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Abstract: This article presents an overview of the advancements that have been made in the use of
photoplethysmography (PPG) for unobtrusive sleep studies. PPG is included in the quickly evolving
and very popular landscape of wearables but has specific interesting properties, particularly the
ability to capture the modulation of the autonomic nervous system during sleep. Recent advances
have been made in PPG signal acquisition and processing, including coupling it with accelerometry
in order to construct hypnograms in normal and pathologic sleep and also to detect sleep-disordered
breathing (SDB). The limitations of PPG (e.g., oxymetry signal failure, motion artefacts, signal
processing) are reviewed as well as technical solutions to overcome these issues. The potential medical
applications of PPG are numerous, including home-based detection of SDB (for triage purposes),
and long-term monitoring of insomnia, circadian rhythm sleep disorders (to assess treatment effects),
and treated SDB (to ensure disease control). New contact sensor combinations to improve future
wearables seem promising, particularly tools that allow for the assessment of brain activity. In this
way, in-ear EEG combined with PPG and actigraphy could be an interesting focus for future research.

Keywords: photoplethysmography; wearables; sleep-related breathing disorders; obstructive sleep
apnea; polysomnography; heart rate variability

1. Introduction to Photoplethysmography

Photoplethysmography (PPG) is an unobtrusive small device that is able to measure
numerous physiological functions. Due to the fact that sleep follows an observed cardio-
vascular and respiratory pattern modulated by the autonomic nervous system, PPG is
able to catch these changes and allow for the extrapolation of sleep staging and abnormal
breathing pattern data. This data extraction process is complex, as analysis relies on mathe-
matical models that should be tested, trained, and validated on a dataset before a potential
clinical application [1]. The purpose of the present overview is to review the role of PPG in
the detection of normal and pathologic sleep, to present the current limitations, to compare
PPG with other wearables, and, finally, to assess its potential medical applications.

1.1. Historical Overview

The term photoplethysmography (PPG) is derived from ancient Greek. “Plethysmogra-
phy” is derived from “plethysmos”, which means enlargement, and “graphein”, which means
to write”. In medicine, this term is commonly used for measuring and recording changes
in the volume of the body, of an organ, or of a tissue. PPG is plethysmography that is
obtained using an optical device (from “photos”, meaning “light”). Overall, the term
describes an optically driven method used to detect blood volume changes (BVCs) in the
microvascular bed of tissues [2].

The first attempts at developing instruments designed to monitor BVCs date from
1936 with the work of two groups of American researchers: Molitor and Kniazuk from the
Merck Institute of Therapeutic Research in New Jersey, and Hanzlik et al. from Stanford
University School of Medicine [2].
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In 1937, another American, Alrick B. Hertzman from the Department of Physiology
at St. Louis University, published a first description of a photoelectric plethysmograph
that could transcutaneously measure peripheral BVCs in fingers and toes, during Valsalva,
vasodilator, and vasoconstrictive maneuvers, and he became the first to introduce the term
PPG [3].

In 1940, Hertzman and his research team were able to split the PPG waveform into two
components with separate electronic amplifiers for the alternating current (AC) and direct
current (DC) components. These pulsatile and non-pulsatile components of transmitted
light enabled Japanese engineer Aoyagi to develop the first pulse oximeter 30 years later [4].

At the same time in London, Squire was the first to realize that the transmission of red
and infrared light through tissue changed with oxygen saturation [4]. In 1949, Wood, at the
Mayo Clinic, extended and mathematically developed the ideas of Squire to provide the
basis for the emerging final work of Aoyagi who was able to compute arterial saturation
by looking at the ratio between AC and DC at two different wavelengths, red and infrared
(IR) [4]. Pulse oximeters have been available commercially since 1983 and are still the
standard procedure for oxygen saturation estimation and heart rate (HR) measurement [3].

1.2. Technical Aspects of Photoplethysmography

The method relies on the observation that the light travelling through different biolog-
ical tissues is absorbed in different proportions by its components, such as skin pigments,
bone tissue, or red blood cells. Fluctuations in the absorbed light are determined by equiv-
alent quantitative fluctuations of the light-absorbing tissues, mainly due to fluctuations
in blood flow. These cardiac cycle-reflecting fluctuations were first described by Akbar
Mohamed, who established the foundation of pulse wave analysis with his sphygmogram
at the end of the nineteenth century and pointed out the difference between peripheric
(radial) and central (carotid) waves [5].

These waves occur mainly in the arterial segment of the vascular bed and, to a lesser
extent, in its venous segment, with an increase in blood volume during cardiac systole and
a reciprocal decrease during cardiac diastole. The PPG sensors detect these BVCs, measured
as variations in the intensity of the transmitted or reflected light from the microvascular
bed of the investigated tissue. The PPG waveform includes two components: DC, the
relatively steady component, that slowly varies with respiration and relates to the tissues
and to the average blood volume in the venous blood and the steady arterial flow, and
AC, the pulsatile physiological waveform [6] related to the cardiac cycle, that reports BVCs
between the systolic and diastolic phases. The AC component frequency depends on the
HR and is superimposed onto the DC component. Pulse oximeters use electronic filtering
and amplification to separate the AC and DC components for estimating peripheral oxygen
saturation (SpO2) and for extracting the PPG signal [2].

Figure 1 summarizes the acquisition of the PPG signal. The AC arterial systole-related
BVCs component is superimposed onto the slowly varying DC, tissue, venous and arterial
diastolic steady blood volume-related component. The variability of the DC component is
related to respiration and vasomotor activity.

The interaction of light with biological tissue involves scattering, absorption, and/or
reflection. The choice of the right wavelength is essential to obtaining a PPG signal. Red
light (approximately 660 nm) and near-IR light (approximately 940 nm) pass easily through
human tissue and have been routinely used as a light source in PPG sensors. PPG relies on
the difference in measured absorption between oxygenated and deoxygenated hemoglobin
at the two wavelengths [7].
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Figure 1. Basis of photoplethysmography (PPG) signal acquisition. LED: light-emitting diodes; PD: photodetector;

A: other tissues; B: venous blood; C1: non-pulsatile component of artery blood; C2: pulsatile component of artery blood;

AC: alternating current-the pulsatile part of the PPG waveform; DC: direct current—the steady part of the PPG waveform;
AP: anacrotic phase; CP: catacrotic phase; DN: dicrotic notch.

More recently, because of their wide intensity fluctuations in modulation during the
cardiac cycle, green-wavelength PPG devices have been developed and are increasingly
used. The new green light-emitting diodes (LEDs) also have a considerably higher absorp-
tive capacity when compared to IR light, for both oxyhemoglobin and deoxyhemoglobin.
Currently, green light provides the strongest PPG signal. Two types of signals can be
obtained from wearable PPG: transmissive absorption (as at the finger-tip) or reflective
(as on the forehead or wrist). In transmissive PPG, the LED-emitted light is transmitted
through the tissue and detected by the photodetector (PD) placed on the opposite side
of the tissue, while in reflectance mode, the PD lies on the same side as the LED source,
detecting the reflected light from the tissue (Figure 1).

In order to be effective, the PPG sensor must be placed on specific body spots where
the anatomic constitution and arrangement of the tissues to be traversed assure a clear
transmission from the LED to the PD. The preferred sites are the fingertip and the earlobe,
but other body sites, such as the nasal septum, the cheek, or the tongue have also been used.

However, there are some limitations: these sites have limited blood perfusion, they
can be exposed to low ambient temperatures, and interfere with daily activities. Reflectance
mode eliminates the problems associated with sensor placement, and a variety of mea-
surement sites can be used, but motion artifacts and pressure disturbances can also limit
the measurement accuracy of physiological parameters. Other limitations influencing
SpO2 signal quality include hypothermia, arterial vasoconstriction, low cardiac output
(<2.4 L/min/m?), and elevated cutaneous vascular resistance [8].

1.3. Recent Developments in Photoplethysmography Technology

Significant advances in PPG probe design have occurred in the last few decades with
progress in modern electronics and semiconductor technology leading to the extensive use
of LEDs, photodiodes, and phototransistors. There have also been numerous developments
in computer-based digital signal processing and pulse wave analysis. A big step forward
was taken with the development of small, wearable, pulse rate (PR) sensors, leading
Jonathan and Leahy to report HR estimation using smartphones in 2010 [9]. Ever since,
numerous studies have been conducted by groups whose objective was to obtain robust
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physiological information using small wearable unobtrusive devices as described later in
this paper (see Section 3).

The second foundational stone of the expansion of the PPG technique in the bioengi-
neering field was laid in 2000 when Wu et al. [10] proposed the first system for noncontact
imaging photoplethysmography (iPPG), a pioneering system that uses a camera to detect
pulsatile changes in optical properties of the skin. Over the years, this method has been
described in literature under different names such as remote PPG (rPPG), non-contact PPG
(ncPPG), imaging PPG (iPPG), and PPG imaging (PPGi/PPGI) [11]. iPPG using digital
cameras has generated increasing scientific interest with more than 60 papers published
between 2010 and 2015.

