overestimated in smokers

[94]. Non-OSA related

desaturations can increase

false positives [98].

Sound Microphone Suprasternal notch

or place above

Both snoring and

breath sound

signals can be

Anthropometric factors

such as height, neck

Parameters Sensors Body location Advantage Disadvantage
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patient near the

head.

simultaneously

acquired.

circumference, or BMI may

affect signal quality [157].

Respiratory

movement

Time of flight camera,

sonar system,

accelerometer for

breathing movement.

Thoracoabdominal

region [52,110]

Breathing

movement

detectable without

contact to the body

using cameras or

radio frequency

signals.

Attaching accelerometer to

the abdomen/thorax may

initially cause discomfort;

camera sensing may be

particularly more sensitive

to central apnea [62].

Body

movement

Accelerometer; sonar

system.

Wrist,

thoracoabdominal

movement

[47,52,67]

Body movement

detectable from

multiple parts,

with/without

contact.

Discomfort may be initially

associated with fixing an

accelerometer to a body

part.

Airflow Nasal pressure

transducer; oronasal

thermistor; suprasternal

microphone.

Nose, mouth, neck

[118].

Use of two types of

the transducers

ensures

discrimination

between apnea and

hypopnea.

Respiratory effort cannot

be obtained from only

nasal pressure and

thermistor [55].

The sensors commonly used to acquire the signals and the location on the body, advantages and limitations

are summarized.

9. Non-AHI metrics

Non-AHI metrics are important physiological measures that can provide additional information

about the pathophysiology and impact of OSA beyond the standard measure of AHI and help guide

individualized treatment decisions. Some of these metrics include the now well-known OSA

endotypes (upper airway collapsibility, muscle responsiveness, arousal threshold and loop gain),

cyclic heart rate variability, oxygen desaturation index, apnea hypopnea time and hypoxic burden

index. Many of these parameters show strong associations with AHI, which are summarized in

Table 4. The relationship between non-AHI metrics with OSA is briefly described below.

Table 4. Correlation between non-AHI metrics and AHI.

Parameters Sensors Body location Advantage Disadvantage
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CVHR index 0.95 63 Hayano et al. [158]

0.81 41 Hayano et al. [159]

0.65 119 Hsu et al. [132]

ODI 0.93 65 Rosa et al. [160]

Obstruction severity 0.78 19 Kulkas et al. [161]

HBI 0.70 2743 Azarbarzin et [162]

0.69 459 Chen et al. [163]

ArTh 0.37 127 Edwards et al. [109]

Pcrit 0.66 25 Wellman et al. [164]

Loop gain 0.88 25 Wellman et al. [164]

Superscripts for correlation: a = linear regression; b = Spearman rank correlation; c = Pearson correlation;

CVHR = cyclic variation of heart rate; ODI = oxygen desaturation index; AHT = apnea hypopnea time;

HBI = hypoxic burden index; ArTh = arousal threshold. Pcrit = critical pressure. All correlations are significant.

Loop gain was associated with AHI at atmospheric Pcrit [164].

9.1. Metrics for OSA endotyping

Endotyping is an approach that categorizes OSA (obstructive sleep apnea) patients based on their

underlying pathophysiological traits. These traits include highly collapsible upper airway (Pcrit),

poor upper airway muscle responsiveness, high ventilation instability (loop gain), and low arousal

threshold. The endotyping approach, described by Eckert et al. helps in classifying OSA patients into

different subgroups [165]. For instance, a group with relatively low Pcrit (−5 to −2 cm H2O) may

have the highest loop gain and arousal threshold, but the least muscle responsiveness. On the other

hand, a group with Pcrit > +2 cm H2O may have the least arousal threshold and the highest muscle

responsiveness.

By understanding these endophenotypes of OSA, patients can be stratified as responders and non-

responders to specific treatments. For example, some patients may respond to treatments such as

eszopiclone (a sedative) or supplemental oxygen, while others may not [166,167]. Furthermore, the

knowledge of endophenotypes has implications for treatment selection. OSA patients with better

passive upper airway collapsibility and lower loop gain have been found to achieve a significant

reduction in AHI (apnea-hypopnea index) of approximately 67 % in response to mandibular

advancement treatment [168]. This indicates that treatment outcomes can vary depending on the

Non-AHI metric AHI Number of patients Authors

a

a

b

c

a

b

b

a

c

c
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specific endophenotypic characteristics of the individual patient. The limitations of the treatment

interventions applied to manage these endotypes have been discussed elsewhere [169].

The four endo/phenotypic parameters generally require CPAP and/or invasive upper airway muscle

activity recording to be determined [165,170]. Therefore, efforts have been made to develop simpler

and less-invasive approaches to acquire these parameters, which are described in the following

subsections.

9.2. Upper airway collapsibility

Upper airway collapsibility is typically measured by the critical closing pressure, or Pcrit, which is

defined as the nasal pressure at which the pharyngeal airway collapses, and results in the cessation

of airflow [3]. A higher Pcrit value indicates greater tendency for the upper airway to collapse. To

measure Pcrit, nasal pressure is gradually decreased using a modified CPAP device to induce

narrowing of the upper airway [3,20].

Initially, a holding nasal pressure is titrated for the participant to eliminate flow-limitation and

reduce neuromuscular activity. Next, the nasal pressure is abruptly reduced in increments of 1–

2 cm H O until flow-limitation occurs for 5 breaths, after which the pressure is returned to the

holding pressure for 1–2 min. The process is repeated with additional CPAP drops in steps of 1–2

cmH O, recording flow-limitation until zero or near zero flow is achieved. The nasal pressure value

at zero flow (extrapolated from the obtained flow-pressure data) is known as the passive Pcrit. To

obtain active Pcrit, flow-limitation following pressure drops is left to persist for 10 min during

NREM sleep and further drops are then applied until recurrent obstructive apneas occur or sleep is

no longer sustained. In ensuring accurate determination of Pcrit, algorithms have been developed to

accurately detect breaths including inspiration and expiration onsets from airflow signals, while

minimizing the effect of noise and baseline drifts during CPAP manuevers [171].

Pcrit is significantly and positively correlated with AHI (Pearson correlation = 0.66), making it an

indicator of OSA severity [3,164]. However, determining Pcrit with the above standard method is

time-consuming, laborious, and not clinically feasible. To simplify the process, a method has been

recently developed by Azarbarzin et al. that utilizes traditional PSG data to derive mid-inspiratory

and peak inspiratory airflows from pneumotachograph [172]. The method showed a significant

correlation between active Pcrit and peak inspiratory flow (R = −0.71, p < 0.05) and mid-inspiratory

flow (R = −0.64, p < 0.05), respectively. Another study has also formulated a model for estimating

Pcrit from percentage peak inspiratory flow (PIF) with a significant R  = 0.71 [173]. Percentage PIF

was defined as the average PIF of all 3–5 breaths without arousal at each of CPAP drops to zero level

expressed as percentage of the average PIF of all 5 baseline breaths preceding each of the CPAP dial-

downs.

However, both methods described above are limited because they are estimated only during sleep.

A wakefulness/daytime method of estimating the pharyngeal collapsibility has been presented by

2
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Osman et al. requiring brief application of negative airway pressure pulses of about −12 cmH O

[174]. The authors showed that wakefulness upper airway collapsibility index (UACI), derived from

nadir choanal and corresponding epiglottic pressures, was significantly correlated with Pcrit

evaluated at NREM sleep (R = 0.8). Translation of this approach to portable monitors is also limited

because choanal and epiglottic pressures are invasive and are not routinely measured during PSG.