Over the last few years, the iPPG technique has been increasingly tested in various
settings and numerous papers are available on its performance in clinical applications.
iPPG offers promising perspectives in providing a comfortable alternative to monitoring
in infants, elderly people, patients with chronic pain, particularly neuropathic pain or
migraine, with burnt skin, and patients undergoing dialysis. The technique has also been
tested in peri-operative settings, in anesthesia monitoring, in critical patient monitoring, in
arrythmia detection, and in burn care [12]. Van Gastel et al. recently described the possibil-
ity of obtaining contactless vital sign monitoring during sleep, opening the possibility of
sleep apnea and sleep disorders assessment through rPPG [13].

In 2020, during the COVID pandemic, Casalino et al. proposed the use of a camera for
non-contact and real-time measurement of blood oxygen saturation based on video face
processing and rPPG with the enormous potential advantage to avoid physical contact in
contagious patients [14].

2. Applications of Photoplethysmography in Clinical Physiological Measurements in
Healthy Subjects

PPG is a multisignal provider: it provides not only SpO2, but also HR and respiratory
rate (RR) values. The AC component of the PPG waveform is synchronous (but delayed
with a transition time interval) with the systolic ECG complex, and, therefore, can be used
as an HR surrogate. Signal extraction, clinical applications, and limitations are summarized
in Table 1.

PPG in Normal Sleep

Due to the variety of different signals that can be derived from PPG, researchers have
studied the ability of PPG to describe sleep staging. Indeed, PPG allows for the recording
of four physiological parameters (HR, SpO2, BP, RR) or surrogates, capturing physiological
changes that are correlated with brain activity. During normal sleep, the autonomic nervous
system (ANS) modulates cardiovascular functions during sleep onset and the transition to
different sleep stages. The analysis of heart rate variability (HRV), which can be extracted
from PPG, is a reliable tool to assess cardiovascular autonomic control as it can report
physiological autonomic changes present during the wake-to-sleep transition, sleep onset,
and different sleep stages: REM and NREM sleep [15,16].

The gold standard for the determination of sleep staging, visually represented by
the hypnogram, is polysomnography (PSG). PSG allows for the scoring of the different
stages of sleep including the waking, rapid eye movement (REM), and non-rapid eye
movement (NREM) stages. The NREM stage is further divided into N1, N2, and N3.
PSG is, unfortunately, an expensive, intrusive, and time-consuming in-hospital sleep lab
procedure [17,18]. Moreover, access to sleep labs is limited, at least in some countries [19,20].

Sleep disorders are growing in the general population. Insomnia and obstructive
sleep apnea (OSA) are the most common sleep disturbances. A significant proportion of
OSA remains undiagnosed [21], emphasizing the need for early diagnosis and treatment.
To overcome the problems of accessibility, complexity, and costs, many simplified portable
monitoring devices (PM) have been developed since the 1980s to perform home sleep
apnea testing (HSAT). In 1994, the American Academy of Sleep Medicine (AASM) clas-
sified, for the first time, all sleep recording devices. According to the number of sensors,
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the scientific society categorized them from level I to IV [22]. Type Il refers to unattended
PSG and is rarely used. HSAT refers to type III and IV.

Table 1. Applications of photoplethysmography in clinical physiological measurements in healthy subjects.

Signal (Type and Processing) Usefulness Limitations
Arﬁgsl?:;)f ilrc?r?i?cl)tr(i);mg Dyshemoglobinemias
SpO2 AC and DC components of PPG P . & Reduced accuracy for low
Anesthesia values
ICU
Ambulatory monitoring
AC component of PPG Hospital monitoring
Heart Rate Upsampling and algorithm to reject Anesthesia Cardiac arrhythmias
artefacts ICU Movement artefacts

PPG-derived HR = pulse rate (PR)

Neonatal care
Sleep (HR variability)

Blood pressure

DC component of PPG
Surrogate pulse measure of BP =
pulse transit time (PTT), calculated

Ambulatory monitoring
Hospital monitoring

Cardiac pre-ejection period to

from ECG R wave to the foot of Ang}sctgesm PIT
PPG pulse
Ambulatory monitoring
DC component of PPG Hospital monitoring
Respiratory rate Extraction algorithm to isolate Anesthesia
respiratory induced intensity ICU
variation Neonatal care
Sleep

AC: alternating current, DC: direct current, PPG: Photoplethysmography, ICU: intensive care unit, HR: heart rate, SpO2: peripheral oxygen
saturation, BP: blood pressure, ECG: electrocardiogram, PTT: pulse transit time.

The main difference between HSAT and PSG is the lack of electroencephalogram
(EEG) recording associated with HSAT devices, which makes it impossible to score sleep
stages and to distinguish sleep periods from wake periods. These recordings report time in
bed or a recording period.

Wearables, belonging to the type IV category, have gained in popularity during the last
few decades. These devices (including PPG) can be used to estimate sleep but are also used
in a broader set of applications among the general population. Indeed, there is a large focus
on the self-monitoring of physiological parameters in daily living, with the purpose of
improving the self-management of sleep duration, sleep schedule, and healthier behavior
for the primary prevention of cardiovascular and metabolic disorders induced by sleep
reduction/sleep fragmentation [23]. In contrast to PSG, wearables allow for prolonged
periods of evaluation. Currently, most smartphones and wearable health devices (e.g., wrist-
worn watches) include accelerometers and provide information about sleep duration and
sleep staging. Unfortunately, few have been validated against PSG and the performance of
these devices for sleep stage detection is poor [24-26]. The characteristics, benefits, and
limitations of commercialized wearable sleep-trackers (meaning the use of contact sensors)
for sleep detection in adults are summarized in Table 2 [24,27-30]. Sleep stage detection
performance is not reported in the table as there is considerable heterogeneity between
studies and the results are generally unreliable.
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Table 2. Wearable sleep-trackers dedicated to sleep measurement in healthy subjects.

Overall Performance vs.

Wearable Technique Polysomnography

Limitations

actigraphy
-Actiwatch 64, actiwatch spectrum

-High cost
Accelerometer =  Overestimation of SE, TST, and  -Time-consuming interpretation
skin temperature  underestimation of SOL, WASO by trained staff (missing data,
motion artefacts to remove)

consumer wearables (first generation)
-Fitbit, Fitbit ultra, Fitbit Flex

-Commercial devices not
developed for clinical use
-Raw data and manufacturer
algorithms are not accessible
-Motion artefacts

-Misfit Shine Accelerometer Overestimation of SE, TST, and
-Jawbone Up underestimation of WASO

consumer wearables (with sleep

mode activation)

-Jawbone Up Move

-Withings pulse O2 -Commercial devices not
developed for clinical use
-Raw data and manufacturer
algorithms are not accessible
-Motion artefacts

o Overestimation of SE, TST, and
. S Accelerometer TIB
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Table 2. Cont.

Wearable

. Overall Performance vs. ST
Technique Limitations
Polysomnography

consumer wearables (last generation)
-Fitbit surge
-Fitbit charge 2
-Apple watch

Devices under development

(requiring validation vs. PSG):

E4 wristband Empatica

Corsano Cardiowatch
ScanWatch Withings

-Commercial devices not
developed for clinical use

slf;flc’fel gozif;e Overestimation of SE, TST, and -Raw data and manufacturer
N PII)’ G underestimation of SOL algorithms rarely accessible

-Motion artefacts
-Failure of PPG signal capture

TST: total sleep time; TIB: time in bed; SE: sleep efficiency; SOL: sleep onset latency; WASO: wake after sleep onset; PPG: Photoplethysmog-
raphy; PSG: polysomnography.

Now let us review the recent academic studies focused on PPG signal-based algorithms
to document sleep architecture in normal sleep. For this review, we have selected studies
that compared data extracted from PPG with PSG in healthy adults, with the purpose of
sleep/wake detection and/or classification of sleep stages.