Alternatively, nasal pressure-transducer-derived ventilation was synchronized with absence or

presence of EEG arousals and shown as a portable surrogate of CPAP for estimating the upper

airway collapsibility [175]. This method defined upper airway collapsibility during sleep as passive

ventilation, i.e., the reduced ventilation at normal ventilatory drive, indicating a more or less

collapsible airway. Ventilatory drive is the intended level of ventilation as influenced by the blood

oxygen-carbon dioxide changes and response to arousal input [176]. Sands et al. used passive

ventilation to categorize airway collapsibility into high, moderate, and low endotypes, with high

percentage value of passive ventilation indicating less airway collapsibility [175]. The authors

showed that passive ventilation strongly correlated with peak diaphragm-EMG (R = 0.83), which is

the gold standard for measuring ventilatory drive.

9.3. Arousal threshold

Arousal threshold is the negative intrathoracic pressure related to triggering cortical arousal

[103,165], which is commonly measured as the nadir esophageal or epiglottic pressure immediately

prior to arousal [177]. A low arousal threshold is typically defined as an epiglottic pressure between

0 and -15 cmH O, while a high arousal threshold is considered to be an epiglottic pressure less than

−15 cmH O [166]. Alternatively, non-invasive methods such as nasal pressure ventilation and

screening scores have been used for the prediction of arousal threshold. The nasal pressure-

estimated arousal threshold was defined as the median ventilatory drive immediately preceding

EEG arousals [178]. The screening-score method used the criteria of at least two of AHI <30, nadir

SpO2 > 82.5 %, and >58.3 % hypopneas in all respiratory events to predict a low arousal threshold

with 80.4 % sensitivity and 88 % specificity in ∼84 % of the study population [109].

Individuals with a low arousal threshold experience repeated apnea and hypopnea events because

the events, when they occur, are terminated quickly at a low breathing effort [102,166]. Although

arousals help to restore oxygen saturation levels after obstructive events, frequent arousal deprives

patients of deep sleep [102]. Additionally, frequent arousal can potentially cause upper airway

muscle disturbance since arousal leads to the activation of upper airway muscle [103]. On the other

hand, OSA patients with high arousal threshold require higher respiratory effort to be cortically

aroused during apnea and hypopnea events and are thus predisposed to blood gas imbalance (i.e.,

CO  and O ) [166]. Therefore, understanding an individual's arousal threshold can help personalize

their treatment, e.g., the use of sedatives like eszopiclone to reduce AHI in OSA patients with low

arousal threshold as eszopiclone increases/improves the patients' arousal threshold [166].
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9.4. Loop gain

Loop gain is a respiratory control parameter that quantifies the ventilatory response to a

disturbance in airflow caused by an obstructive respiratory event [176]. Thus, it is calculated as the

ratio of the ventilatory response to the disturbance in ventilation, typically measured through drops

in CPAP to cause airway narrowing/obstruction followed by CPAP restoration [170]. High loop gain is

undesirable as it leads to ventilation instability [179]. Loop gain has been correlated with upper

airway collapsibility. That is, it has been reported that loop gain in OSA patients with

Pcrit < -2cmH O is about two times as much as those with Pcrit > +2 cmH O, suggesting that high

loop gain is indicative of an upper airway with less collapsibility [165]. It has further been shown

that OSA patients with high loop gain and response to supplemental oxygen, such that their AHI

was reduced by ≥ 50 %, demonstrated less airway collapsibility [167]. In fact, Edwards et al. [180]

showed that acetazolamide significantly reduced loop gain by ∼41 % in OSA patients with high

baseline loop gain, while also decreasing their AHI but without significantly changing airway

collapsibility [180]. Terrill et al. have developed a simplified method to quantify loop gain (or a

representative measure) from standard PSG data, promoting regular calculation of the metric [176].

9.5. Upper airway muscle responsiveness

Upper airway muscle responsiveness refers to the ability of upper airway muscles, such as the

genioglossus and tensor palatini, to adjust their activity in response to respiratory stimuli [103].

Studies have shown that in individuals with OSA, these muscles exhibit decreased EMG activity

during cyclic breathing compared to stable breathing, and during OSA events in REM relative to

stage 2 sleep [181].

Passive ventilation of healthy subjects with CPAP has been shown to decrease EMG activity in both

the genioglossus and tensor palatini during transitions from wake to sleep and when comparing

NREM and REM sleep to sleep onset in the tensor palatini [182]. On the other hand, activity in these

muscles is increased approximately 2–3 folds in response to reduced CPAP levels [103,183]. Failure

of these muscles to respond to the respiratory stimulus increases airway collapsibility [3,184].

Measuring upper airway responsiveness or compensation involves invasive techniques such as

EMG, which limit its determination non-invasively or outside of the laboratory. This may be

alternatively assessed using the Sands et al.‘s nasal pressure transducer approach described earlier

under upper airway collapsibility [175]. The authors defined muscle compensation as the difference

between passive ventilation and active ventilation, which is the level of ventilation at the arousal

threshold and showed that it had a significant correlation with the peak diaphragm-EMG (R = 0.76).

Greater baseline muscle compensation with better passive collapsibility and/or high loop gain are

predictors of responders to the supplemental oxygen treatment [167]. Additionally, the timing of

respiratory-related arousals (i.e. inspiration vs. expiration) could potentially be incorporated as a

predictor of muscle responsiveness, particularly for the tensor palatini [177].
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9.6. Cyclic variability of the heart rate index

Cyclic variability of the heart (CVHR) refers to cyclical pattern of heart rate changes during apnea

and hypopnea events in individuals with OSA. During apnea and hypopnea events, the heart rate

decreases, followed by an increase in the heart rate when the events are terminated with

resumption of airflow [132]. This pattern is identified as an R–R dip distinct from other pseudo-dips

within a threshold window, typically with an average width of 6 min, along the R–R interval

waveform [[158], [159], [185]].

The CVHR index is calculated as the number of CVHRs per hour of sleep [158]. The correlation

between CVHR index and AHI is very high (R = 0.95), not significantly affected by presence/absence

of heart failure, and the CVHR amplitude (effective RRI dip) can predict heart failure-related

mortalities [185,186]. Home-based CVHR has significant correlation with tau protein level, as a

measure of neuro degenerative disease in OSA patients (R = 0.53), such that the protein level is

significantly higher in severe OSA compared to normal-to-moderate severity [187]. Further research

was suggested to determine how habits such as cigarette smoking and alcohol intake will impact

the tau level and thus the CVHR-tau protein correlation. It is also important to note that CHVR can

be impacted by periodic limb movements [185].

9.7. Oxygen desaturation index

Oxygen desaturation (OD) refers to the decrease in the oxygen saturation (SpO2) signal from the

baseline (mean SpO2) before a respiratory event to the lowest SpO2 following the event [22]. To

score hypopnea, at least a 30 % decrease in baseline nasal airflow lasting ≥10s, accompanied with

≥3 % OD, is recommended [22]. The number of times that desaturation events occur per hour of

sleep is known as the oxygen desaturation index (ODI). While a 3 % OD is commonly used, higher

ODIs based on 5 % OD have been shown to offer protection against the hazard of developing

cardiovascular disease in women with OSA (but not men) [100]. ODI has also been used to predict

OSA in children, elderly individuals, and obese patients [[160], [188], [189]].

Recent studies have presented and defined additional indices of oxygen desaturations, which are

obstruction severity and desaturation severity indices [161,190]. Obstruction severity was defined as

the sum of all the products of area under the desaturation curve and the corresponding hypopnea

or apnea duration per unit hour of sleep [161]. Desaturation severity, which has similar meaning as

hypoxic burden index (described in subsection 9.8), was defined by the authors as the sum of

desaturation areas associated to respiratory events per unit hour of sleep.