In order to understand these new diagnostic methods in clinical practice, the statistical
interpretation of studies should be well understood. Sensitivity is defined as the ratio of
true positive samples to the total number of positive samples (true positive + false negative),
while specificity is defined as the ratio of true negative samples to the total number of
negative samples (true negative + false positive). Therefore, a sensitive tool means, in the
present case, that you will not miss a sleep period or a specific sleep stage. A specific tool
means that we can be confident in a negative result (specificity = true negative/negative
samples). Negative predictive value (NPV) is the ratio of true negative and the sum of
true negative and false negative, whereas positive predictive value (PPV) is the ratio of
true positive and the sum of true positive and false positive. Accuracy is also often used
and is defined as the proximity of measurement results to the true value. The accuracy of
a measurement system is the degree of closeness of measurements of a quantity to that
quantity’s true value. Studies often report Cohen'’s kappa coefficient (k) that represents the
degree of accuracy and reliability in a statistical classification and measures the agreement
between two raters (judges) who each classify items into mutually exclusive categories.
Interpretation of Cohen’s kappa results is as follows: 0.01-0.20: slight agreement; 0.21-0.40:
fair agreement; 0.41-0.60: moderate agreement; 0.61-0.80: substantial agreement; 0.81-1.00:
almost perfect or perfect agreement [31]. Of note, when we compare manually scored PSG
to other sleep measurements, AASM inter-scorer agreement between two sleep experts is
about 0.78 [32]. Finally, the area under the curve (AUC)-receiver operating characteristics
(ROC) curve is a performance measurement for the classification problems at various
threshold settings.
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Eyal et al. [33] aimed to validate an automated sleep analysis that was based on the
inter-beat-interval (IBI) series obtained from transmissive PPG, and that used features
of HRV. The algorithm was tested against the gold standard, PSG. PPG allows for the
detection of instantaneous IBI. The research team developed sleep diagnostic software that
relied on IBI series obtained from an electrocardiogram (ECG) signal (IBIECG). With the
wide availability of PPG for HR detection, their interest was in evaluating whether the
IBI obtained from PPG signals (IBIPPG) during sleep allowed for the evaluation of sleep
structure. Indeed, previous studies [34,35] indicated that heart rate variability (HRV) based
on IBIPPG could be used as an alternative to the HRV calculated from electrical signals
of the heart, IBIECG. Data from 88 PSGs that included both ECG and finger PPG were
used to check the performance of a PPG-based algorithm. They found that epoch-by-epoch
sleep/wake comparisons between the output of the IBIPPG automated algorithm with PSG
resulted in fair agreement, with sensitivity to wake stage (W) as low as 38%, but a very high
specificity: 92%. When considering sleep stages only, the capacity of the IBIPPG developed
algorithm to distinguish between REM stages and NREM stages showed a sensitivity to
REM sleep as low as 51% and a specificity of 92%, with k = 0.46. The sensitivity between
different sleep stages in epoch-by-epoch scoring using the developed algorithm vs. gold
standard were for wake/sleep; REM/NREM deep sleep; REM/NREM light sleep 38%, 51%,
77%, and specificity 92%, 92%, 75%, k = 0.31, 0.46, 0.42, respectively. This algorithm was an
interesting first attempt to establish sleep architecture based on PPG signals, but accuracy
was low and suggested that further improvement was needed.

Motin et al. [36] designed an automated approach, extracted from time domain fea-
tures, for sleep-wake classification based on fingertip PPG signals (SpO2, surrogate cardiac
signals). A support vector machine was used on a training dataset to teach the machine to
distinguish sleep and wake stages, and this was then applied to 2818 sleep-wake events
from PSG. The performance was interesting, with a sensitivity of 81%, specificity of 82.5%,
and accuracy of 81%, opening the door to further use of this model.

Another study added actigraphy data to PPG signals in order to improve sleep/wake
and sleep staging detection accuracy. Fonseca et al. [27] added accelerometer measurements
to PPG signals (PPG-derived HRV) to assess sleep. They obtained, in 51 healthy participants,
an agreement of 70% for total sleep time (TST), total wake time, sleep efficiency, and wake
after sleep onset (WASQ). Performance was lower in individuals with long sleep onset
latency (SOL). Better results were obtained for distinguishing sleep from wake stage
(accuracy 91%, k = 0.55) than for classifying wake/NREM/REM (accuracy 73%, k = 0.46)
or wake/N1 + N2/N3/REM (accuracy 59%, k = 0.42). In contrast to previous studies, in
this study, a wrist-worn reflective PPG was used. Potential sources of artefacts in this study
are thus different and could be related to wrist movements or skin tissue motions.

Walch et al. [28] studied the use of a consumer-based wearable, the Apple Watch,
and collected raw acceleration data and HR with their own mobile application. They also
explored the benefit of mathematical models exploring the circadian clock to sleep/wake
classification algorithm. The purpose was to test different algorithms for sleep staging
and to compare the results with PSG. Three characteristics were used as raw data for the
tested classification algorithms: motion (data obtained from the raw acceleration), HR,
and a computed circadian estimate. The first step was to train their neural net model
applied to an Apple Watch on a dataset from 31 healthy subjects. Compared to PSG, their
mathematical model demonstrated a sleep/wake distinction with a sensitivity of 93% for
the sleep (S) epochs scored and of 60% for the W epochs and a REM-NREM sleep stage
differentiation accuracy of 72%. They then applied these algorithms to a dataset from the
multi-ethnic study of atherosclerosis (MESA) cohort (188 subjects), a database that contains
motion and HR information obtained from actigraphy, oximetry and co-recorded PSG.
Their neural net sleep /wake classifier, trained using all features on the entirety of the Apple
Watch dataset and tested on the MESA subcohort, showed a sensitivity of 60% for the W
epochs, and 90% for the sleep epochs, and a k of 0.525. The wake/NREM/REM neural
net classifier achieved the best accuracy of 69%, and a corresponding « = 0.4. This study
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highlights the possibility of using data extracted from consumer wearables and combining
it in different settings to obtain better accuracy.

Beattie et al. [29] reported on the accuracy of an automated algorithm aimed to identify
sleep stages starting from a wearable wrist-worn device equipped with a 3D accelerometer
(Fitbit Surge, Fitbit) and with an optical pulse PPG (reflective PPG, green LED), compared
to simultaneously recorded unattended PSG, in 60 adult participants. To train the classifier
and then validate it, features such as movement, breath, and HRV were extracted from the
accelerometer and PPG sensors. The overall per-epoch accuracy of the automated algorithm
was 69%, with a k = 0.52. Agreement between PSG and PPG for deep sleep, light-sleep,
and REM were 62%, 69%, and 72%, respectively. The most common misclassifications were
light/REM and light/wake mislabeling. The authors stressed the significant advantage of
adding optical pulse signals to accelerometers to improve accuracy.

Finally, Zhao et al. [37] tested a reflective PPG-based multi-class automatic sleep
staging (PMSS) method against PSG in a mixed population of subjects and patients. PSG
signals from more than 27,000 periods of 27 subjects were used to extract PPG signals as
data. The population was mixed, including 4 healthy subjects, 8 patients with REM sleep
behavior disorder, 10 patients with nocturnal frontal lobe epilepsy, and 5 patients with
insomnia. PPG data were initially preprocessed and the domains—time, frequency and
nonlinear—were used for the extraction of a total of 21 features that were subsequently
used by a Light Gradient Boosting Machine (Light GBM) classifier for multi-class sleep
staging. Sleep staging classification was tested in different settings: 3-class (wake, NREM,
REM), 4-class (wake, light sleep, slow wave sleep, REM), 5-class (wake, N1, N2, N3, REM),
showing accuracy rates of 86% (k = 0.79), 77%, and 72% (k = 0.6), respectively. The sleep
staging ability was the best for healthy people, with an accuracy rate of more than 80%.
It remained, however, acceptable in patients, in whom the consistency was more than
0.60. Some errors were related to reflective PPG: when this method is used at a high light
intensity, large errors can occur. The authors concluded that the model is still suitable for
sleep staging of patients with sleep disorders.

Altogether, data related to sleep assessment by PPG alone or combined with ac-
celerometer remain scarce and moderately accurate, especially for five-state sleep staging.
Several limitations have been highlighted regarding signal capture and/or processing.
Generalization of usage seems currently very limited by the heterogeneity of devices and
signal processing.

Limitations also emerged from these different studies. These were related to the
peripheral aspects of PPG signal analysis, whether we are talking about the transmission
of the information to the peripheral detector, the signal detection and capture, or the
interpretation. Thus, bias could be observed in settings of arterial vasoconstriction, hy-
pothermia, motion artefacts [38], oxymetry signal failure (e.g., CO-hemoglobin > 3%, skin
pigmentation, nail polish, advanced age, severe onychomykosis, dirty fingers, Raynaud’s
disease, cold fingers, methemoglobin > 0.5%, decreased capillary perfusion), or a biased
signal interpretation algorithm.

3. Photoplethysmography Applications in Sleep-Disordered Breathing Diagnosis
3.1. In Obstructive Sleep Apnea

Obstructive sleep apnea (OSA) occurs in the presence of repeated episodes of upper
airway collapse during sleep. These events induce increasing respiratory efforts during the
obstructive event. As upper airway resistance increases, either the rib cage or the abdominal
wall begins to move out of phase. Pleural pressure decreases in parallel with inspiratory
efforts and can lead to reduced left ventricular stroke volume [39]. Pleural pressure swings are
believed to be the central mechanism generating arousals in OSA. OSA induces intermittent
hypoxia/hypercapnia and increased activation of the sympathetic nervous system, leading
to decreased long-term HRV [40]. PPG can thus be used to detect OSA. Obstructive
respiratory events are shortly followed by a reactive relative bradycardia, an increase
in PPG pulse amplitude and HR, as well as a post-obstructive severe vasoconstriction.
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During a hypopnea (only a partial upper airway obstruction), the force of respiratory
muscles is increased and respiratory-induced intensity variation (RIIV) is more prominent.
Pulse transit time (PTT), defined as the time needed for the pulse pressure wave to travel
from the aortic valve to the periphery, and measured as the time delay between the R-
wave on the ECG and the foot of the anacrotic wave recorded on the peripheral PPG
waveform, is inversely proportional to BP. In case of BP decrease, PTT increases. A close
relationship between the increase in esophageal pressure due to episodes of upper airway
resistance (reflecting pleural pressure thus inspiratory efforts) and a progressive rise in the
amplitude of PTT oscillations between inspiration and expiration has been well established
in OSA [41,42].

The following section aims to review the studies that have compared data extracted
from PPG with PSG in OSA. Of note, we have intentionally excluded from our analysis
the studies that compared single oximetry to PSG for a lack of sensitivity and specificity
for the detection of mild (apnea-hypopnea index (AHI) 5-14), moderate (AHI 15-29),
or severe OSA (AHI > 30) even in high-risk populations [43]. For example, one study
compared oximetry against unattended PSG. Using a cut-off of AHI > 15 and AHI > 30,
oximetry had an accuracy of 86% and 74% in a high-risk population, but fell in a low-risk
population, where accuracy reached 80% and 63%, respectively [44]. This was even lower
in other studies.

In addition, new approaches for analyzing OSA-related patterns in high temporal
resolution pulse oximetry have been developed during the last few decades and aimed
to improve classification and outcomes of OSA. They have been recently extensively
reviewed [45]. The purpose here is to focus on studies where SpO2 signal was tested in
conjunction with data extracted from PPG.

3.2. Obstructive Sleep Apnea and Hypopnea Detection

Several studies have focused on mathematical algorithms to extract different parame-
ters to detect obstructive sleep apnea and hypopnea. For example, Deviaene et al. [46] have
combined a point-process model of heartbeat interval dynamics (to estimate ANS activity)
with SpO2-based apnea detection to measure AHI, in comparison with PSG, in 102 patients
suspected of having OSA. Based on six PPG features, they were able to demonstrate an
accuracy of 83% to detect obstructive/central apnea and hypopnea (sensitivity of 74%,
specificity of 87%). Compared to PPG or SpO2 alone, the performance of the combination
of signals was better, except for SpO2 sensitivity (75%).

Barak-Shinar et al. [47] studied a pulse oximeter system (Morpheus Ox) with an
automated analysis based on the PPG signal for the diagnosis of sleep-disordered breathing
(SDB) in 140 sleep laboratory patients who were referred for sleep-disordered breathing.
Each patient underwent an overnight PSG. An automatic analysis based on PPG and SpO2
signals allowed an AHI calculation. The gold standard test recorded a wide distribution of
AHlI values, ranging from 0 to 97 with a median value of 10.5. The sensitivity and specificity
of PPG for AHI > 5 and > 15 levels were 94.4% and 96.5%, respectively. There were only
six mismatching records out of the 140 total, concerning the AHI comparison, three false
positive and three false negative. The detection of respiratory events (apnea or hypopnea
associated with a saturation reduction of 4%) showed a sensitivity of 86.9% and a positive
predictive value of 84%. Sleep and wake evaluation (epoch-by-epoch classification) showed
an agreement of 77.88%. The limits of this study included its sleep lab setting and unknown
reproducibility at home, possible oxymetry signal failure, and the inability of the system to
detect hypopnea associated with arousal and not with oxygen desaturation.

Li et al. [48] aimed to test the accuracy in OSA diagnosis of an automated analysis of
the PPG signal recorded by a standard pulse oximeter during the PSG, in patients with
suspected OSA, as compared to PSG. Forty-nine OSA patients were included in the study.
The PPG-derived results were compared with PSG-derived results for agreement tests.
They found a significant correlation between the respiratory events index (REI) derived
from PPG with the PSG-derived AHI (r = 0.935, p < 0.001), as well as between the PPG-
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oxygen desaturation index (ODI) and the PSG-ODI (r = 0.933, p < 0.001). The algorithm
performed as follows: for mild OSA, PPG obtained a sensitivity of 95% but a specificity as
low as 50%. For moderate OSA, the specificity was slightly lower (90%) but the specificity
was slightly higher (65%). Their automated analysis performed best in severe forms of OSA,
with a sensitivity of 90% and a specificity of 97%. Further, the ODI derived from PPG-based
monitoring (PPG-derived ODI) highly correlated with its equivalent PSG-derived ODI
(r=10.933, p < 0.001) and the TST derived from PPG-based monitoring (PPG-derived TST)
with the PSG-derived TST (r = 0.418, p = 0.003), but PPG-derived TST was underestimated
(324 vs. 381 min, p < 0.001). The authors concluded that improvement of PPG-derived TST
estimation is needed.

More recently, Papini et al. [49] tested a deep learning model using raw cardiores-
piratory information (HRV and surrogates of respiratory activity) and sleep information
from an rPPG signal obtained from a wrist-worn device. Their algorithm was trained
on 252 recordings and aimed to best estimate AHI values. After completing the training
period, they tested this algorithm on 188 clinical PSG recordings (clinical population, com-
prising healthy subjects and patients with various types and levels of disordered sleep).
AHI from rPPG and PSG showed good agreement with a correlation of 0.61, and an error
of 3 £ 10 events/h, so the model showed good performance in OSA screening (ROC-AUC
= 0.84/0.86/0.85 for mild/moderate/severe OSA) as well as in assessing OSA severity
(k = 0.51). However, considerable underestimation of AHI occurred in 30 participants,
but OSA classification was only slightly affected. Forty-two percent of the false-positive
detections were because of epochs with artefacts such as limb movements that were proba-
bly misinterpreted as respiratory events. The advantage of this method to estimate AHI
using rPPG is the possibility of implementing it on devices such as smartwatches and
fitness trackers. According to the authors, the algorithm can be used for OSA screening
and OSA severity estimation, even in a population with heterogeneous sleep disorders and
cardiovascular comorbidities. They also stressed that the device gives similar results to
HSAT for OSA severity estimation but with a much simpler device.

Hayano et al. [50] also explored a pulse rate-based algorithm, extracted from a PPG
wearable watch device to detect OSA, in 41 patients undergoing diagnostic PSG for OSA.
An automated algorithm adapted from an algorithm developed for ECG analysis to detect
a characteristic HR pattern related to sleep apnea episodes, called auto-correlated wave
detection with adaptive threshold (ACAT), was applied on PPG pulse interval data obtained
from 41 patients undergoing diagnostic PSG. In the study group, the median AHI was
17.2 and 54% subjects had AHI > 15. The hourly frequency of CVHR (Fcv) detected by
the ACAT algorithm was closely related to AHI value (r = 0.81). The Fcv was greater in
subjects with AHI > 15 (19.6 & 12.3/h) than in those with AHI <15 (6.4 &= 4.6/h) and could
distinguish between the two categories then with 82% sensitivity, 89% specificity, 81% NPV,
90% PPV, and 85% accuracy. The algorithm had the same performance as that applied to
ECG R-R intervals during PSG. For the first time, this study demonstrated the equivalence
of PPG and ECG for the detection of OSA. This seems to be due to the characteristics of
CVHR and to the features of the ACAT algorithm. Here, also, the authors emphasized
the great potential for using this social resource as a cost-effective large-scale screening
for OSA. The main limitations were that the pulse wave signals were analyzed by the
manufacturer’s cloud application via the Internet, which often remains out of the control
of the physician conducting the test.