Kainulainen et al. [190] found that a 10 % increase in desaturation severity is a risk factor for

moderate daytime sleepers to fall asleep in 5–10 min following laying down to sleep [190]. They also

showed that a 10 % increase in both desaturation and obstruction severities is a risk factor for severe

daytime sleepers to fall asleep in ≤5 min [191]. Additionally, a 10 % increase in desaturation depth or

desaturation severity significantly raised the odds for having a slow reaction time to psychomotor
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vigilance tasks. These findings present a new paradigm for evaluating daytime sleepiness and

physical alertness in OSA patients, although they may be limited by some non-OSA related

desaturations [98].

9.8. Hypoxic burden index

The hypoxic burden index (HBI) is a metric that considers the respiratory event-related

desaturation durations and depths in the SpO2 waveform. HBI is defined as the sum of all the

individual areas under the desaturation curves associated with hypopnea and apnea events per

hour of sleep [162]. With focus on hypoxia, typically described as SpO2 < 90 %, Chen et al. defined

HBI as the summation of all the different areas below 90 % saturation line which is bounded by the

desaturation curves [163]. It is important to note that HBI differs from desaturation severity,

because an increase of 10 % is required to define the physiological implication of desaturation

severity on daytime sleepiness [190].

HBI has been shown to be associated with AHI, nadir SpO2, as well as the total time spent sleeping

during which SpO2 < 90 % (Spearman correlation = 0.690, 0.733 and 0.801, respectively) and is

considered a risk factor for cardiovascular diseases [163]. A prospective cohort study is required to

establish causality between hypoxic burden before and after cardiovascular disease occurrence

[163]. In addition, OSA patients with HBI >1 have been found to have significantly elevated levels of

vascular endothelial growth factor (VEGF-A) following myocardial infarction, which may suggest

cardiac remodeling in response to myocardial infarction [192]. Lastly, HBI has been linked to

cardiovascular disease-related deaths in a prospective cohort study involving individuals with OSA,

who exhibited a negative HBI-to-survival probability relationship [162].

9.9. Apnea hypopnea time

The apnea-hypopnea time (AHT) is a metric that was recently introduced and described in a paper

by Ma et al. [193]. AHT represents the total duration of apnea and hypopnea events per hour of

sleep, expressed as a percentage. The metric was shown to be significantly correlated (R = 0.889) to

the total sleep time spent with SpO2 levels below 90 % and therefore a useful tool for evaluating

nocturnal hypoxemia in patients with OSA.

In addition, a study of 17 OSA patients who underwent surgical treatment showed a significant

average increase in mean-SpO2 (by 2.8 %) following a significant mean reduction in obstructive

apnea index by 36/h and apnea duration per event by 8.5s [194]. This finding supports the

usefulness of the event duration captured by AHT. Note that the obstructive apnea index is defined

as the total number of apneas per hour of sleep.

10. Discussion and future direction
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This review article has discussed the physiological parameters involved in calculating the AHI and

diagnosing OSA. PSG makes use of a variety of signals for the clinical measurement of AHI, including

airflow, effort, oxygen saturation, EEG, EOG, and EMG. PMs have emerged as a potential alternative

to in-lab PSG for diagnosing OSA. PMs can use as many or as few parameters as PSG for

symptomatic patients, with the first three parameters being the minimum recommended

[12,13,22,28]. The number of parameters used by a PM does not necessarily influence their

performance [[51], [61], [63]]. However, the inclusion of certain parameters such as respiratory rate,

effort, oxygen saturation, peripheral arterial tonometry and sound can enhance PM accuracy

[33,59,47].

The choice of PM can help discriminate different types of sleep apnea. PM III, with its

chest/abdomen channels, can score obstructive apneas and obstructive hypopneas by breathing

effort [23]. It can identify obstructive hypopnea by presence of flow limitation and out-of-phase

chest/abdomen oscillations on the airflow and chest/abdomen channels, respectively, and detect

central hypopnea by absence of flow limitation and presence of in-phase oscillations [23,195].

Although PM IV, comprising an airflow channel, can also detect presence/absence of airflow

limitation, PM III, unlike PM IV, which lacks the chest/abdomen channel for effort detection [13],

can additionally distinguish obstructive apnea from central apnea in which there is no effort [23].

According to the American Academy of Sleep Medicine recommendation, the presence of dominant

central apnea should not be used as a criterion for diagnosing OSA using PMs [12,27]. However, PM

III, unlike PM IV, has the ability to identify central apnea, which makes it potentially useful for

quickly excluding central sleep apneic patients from PM-based diagnosis, especially in situations

where PSG is unavailable. Additionally, PM III is set as a quicker and simpler choice for rapid OSA

diagnosis compared to PM II, as PM II requires setup by a clinical technician [29]. With PM III,

patients can set up the device themselves after brief instruction from the clinician [30].

Beyond OSA diagnosis, the physiological signals typically acquired in PSG have been utilized to

stratify OSA patients based on their pathophysiology and enhance personalized treatment. This

stratification is achieved through the evaluation of the four endotypic traits [165]: upper airway

collapsibility, muscle responsiveness, arousal threshold and loop gain. While these four traits are

traditionally obtained from CPAP and/or invasive measurements during PSG, recent advancement

have allowed for their non-invasive derivation from nasal pressure and EEG [175,178].

A PM III device (ResMed's ApnearLink Plus/Air), without EEG, has been utilized to estimate loop

gain from the ventilatory signal [196]. This estimation is facilitated by monitoring breathing effort

and oxygen saturation through the chest/abdomen and pulse oximetry channels. By doing so,

ventilatory disturbances such as apnea/hypopnea can be classified as obstructive or central, and the

ventilatory response to blood gas imbalances due to these disturbances can be observed [167,175].

Orr et al. conducted a study comparing loop gain values derived from PM III with those from PSG

and found that for a specific average loop gain there was no significant bias between the two

methods [196]. Additionally, PM III-estimated loop gains showed a significant moderate correlation
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(R = 0.47) with PSG-derived loop gain. Interestingly, this correlation coefficient increased even

further when sleep stages and arousal were removed from the PSG data to approximate portable

home sleep apnea monitoring (R = 0.66), which typically does not include EEG. Moreover, it is worth

noting that no significant differences were observed in the respiratory events and oxygen saturation

levels detected using both PM and PSG approaches. This suggests that PM III can be a reliable

alternative when EEG data is unavailable for loop gain estimation and monitoring respiratory events

during sleep.

A more recent study by Schmickl et al. has provided a promising approach for PM assessment of

loop gain [197]. They developed a regression model based on the measured AHI and fraction of

hypopneas present in the overall respiratory events. The model was moderately successful at

predicting loop gain (R = 0.48), with no significant bias with the PSG-derived loop gain. The model

also demonstrated a fair power of 73 % to discriminate between high and low loop gains. However, it

is essential to acknowledge that the accuracy of this approach may be limited due to the variability

among loop gain estimates using different hypopnea scoring criteria. These criteria include ≥3 % ODI

with ≥30 % or 50 % decrease in airflow from baseline or ≥4 % ODI with ≥50 % decrease in airflow.

Indeed, hypopneas and apneas constitute the ventilatory instabilities measured in loop gain [176].

This highlights the importance of considering potential sources of variability when applying the

regression model in the assessment of loop gain.