3.3. Sleep Staging in OSA Patients

Another research aim for the development of PPG is to test the ability of PPG for
sleep staging detection in disordered sleep. Recently, Korkalainen et al. [51] used the PPG
signal from a basic pulse oximeter (Nonin Xpod 3011) as a basis to develop and train an
automated deep learning model aimed to estimate sleep staging in 894 suspected OSA pa-
tients. The algorithm, a combined convolutional and recurrent neural network, was trained
individually for three-stage (wake/NREM/REM), four-stage (wake/N1 + N2/N3/REM),
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and five-stage (wake/N1/N2/N3/REM) classification of sleep. The tested models achieved
an epoch-by-epoch satisfying accuracy, as follows: the three-stage model had 80.1% accu-
racy (k = 0.65), the four-stage model had 68.5% accuracy (k = 0.54), and the five-stage model
had 64.1% accuracy (k = 0.51). The five-stage model underestimated the TST with a fair
mean error of 7.5 min. The mean AHI in the studied cohort as calculated from the PSG was
24.2 events/h while the simulated polygraphic AHI was 18.8 events/h. The three-stage
PPG-based model calculated a mean AHI of 23.3 events/h, the four-stage model obtained
23.1 events/h, and the five-stage model obtained 22.6 events/h. The mean difference
between the AHI calculated from PSG and from polygraphy was —5.3 events/h (p < 0.001),
while the mean difference between the AHI calculated from PSG and PPG was —0.9 to
—1.6 to events/h with the three-to-five stage model. Finally, good accuracy was obtained
for sleep staging with the three-stage model and excellent agreement for AHI detection
in this large OSA series. The authors stressed the possibility of applying PPG-based sleep
staging during HSAT, as PPG is included in such PM, in order to increase the accuracy and
clinical assessment of OSA (e.g., REM-related OSA).

3.4. In Central Sleep Apnea

One study has assessed PPG for Cheyne—Stokes breathing detection [52]. The researchers
compared event detection and classification obtained by PSG (ambulatory and in hospital)
and by an automated new algorithm system extracted from PPG and oxygen saturation
(Morpheus Ox) in 74 subjects. The developed algorithm scored very well in detecting and
scoring SDB and Cheyne-Stokes breathing (CSB) as compared to PSG results. Fifty percent
of patients exhibited CSB. The sensitivity of CSB detection was 92% and specificity was
94%. AHI values ranged from 0 to 88 with a median of 29. Comparison of AHI > 15 showed
a sensitivity of 98% and specificity of 96%. Respiratory events were detected with an
agreement of approximately 80% between the two methods, as calculated by regression
and Bland-Altman plots. The developed method allowed for an acceptable analysis of
sleep-and-cardiac-related breathing disorders. The sleep and wake comparison between
the system and the gold standard yielded 75% agreement. These encouraging results
support the notion that this system could be considered a suitable tool for SDB screening
in patients with cardiovascular disease.

4. Discussion

Physiological signals captured by PPG are useful for estimating sleep duration and
sleep structure, even in patients suffering from OSA. However, when compared with PSG,
the discriminative power of PPG to accurately capture sleep architecture remains limited.
The addition of accelerometry increases sleep staging detection, but this combination of
sensing modalities is unable to identify all stages of sleep and its accuracy is also lower
compared to sleep EEG. Detection of AHI in OSA is also feasible with moderate agreement
with PSG.

The fundamental limitation of PPG for use as an accurate sleep monitoring method
is its lack of ability to capture EEG activity. Other limitations include aspects of signal
acquisition (e.g., oxymetry signal failure, motion artefacts) and signal processing. Signal
acquisition is likely to improve in the future by integration of new types of sensors to
better identify motion. Indeed, researchers have developed the fluidic fabric muscle sheet,
a miniaturized device that allows for the very sensitive measurement of motion [53].
This could certainly help in fine-tuning motion capture, as a complementary sensor to
actigraphy. Innovative oxymetry sensors have also been developed. The reflectance oximeter
array is a flexible 2D printed electronic system that is able to overcome PPG signal capture
limitations related to shock or low blood perfusion. With this device, Khan et al. were able
to determine oxygenation in the absence of pulsatile signal [54].

Regarding signal processing, machine-learning methods are very useful in disease
prediction but also show bias related to possible missing values in datasets or to the
exclusion of outliers [1]. Generalization of usage of mathematic models seems currently
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limited by the heterogeneity of devices and signal processing, but progress can be made
by sharing algorithms between researchers and large-scale population-based studies to
improve sleep stage detection in normal and pathologic sleep.

The main benefit of the PPG technique in medical applications is likely to be for the
long-term monitoring of the sleep-disturbed population (e.g., insomnia patients or in cases
of circadian rhythm sleep disorders), particularly for the assessment of changes in sleep
patterns after treatment. The advantage of using PPG combined with accelerometry rather
than accelerometry alone is to be able to obtain better sleep stage classification, but this
needs to be confirmed in future large-scale studies in patients.

Regarding SDB, the main purpose of these tools is to detect OSA in home settings,
for triage, or for treatment trials, in high-risk populations [55]. Cheyne-Stokes breathing
detection could also be very useful in selected populations (e.g., heart failure), as patient
management is very different from OSA [56]. It would also be very useful to obtain long-
term sleep monitoring in treated SDB, with the aim of assessing disease control, and in
OSA, but also in more severe populations where hypoxemia resolution is more challenging
(e.g., overlap syndrome (OSA associated with chronic obstructive pulmonary disease) or
obesity-hypoventilation syndrome provoked by OSA) [57,58].

In the field of OSA diagnosis, the major pitfall of using HSATSs is the occurrence of
false-negative results, creating the need for test repetition, which should be PSG in this
case [59]. PPG is no exception to this rule. Even if there are prospects for development and
potential medical applications, the literature surrounding PPG is currently very limited and
needs to be further developed. To increase the accuracy of PPG for sleep stage assessment,
one proposal for development could be to add a single EEG channel to better capture
brain activity in normal and pathologic sleep. This would also allow for the detection of
arousals. For example, an in-ear EEG sensor has been recently explored. The largest series,
published by Nakamura et al., explored in-ear EEG in 22 patients [60]. Agreement for sleep
stage classification was 74% (k = 0.61). Other small series have also reported interesting
results, with accuracies between 72% and 90% [61]. Recently, technical improvements of
in-ear EEG were obtained by Kaveh et al. with the development of the first wireless, dry
multielectrode in-ear EEG [62].

The ear canal is a very interesting location for recording physiological parameters
during sleep. Indeed, reflective PPG can also be obtained accurately from this location and
it avoids the difficulties of capturing SpO2 at the finger, ear lobe, or wrist in case of motion
or compromised peripheral perfusion [63,64]. Future research should investigate in-ear
combined EEG and PPG in normal and pathologic sleep. This will require technological
advances to obtain ultra-low-power processors and integrated miniaturized electronics for
both sensors.

Another interesting location to capture both EEG and PPG is the forehead. Reflective
PPG can be easily obtained [65] and could be coupled with one frontal EEG lead. Some
studies have explored the added value of one frontal EEG to HSAT, analyzed by auto-
mated scoring algorithms. Forehead EEG increases OSA detection by providing reliable
wake/sleep identification, leading to better AHI calculation [66-68].

Other combinations of contact sensors could also potentially increase PPG accuracy.
For example, combining skin temperature measurements with PPG could also help to
better differentiate sleep and wake, as the onset of sleep is preceded by a rise in skin
temperature [30]. This aspect should be further studied. The addition of a microphone
to PPG could be also interesting. Indeed, snoring sounds have been shown to provide a
good estimation of sleep architecture and quality [69]. In addition, machine learning is
offering additional opportunities for specific uses of snoring characteristics, such as snoring
frequency, which has been shown to relate to sleep apnoea [70].

To advance research, other issues need to be addressed. These wearable technologies
require a substantial collaboration of medicine with engineering to assess medical and
technical constraints arising from hardware integration and signal acquisition, as well as
for various levels of signal processing and data communication. University and research
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teams need to collaborate to test and implement wearables on a larger scale, allowing for
big data analysis, far from mysterious industrial settings, where algorithms often remain
secret and are never shared with researchers. Consumers should be aware of the reliability
of the device they use, “medical” (e.g., validated through academic research protocols) or
“industrial” (usually not validated). This should also help avoid duplication in algorithm
development and subsequent incompatibility of devices [71].

In conclusion, this review has outlined the role of PPG for unobtrusive sleep studies.
PPG has specific interesting properties, particularly the ability to capture the modulation
of the autonomic nervous system during sleep. Recent advances have been made in
PPG signal acquisition and processing, including coupling PPG with accelerometry in
order to allow the construction of hypnograms in normal and pathologic sleep and to
detect sleep-disordered breathing (SDB), but the accuracy of these techniques remains
limited. Several prospective developments to overcome PPG limitations (e.g., oxymetry
signal failure, motion artefacts, signal processing) are under investigation. New sensor
combinations to improve future wearables are also promising (e.g., EEG, skin temperature,
microphone). Collaboration with engineers is mandatory for improving signal processing
aspects on a large scale.

There is a wide range of potential medical applications for PPG, including home-
based detection of SDB (for triage purposes), and long-term monitoring of insomnia,
circadian rhythm sleep disorders (to assess treatment effects), and treated SDB (to ensure
disease control).