The remaining three OSA endotypic traits can also be assessed using conventional PMs or modified

PM versions. For the determination of arousal threshold, the work of Edwards et al. serves as the

foundation upon which PM III or IV can gauge low arousal thresholds based on two out of three

scoring criteria [109]. These criteria involve a calculated AHI <30 events/hr, nadir SpO2 > 82.5 %, and

greater than 58.3 % of respiratory events being hypopneas. To effectively determine arousal

threshold, upper airway collapsibility and muscle responsiveness portably, the approach outlined

by Sands et al. [175,178] can be employed, provided that EEG data are available to assess sleep state

and arousal. In this case, arousal threshold is defined as the ventilatory drive at arousal. Passive

ventilation serves as a Pcrit surrogate, representing the ventilation at eupneic ventilatory drive.

Upper airway muscle responsiveness can be effectively estimated by comparing the active

ventilation (ventilation at ventilatory drive associated with the arousal threshold) with the passive

ventilation. Both the sleep state and arousal requirements can be met by a portable EEG head band

and patches adapted to a home sleep testing device [198,199]. These advancements in PM

technology and methodologies offer promising opportunities for the portable assessment of crucial

OSA traits in a more convenient and accessible manner.

Even without modifying PMs to include EEG, regular PMs can still be used to estimate arousal

threshold, upper airway collapsibility and muscle responsiveness. This is possible using a single-

lead ECG and a pulse oximeter, which have been demonstrated as portable means of detecting

arousal and sleep stages from heart rate variability and PPG signal, respectively [[200], [201], [202]].

In this case, ECG or PPG-derived arousal can be utilized as an EEG arousal surrogate, and then the
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four traits can be estimated using the Sands et al. approach [175,178]. While the single-lead ECG

showed minimal agreement with the PSG method of arousal detection (kappa = 0.47 and arousal/no

arousal discriminative power of 0.59) [200], the PPG study achieved a much higher arousal

discriminative power of 0.91 [201]. The difference in the performance of these two portable

assessments of arousal may be attributed to the use of arousal probability threshold of 30 % with the

ECG method and 25 % with the PPG approach.

Other non-AHI parameters, including HBI, CVHR, AHT and obstruction severity, obtained from PSG

signals, provide valuable insights into various pathophysiological states in patients with OSA, such

as cardiovascular diseases [162], [185], daytime sleepiness [190], and psychomotor alertness [191].

PM III, with its pulse oximetry and ECG channels [27], can be utilized to derive all these parameters.

Interestingly, in PM IV, HBI, AHT and obstruction severity can be determined from the SpO2 feature

of pulse oximetry and airflow channels, while CVHR can be derived from the PPG component of

pulse oximetry [159], [162], [190], [193]. However, further research is needed to thoroughly evaluate

the performance of PMs III and IV in both home and laboratory settings for the measurement of

these non-AHI metrics.

Regardless of the type, any PM can include a channel for detecting snores given that sound channel

is not used in the classification of PMs [32], [42], [44]. Analyzing snoring signals can provide

information about the sites of airway obstruction, aiding in determining appropriate treatment

options and identifying contraindications. For example, invasive drug induced endoscopy has

shown that hypoglossal nerve stimulation treatment may be contraindicated in OSA patients with

concentric collapse of the retropalatal airway [203]. Interestingly, snoring signals have been shown

to non-invasively predict obstruction sites with a sensitivity ≥73 % at the levels of velum,

oropharynx, tongue and epiglottis [204], with an accuracy of ∼86 % [205].

Overall, PMs have the potential to streamline the diagnosis and management of OSA by providing

accessible, unattended, and portable monitoring options. With further advancements and research,

PMs can significantly contribute to early diagnosis of OSA, including the quantification of endotypic

and other non-AHI related metrics, personalized treatment, and ultimately improved health

outcomes for OSA patients.
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…HGNS device implantation and titration procedures are discussed in the Supplementary Material (Section

S1.3). The presence and severity of OSA are evaluated by measuring the AHI during sleep, either through an in-

lab polysomnography (PSG) study or home sleep test (HST) [23]. OSA severity is classified as mild, moderate or

severe, corresponding to an AHI of 5–15, 15–30, and more than 30 events/hr of sleep, respectively [24].…
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