Author Contributions: Conceptualization, M.B.; methodology, R.S.V., S.A_; validation, M.B.; formal
analysis, R.S.V.,, M.B.; resources, R.S.V.; writing—original draft preparation, R.S.V., M.B.; writing—
review and editing, R.5.V,, M.B., S.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data are available for presentation to the referees and the editors
of the journal, if requested.

Acknowledgments: We would like to acknowledge the contribution of a medical writer, Sandy Field,
to the preparation of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jjaz, M.F; Attique, M.; Son, Y. Data-Driven Cervical Cancer Prediction Model with Outlier Detection and Over-Sampling Methods.
Sensors 2020, 20, 2809. [CrossRef] [PubMed]

2. Allen, J. Photoplethysmography and its application in clinical physiological measurement. Physiol. Meas. 2007, 28, R1-R39.
[CrossRef] [PubMed]

3.  Kamshilin, A.A.; Margaryants, N.B. Origin of Photoplethysmographic Waveform at Green Light. Phys. Procedia 2017, 86, 72-80.
[CrossRef]

4. Severinghaus, ].W. Takuo Aoyagi: Discovery of pulse oximetry. Anesth. Analg. 2007, 105 (Suppl. S6), S1-S4. [CrossRef] [PubMed]

5. O’Rourke, M.E. Pulse wave analysis. Br. J. Clin Pharm. 2001, 51, 507-522. [CrossRef] [PubMed]

6. Tamura, T.; Maeda, Y.; Sekine, M.; Yoshida, M. Wearable Photoplethysmographic Sensors—Past and Present. Electronics 2014, 3,
282-302. [CrossRef]

7. Nilsson, L.M. Respiration Signals from Photoplethysmography. Anesth. Analg. 2013, 117, 859-865. [CrossRef]

8. Awad, A.A;; Haddadin, A.S.; Tantawy, H.; Badr, T.M.; Stout, R.G.; Silverman, D.G.; Shelley, K.H. The relationship between the
photoplethysmographic waveform and systemic vascular resistance. J. Clin. Monit. Comput. 2007, 21, 365-372. [CrossRef]

9.  Jonathan, M.].; Leahy, M.]. Cellular phone-based photoplethysmographic imaging. J. Biophotonics 2011, 4, 293-296. [CrossRef]

10. Wu, T; Blazek, V.; Schmitt, H.J. Photoplethysmography imaging: A new noninvasive and noncontact method for mapping of the
dermal perfusion changes. Proc. SPIE 4163 Opt. Tech. Instrum. Meas. Blood Compos. Struct. Dyn. 2000, 4163, 62-70.

11. Leonhardt, S.; Leicht, L.; Teichmann, D. Unobtrusive Vital Sign Monitoring in Automotive Environments—A Review. Sensors

2018, 18, 3080. [CrossRef]


http://doi.org/10.3390/s20102809
http://www.ncbi.nlm.nih.gov/pubmed/32429090
http://doi.org/10.1088/0967-3334/28/3/R01
http://www.ncbi.nlm.nih.gov/pubmed/17322588
http://doi.org/10.1016/j.phpro.2017.01.024
http://doi.org/10.1213/01.ane.0000269514.31660.09
http://www.ncbi.nlm.nih.gov/pubmed/18048890
http://doi.org/10.1046/j.0306-5251.2001.01400.x
http://www.ncbi.nlm.nih.gov/pubmed/11422010
http://doi.org/10.3390/electronics3020282
http://doi.org/10.1213/ANE.0b013e31828098b2
http://doi.org/10.1007/s10877-007-9097-5
http://doi.org/10.1002/jbio.201000050
http://doi.org/10.3390/s18093080

Sensors 2021, 21, 2928 15 0f 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.
39.

Khanam, E-T.-Z.; Al-Naji, A.; Chahl, ]. Remote Monitoring of Vital Signs in Diverse Non-Clinical and Clinical Scenarios Using
Computer Vision Systems: A Review. Appl. Sci. 2019, 9, 4474. [CrossRef]

Van Gastel, M.; Stuijk, S.; Overeem, S.; van Dijk, ].P.; van Gilst, M.M.; de Haan, G. Camera-based vital signs monitoring during
sleep—A proof of concept study. IEEE |. Biomed. Health Inf. 2020. [CrossRef]

Casalino, G.; Castellano, G.; Zaza, G. A mHealth solution for contact-less self-monitoring of blood oxygen saturation. In
Proceedings of the 2020 IEEE Symposium on Computers and Communications (ISCC), Rennes, France, 8-10 July 2020; pp. 1-7.
[CrossRef]

Penzel, T.; Kantelhardt, ] W.; Lo, C.C.; Voigt, K.; Vogelmeier, C. Dynamics of heart rate and sleep stages in normals and patients
with sleep apnea. Neuropsychopharmacology 2003, 28 (Suppl. S1), 548-S53. [CrossRef]

Vanoli, E. Heart Rate Variability during Specific Sleep Stages. A Comparison of Healthy Subjects with Patients after Myocardial
Infarction. Circulation 1995, 91, 1918-1922. [CrossRef] [PubMed]

Kushida, C.A ; Littner, M.R.; Morgenthaler, T.; Alesse, C.A.; Bailey, D.; Coleman, J., Jr.; Friedman, L.; Hirshkowitz, M.; Kapen, S.;
Kramer, M.; et al. Practice Parameters for the indications for polysomnography and related procedures: An update for 2005. Sleep
2005, 28, 499-521. [CrossRef]

Rechtschaffen, A.; Kales, A. A Manual of Standardised Terminology, Techniques and Scoring for Sleep Stages in Human Subjects; Brain
information Service: Los Angeles, CA, USA, 1968.

Masa Jimenez, ].E,; Barbe Illa, F.; Capote Gil, E; Chiner Vives, E.; de Atauri, ].D.; Duran Cantolla, J.; Lépez Ortiz, S.; Marin Trigo,
J.M.; Montserrat Canal, ] M.; Rubio Gonzalez, M.; et al. Resources and delays in the diagnosis of sleep apnea-hypopnea syndrome.
Arch. Bronconeumol. 2007, 43, 188-198. [CrossRef]

Rahaghi, F.; Basner, R.C. Delayed diagnosis of obstructive sleep apnea: Don’t ask, don't tell. Sleep Breath 1999, 3, 119-124.
[CrossRef] [PubMed]

Benjafield, A.V.; Ayas, N.T.; Eastwood, PR.; Heinzer, R.; Ip, M.S.M.; Morrell, M.].; Nunez, C.M.; Patel, S.R.; Penzel, T.; Pépin, J.L.;
et al. Estimation of the global prevalence and burden of obstructive sleep apnoea: A literature-based analysis. Lancet Respir. Med.
2019, 7, 687-698. [CrossRef]

Standards of Practice Committee of the American Sleep Disorders Association. Practice parameters for the use of portable
recording in the assessment of Obstructive Sleep Apnea. Sleep 1994, 26, 907-913.

Tobaldini, E.; Costantino, G.; Solbiati, M.; Cogliati, C.; Kara, T.; Nobili, L.; Montano, N. Sleep, sleep deprivation, autonomic
nervous system and cardiovascular diseases. Neurosci. Biobehav. Rev. 2017, 74 Pt B, 321-329. [CrossRef]

Gruwez, A,; Libert, W.; Ameye, L.; Bruyneel, M. Reliability of commercially available sleep and activity trackers with manual
switch-to-sleep mode activation in free-living healthy individuals. Int. J. Med. Inf. 2017, 102, 87-92. [CrossRef]

Mouritzen, N.J.; Larsen, L.H.; Lauritzen, M.H.; Kjeer, T.W. Assessing the performance of a commercial multisensory sleep tracker.
PLoS ONE 2020, 15, €0243214. [CrossRef]

De Zambotti, M.; Goldstone, A.; Claudatos, S.; Colrain, I.M.; Baker, EC. A validation study of Fitbit Charge 2™ compared with
polysomnography in adults. Chronobiol. Int. 2018, 35, 465-476. [CrossRef] [PubMed]

Fonseca, P; Weysen, T.; Goelema, M.S.; Most, E.LS.; Radha, M.; Lunsingh Scheurleer, C.; van den Heuvel, L.; Aarts, R.M.
Validation of Photoplethysmography-Based Sleep Staging Compared with Polysomnography in Healthy Middle-Aged Adults.
Sleep 2017, 40, zsx097. [CrossRef] [PubMed]

Walch, O.; Huang, Y.; Forger, D.; Goldstein, C. Sleep stage prediction with raw acceleration and photoplethysmography heart rate
data derived from a consumer wearable device. Sleep 2019, 42, zsz180. [CrossRef] [PubMed]

Beattie, Z.; Oyang, Y.; Statan, A.; Ghoreyshi, A.; Pantelopoulos, A.; Russell, A.; Heneghan, C. Estimation of sleep stages in a
healthy adult population from optical plethysmography and accelerometer signals. Physiol. Meas. 2017, 38, 1968-1979. [CrossRef]
de Zambotti, M.; Cellini, N.; Goldstone, A.; Colrain, I.M.; Baker, F.C. Wearable Sleep Technology in Clinical and Research Settings.
Med. Sci. Sports Exerc. 2019, 51, 1538-1557. [CrossRef] [PubMed]

Landis, ].R.; Koch, G.G. The measurement of observer agreement for categorical data. Biometrics 1977, 33, 159-174. [CrossRef]
Rosenberg, R.S.; Van Hout, S. The American Academy of Sleep Medicine inter-scorer reliability program: Sleep stage scoring. J.
Clin. Sleep Med. 2013, 9, 81-87. [CrossRef]

Eyal, S.; Baharav, A. Sleep insights from the finger tip: How photoplethysmography can help quantify sleep. In Proceedings of
the 2017 Computing in Cardiology (CinC), Rennes, France, 24-27 September 2017; pp. 1-4.

Lu, S;; Zhao, H.; Ju, K,; Shin, K.; Lee, M.; Shelley, K.; Chon, K. Can photoplethysmography variability serve as an alternative
approach to obtain heart rate variability information? J. Clin. Monit. Comput. 2008, 22, 23-29. [CrossRef] [PubMed]

Gil, E.; Orini, M,; Bail'on, R.; Vergara, ].M.; Mainardi, L.; Laguna, P. Photoplethysmography pulse rate variability as a surrogate
measurement of heart rate variability during nonstationary conditions. Physiol. Meas. 2010, 31, 1271-1290. [CrossRef] [PubMed]
Motin, M.A.; Karmakar, C.; Palaniswami, M.; Penzel, T. Photoplethysmographic-based automated sleep—wake classification
using a support vector machine. Physiol. Meas. 2020, 41, 075013. [CrossRef] [PubMed]

Zhao, X.; Sun, G. A Multi-Class Automatic Sleep Staging Method Based on Photoplethysmography Signals. Entropy 2021, 23, 116.
[CrossRef]

Bendjelid, K. The pulse oximetry plethysmographic curve revisited. Curr. Opin. Crit. Care 2008, 14, 348-353. [CrossRef]

Tolle, EA.; Judy, W.V,; Yu, P.L.; Markand, O.N. Reduced stroke volume related to pleural pressure in obstructive sleep apnea. J.
Appl. Physiol. Respir. Environ. Exerc. Physiol. 1983, 55, 1718-1724. [CrossRef]


http://doi.org/10.3390/app9204474
http://doi.org/10.1109/JBHI.2020.3045859
http://doi.org/10.1109/ISCC50000.2020.9219718
http://doi.org/10.1038/sj.npp.1300146
http://doi.org/10.1161/01.CIR.91.7.1918
http://www.ncbi.nlm.nih.gov/pubmed/7895347
http://doi.org/10.1093/sleep/28.4.499
http://doi.org/10.1016/S1579-2129(07)60050-0
http://doi.org/10.1007/s11325-999-0119-z
http://www.ncbi.nlm.nih.gov/pubmed/11898119
http://doi.org/10.1016/S2213-2600(19)30198-5
http://doi.org/10.1016/j.neubiorev.2016.07.004
http://doi.org/10.1016/j.ijmedinf.2017.03.008
http://doi.org/10.1371/journal.pone.0243214
http://doi.org/10.1080/07420528.2017.1413578
http://www.ncbi.nlm.nih.gov/pubmed/29235907
http://doi.org/10.1093/sleep/zsx097
http://www.ncbi.nlm.nih.gov/pubmed/28838130
http://doi.org/10.1093/sleep/zsz180
http://www.ncbi.nlm.nih.gov/pubmed/31579900
http://doi.org/10.1088/1361-6579/aa9047
http://doi.org/10.1249/MSS.0000000000001947
http://www.ncbi.nlm.nih.gov/pubmed/30789439
http://doi.org/10.2307/2529310
http://doi.org/10.5664/jcsm.2350
http://doi.org/10.1007/s10877-007-9103-y
http://www.ncbi.nlm.nih.gov/pubmed/17987395
http://doi.org/10.1088/0967-3334/31/9/015
http://www.ncbi.nlm.nih.gov/pubmed/20702919
http://doi.org/10.1088/1361-6579/ab9482
http://www.ncbi.nlm.nih.gov/pubmed/32428878
http://doi.org/10.3390/e23010116
http://doi.org/10.1097/MCC.0b013e3282fb2dc9
http://doi.org/10.1152/jappl.1983.55.6.1718

Sensors 2021, 21, 2928 16 of 17

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

Hietakoste, S.; Korkalainen, H.; Kainulainen, S.; Sillanmaiki, S.; Nikkonen, S.; Myllymaa, S.; Duce, B.; Téyrds, J.; Leppanen, T.
Longer apneas and hypopneas are associated with greater ultra-short-term HRV in obstructive sleep apnea. Sci. Rep. 2020, 10,
21556. [CrossRef]

Argod, J.; Pépin, ].L.; Lévy, P. Differentiating Obstructive and Central Sleep Respiratory Events through Pulse Transit Time. Am. J.
Respir. Crit. Care Med. 1998, 158, 1778-1783. [CrossRef]

Haba-Rubio, J.; Darbellay, G.; Herrmann, ER.; Frey, ].G.; Fernandes, A.; Vesin, ].M.; Thiran, ].P.; Tschopp, ]. M. Obstructive sleep
apnea syndrome: Effect of respiratory events and arousal on pulse wave amplitude measured by photoplethysmography in
NREM sleep. Sleep Breath 2005, 9, 73-81. [CrossRef]

Kapur, VK.; Auckley, D.H.; Chowdhuri, S.; Kuhlmann, D.C.; Mehra, R.; Ramar, K.; Harrod, C.G. Clinical Practice Guideline for
Diagnostic Testing for Adult Obstructive Sleep Apnea: An American Academy of Sleep Medicine Clinical Practice Guideline. J.
Clin. Sleep Med. 2017, 13, 479-504. [CrossRef]

Chung, F; Liao, P; Elsaid, H.; Islam, S.; Shapiro, C.M.; Sun, Y. Oxygen desaturation index from nocturnal oximetry: A sensitive
and specific tool to detect sleep-disordered breathing in surgical patients. Anesth. Analg. 2012, 114, 993-1000. [CrossRef] [PubMed]
Terrill, P1. A review of approaches for analysing obstructive sleep apnoea-related patterns in pulse oximetry data. Respirology
2020, 25, 475-485. [CrossRef] [PubMed]

Deviaene, M.; Lazaro, J.; Huysmans, D.; Testelmans, D.; Buyse, B.; Van Huffel, S.; Varon, C. Sleep Apnea Detection Using Pulse
Photoplethysmography. In Proceedings of the 2018 Computing in Cardiology Conference (CinC), Maastricht, The Netherlands,
23-26 September 2018; Volume 45.

Barak-Shinar, D.; Amos, Y.; Bogan, R.K. Sleep disordered breathing analysis in a general population using standard pulse oximeter
signals. Sleep Breath 2013, 17, 1109-1115. [CrossRef] [PubMed]

Li, Y.; Gao, H.; Ma, Y. Evaluation of pulse oximeter derived photoplethysmographic signals for obstructive sleep apnea diagnosis.
Medicine 2017, 96, €6755. [CrossRef] [PubMed]

Papini, G.B.; Fonseca, P.; van Gilst, M.M.; Bergmans, ] W.M.; Vullings, R.; Overeem, S. Wearable monitoring of sleep-disordered
breathing: Estimation of the apnea—hypopnea index using wrist-worn reflective photoplethysmography. Sci. Rep. 2020, 10, 13512.
[CrossRef] [PubMed]

Hayano, J.; Yamamoto, H.; Nonaka, I.; Komazawa, M.; Itao, K.; Ueda, N.; Tanaka, H.; Yuda, E. Quantitative detection of sleep
apnea with wearable watch device. PLoS ONE 2020, 15, e0237279. [CrossRef]

Korkalainen, H.; Aakko, J.; Duce, B.; Kainulainen, S.; Leino, A.; Nikkonen, S.; Afara, 1.O.; Myllymaa, S.; Toyrds, ].; Leppdnen, T.
Deep learning enables sleep staging from photoplethysmogram for patients with suspected sleep apnea. Sleep 2020, 43, zsaa098.
[CrossRef]

Amir, O.; Barak-Shinar, D.; Henry, A.; Smart, EW. Photoplethysmography as a single source for analysis of sleep disordered
breathing in patients with severe cardiovascular disease. J. Sleep Res. 2012, 21, 94-100. [CrossRef]

Biswas, S.; Shao, Y.; Hachisu, T.; Nguyen-Dang, T.; Visell, Y. Integrated Soft Optoelectronics for Wearable Health Monitoring. Adv.
Mat. Tech. 2020. [CrossRef]

Khan, Y,; Han, D.; Pierre, A.; Ting, J.; Wang, X.; Lochner, C.M.; Bovo, G.; Yaacobi-Gross, N.; Newsome, C.; Wilson, R; et al. A
flexible organic reflectance oximeter array. Proc. Natl. Acad. Sci. USA 2018, 115, E11015-E11024. [CrossRef]

Pevernagie, D.A.; Gnidovec-Strazisar, B.; Grote, L.; Heinzer, R.; McNicholas, W.T.; Penzel, T.; Randerath, W.; Schiza, S.;
Verbraecken, J.; Arnardottir, E.S. On the rise and fall of the apnea-hypopnea index: A historical review and critical appraisal. J.
Sleep Res. 2020, 29, e13066. [CrossRef]

Coniglio, A.C.; Mentz, R.]. Sleep Breathing Disorders in Heart Failure. Heart Fail. Clin. 2020, 16, 45-51. [CrossRef]

McNicholas, W.T. COPD-OSA Overlap Syndrome: Evolving Evidence Regarding Epidemiology, Clinical Consequences, and
Management. Chest 2017, 152, 1318-1326. [CrossRef] [PubMed]

Banerjee, D.; Yee, B.J.; Piper, AJ.; Zwillich, CW.; Grunstein, R.R. Obesity hypoventilation syndrome: Hypoxemia during
continuous positive airway pressure. Chest 2007, 131, 1678-1684. [CrossRef] [PubMed]

Masa, J.F,; Corral, J.; Pereira, R.; Duran-Cantolla, J.; Cabello, M.; Hernandez-Blasco, L.; Monasterio, C.; Alonso, A.; Chiner, E.;
Rubio, M.; et al. Effectiveness of home respiratory polygraphy for the diagnosis of sleep apnoea and hypopnoea syndrome.
Thorax 2011, 66, 567-573. [CrossRef] [PubMed]

Nakamura, T.; Alqurashi, Y.D.; Morrell, M.].; Mandic, D.P. Hearables: Automatic Overnight Sleep Monitoring with Standardized
In-Ear EEG Sensor. IEEE Trans. Biomed. Eng. 2020, 67, 203-212. [CrossRef] [PubMed]

Imtiaz, S.A. A Systematic Review of Sensing Technologies for Wearable Sleep Staging. Sensors 2021, 21, 1562. [CrossRef]

Kaveh, R.; Doong, J.; Zhou, A.; Schwendeman, C.; Gopalan, K.; Burghardt, EL.; Arias, A.C.; Maharbiz, M.M.; Muller, R. Wireless
User-Generic Ear EEG. IEEE Trans. Biomed. Circuits Syst. 2020, 14, 727-737. [CrossRef]

Davies, H.J.; Williams, I.; Peters, N.S.; Mandic, D.P. In-Ear SpO;: A Tool for Wearable, Unobtrusive Monitoring of Core Blood
Oxygen Saturation. Sensors 2020, 20, 4879. [CrossRef]

Budidha, K.; Kyriacou, P.A. The human ear canal: Investigation of its suitability for monitoring photoplethysmographs and
arterial oxygen saturation. Physiol. Meas. 2014, 35, 111-128. [CrossRef]

Hartmann, V,; Liu, H.; Chen, E; Qiu, Q.; Hughes, S.; Zheng, D. Quantitative Comparison of Photoplethysmographic Waveform
Characteristics: Effect of Measurement Site. Front. Physiol. 2019, 10, 198. [CrossRef]


http://doi.org/10.1038/s41598-020-77780-x
http://doi.org/10.1164/ajrccm.158.6.9804157
http://doi.org/10.1007/s11325-005-0017-y
http://doi.org/10.5664/jcsm.6506
http://doi.org/10.1213/ANE.0b013e318248f4f5
http://www.ncbi.nlm.nih.gov/pubmed/22366847
http://doi.org/10.1111/resp.13635
http://www.ncbi.nlm.nih.gov/pubmed/31246376
http://doi.org/10.1007/s11325-013-0812-9
http://www.ncbi.nlm.nih.gov/pubmed/23386370
http://doi.org/10.1097/MD.0000000000006755
http://www.ncbi.nlm.nih.gov/pubmed/28471970
http://doi.org/10.1038/s41598-020-69935-7
http://www.ncbi.nlm.nih.gov/pubmed/32782313
http://doi.org/10.1371/journal.pone.0237279
http://doi.org/10.1093/sleep/zsaa098
http://doi.org/10.1111/j.1365-2869.2011.00927.x
http://doi.org/10.1002/admt.202000347
http://doi.org/10.1073/pnas.1813053115
http://doi.org/10.1111/jsr.13066
http://doi.org/10.1016/j.hfc.2019.08.009
http://doi.org/10.1016/j.chest.2017.04.160
http://www.ncbi.nlm.nih.gov/pubmed/28442310
http://doi.org/10.1378/chest.06-2447
http://www.ncbi.nlm.nih.gov/pubmed/17565018
http://doi.org/10.1136/thx.2010.152272
http://www.ncbi.nlm.nih.gov/pubmed/21602541
http://doi.org/10.1109/TBME.2019.2911423
http://www.ncbi.nlm.nih.gov/pubmed/31021747
http://doi.org/10.3390/s21051562
http://doi.org/10.1109/TBCAS.2020.3001265
http://doi.org/10.3390/s20174879
http://doi.org/10.1088/0967-3334/35/2/111
http://doi.org/10.3389/fphys.2019.00198

Sensors 2021, 21, 2928 17 of 17

66.

67.

68.

69.
70.

71.

Light, M.P,; Casimire, T.N.; Chua, C.; Koushyk, V.; Burschtin, O.E.; Ayappa, I.; Rapoport, D.M. Addition of frontal EEG to adult
home sleep apnea testing: Does a more accurate determination of sleep time make a difference? Sleep Breath 2018, 22, 1179-1188.
[CrossRef]

Sabil, A.; Vanbuis, J.; Baffet, G.; Feuilloy, M.; Le Vaillant, M.; Meslier, N.; Gagnadoux, F. Automatic identification of sleep
and wakefulness using single-channel EEG and respiratory polygraphy signals for the diagnosis of obstructive sleep apnea.
J. Sleep Res. 2019, 28, €12795. [CrossRef] [PubMed]

Ayappa, I.; Norman, R.G.; Seelall, V.; Rapoport, D.M. Validation of a self-applied unattended monitor for sleep disordered
breathing. J. Clin Sleep Med. 2008, 4, 26-37. [CrossRef] [PubMed]

Dafna, E.; Tarasiuk, A.; Zigel, Y. Sleep staging using nocturnal sound analysis. Sci. Rep. 2018, 8, 13474. [CrossRef] [PubMed]
Alshaer, H.; Hummel, R.; Mendelson, M.; Marshal, T.; Bradley, T.D. Objective relationship between sleep apnea and frequency of
snoring assessed by machine learning. . Clin. Sleep Med. 2019, 15, 463-470. [CrossRef] [PubMed]

Chriskos, P; Frantzidis, C.A.; Nday, C.M.; Gkivogkli, P.T.; Bamidis, P.D.; Kourtidou-Papadeli, C. A review on current trends
in automatic sleep staging through bio-signal recordings and future challenges. Sleep Med. Rev. 2021, 55, 101377. [CrossRef]
[PubMed]


http://doi.org/10.1007/s11325-018-1735-2
http://doi.org/10.1111/jsr.12795
http://www.ncbi.nlm.nih.gov/pubmed/30478923
http://doi.org/10.5664/jcsm.27075
http://www.ncbi.nlm.nih.gov/pubmed/18350959
http://doi.org/10.1038/s41598-018-31748-0
http://www.ncbi.nlm.nih.gov/pubmed/30194402
http://doi.org/10.5664/jcsm.7676
http://www.ncbi.nlm.nih.gov/pubmed/30853041
http://doi.org/10.1016/j.smrv.2020.101377
http://www.ncbi.nlm.nih.gov/pubmed/33017770

	Introduction to Photoplethysmography 
	Historical Overview 
	Technical Aspects of Photoplethysmography 
	Recent Developments in Photoplethysmography Technology 

	Applications of Photoplethysmography in Clinical Physiological Measurements in Healthy Subjects 
	Photoplethysmography Applications in Sleep-Disordered Breathing Diagnosis 
	In Obstructive Sleep Apnea 
	Obstructive Sleep Apnea and Hypopnea Detection 
	Sleep Staging in OSA Patients 
	In Central Sleep Apnea 

	Discussion 
	References

