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Education is integral to the American Academy of Sleep Medicine (AASM) mission. The AASM Emerging Technology Committee identified an important and
evolving piece of technology that is present in many of the consumer and clinical technologies that we review on the AASM #SleepTechnology (https://aasm.org/
consumer-clinical-sleep-technology/) resource—photoplethysmography. As more patients with sleep tracking devices ask clinicians to view their data, it is
important for sleep providers to have a general understanding of the technology, its sensors, how it works, targeted users, evidence for the claimed uses, and its
strengths and weaknesses. The focus in this review is photoplethysmography—a sensor type used in the familiar pulse oximeter that is being developed for
additional utilities and data outputs in both consumer and clinical sleep technologies.
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Photoplethysmography (PPG) is a noninvasive optical technique
from which many physiologic parameters may be derived, as it pro-
duces a waveform which correlates with the circulatory volume in
skin tissue (Table 1). The technique was first discovered in the
1930s. The first commercially available continuous monitor of arte-
rial oxyhemoglobin saturation was the Hewlett-Packard 47201A
ear oximeter in the early 1970s." It was cumbersome to use and was
quickly replaced when pulse oximetry was discovered by Dr. Takuo
Aoyagi at Nihon Kohden in 1972 and later became available in the
mid-1970s.? The most common clinical application of PPG is the
modern pulse oximeter, developed in 1991. With advances in PPG
signal processing, added inputs, and artificial intelligence/machine
learning/deep learning (AI/ML/DL) algorithms, additional data out-
puts such as sleep tracking have been incorporated into wearables
since 2013. These advances have given these PPG-utilizing devices
evolving consumer as well as clinical capabilities detailed below.**

The fundamental basis of PPG technology can be explained by
the Beer-Lambert law. When tissue is interrogated with the
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light signal of specific wavelengths, the light absorbance within
tissue fluctuates with pulsation. As light passes through tissue it
is attenuated and the resulting signal is then amplified, filtered,
and processed to form the characteristic PPG waveform of a
dicrotic notch occurring with each heartbeat.” During the car-
diac cycle the nonpulsatile tissue provides the DC (direct cur-
rent) component, and light absorbance in the pulsatile tissue
provides the systolic and diastolic AC (alternating current)
component (Figure 1).° Notably, the DC signal baseline is not
steady but displays low-frequency AC oscillations (not depicted
in Figure 1) due to changes in capillary density (eg, due to epi-
sodic sympathetic outflow and local autoregulation) and venous
volume fluctuations (eg, due to respiration-induced fluctuations
in central venous pressure).” This low frequency AC baseline
variation contains data that can be used to measure parameters
such as respiratory rate.

There are 2 PPG modes: transmission/absorption and reflec-
tion/reflectance (Figure 2). For the transmission/absorption
mode, a light source is positioned opposite a light-detecting
photosensor on the other side of an appendage (eg, fingertip or
earlobe) to calculate absorption. For the reflection/reflectance
mode, the light source and photosensor are on the same surface
(eg, placement on the forehead or wrist), and the amount of
reflected light is calculated.
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Table 1—Physiological parameters that may potentially be
derived from photoplethysmography in sleep.

Oxyhemoglobin saturation*

Sleep time and sleep stage

Blood pressure

Pulse rate*

Pulse rate variability*

Parasympathetic and sympathetic activity
Rhythm regularity

Respiratory rate

Respiratory events

Arterial stiffness and endothelial function

*Parameters that have a substantial body of evidence and are more
directly measured by PPG.

Pulse oximetry, the most common application of PPG, has
been extensively investigated in the literature. A detailed discus-
sion of its operating principle is beyond the scope of this review.
But in short, under red illumination (650—750 nm), the absorption
of deoxygenated hemoglobin is greater than that of oxygenated
hemoglobin, whereas the relative absorption is reversed under

Figure 1—Variation in light attenuation by tissue.
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Note the photoplethysmography (PPG) waveform with systolic phase,
diastolic phase, and characteristic dicrotic notch gleaned from the AC
component of data. Note the pulsatile component of arterial blood is inverted
due to the increase in absorption (or decrease in reflectance) from the
changes in blood volume. Also, the “AC: Pulsatile part” of PPG is inverted.
AC = alternating current, DC = direct current. Image reproduced under
Creative Commons Attribution license (https:/creativecommons.orgllicenses/
by/3.0/). Source: Tamura T, Maeda Y, Sekine M, and Yoshida M. Wear-
able photoplethysmographic sensors—past and present. Electronics 2014, 3
282-302; DOI:10.3390/electronics3020282.
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infrared (IR) light (850—1,000 nm). By measuring the absorption
by the blood of both red and IR light, it is possible to estimate the
value of SpO,. However, in the presence of carboxyhemoglobin,
methemoglobin, or sulthemoglobin, the SpO, reading can be
unreliable.”

With either PPG mode, different light wavelengths may be
employed.””'° Red and infrared light reach deeper vascular tis-
sues (Figure 3), measure SpO, more accurately, are less affected
by skin tone, and are more often used in medical-grade equipment.
It is worth noting that most consumer-grade PPG devices use
green light which is less affected by motion artifact. When only 1
wavelength of green light is used, it is meant to measure pulse rate
only. However, utilization of 2 different wavelengths of green light
(eg, 560 nm and 577 nm) can also be used to measure oxyhemo-
globin saturation and may be more suited to the reflectance mode
of PPG. Green light does not reach as far into vascular tissue and
is thus less suitable for oxygen assessment. This is mainly because
melanin is a strong absorber of green light, limiting depth penetra-
tion in dark-skinned individuals. Green light is also well absorbed
by hemoglobin itself, which limits deeper penetration needed to
obtain more accurate measurements in high cutaneous blood flow
areas.” Due to the varying levels of absorption, particularly for
green light used in consumer devices, some manufacturers recom-
mend using their device only in light skin tones or at rest.'' In
response to differences in sensor accuracy during activity or in
individuals with different skin tones or characteristics such as obe-
sity, other manufacturers may boost or enhance the green light
intensity and/or adjust the proprietary algorithms to attempt to
improve accuracy.'®

To highlight the importance of large and diverse datasets to
address combinations of factors affecting PPG, Ajmal et al"
showed that obesity, especially obesity combined with darker skin
tone, could cause a relative signal loss up to 61.2% Factors that can
affect the PPG signal are myriad and are further detailed below.
While red and IR light have the advantage of deeper tissue penetra-
tion, red photosensors have a lower signal-to-noise ratio compared
to green photosensors when it comes to motion artifact.'* This
means that devices using green light are in general more resistant to
motion artifacts. A summary of the differences between red and IR
compared to green light can be found in Table 2.

Location of measurement is important, as the efficacy of this tech-
nology depends on the quality and strength of the signal obtained.
Examples of locations for measurement are found in Table 3.'* In
general, locations with high vascular density and good sensor con-
tact yield a higher quality signal. Less vascular density or poor sen-
sor contact due to motion or hair can yield a poorer signal. As a
result of these factors, in addition to device-dependent differences
in algorithms used for PPG analysis, wearables like wristbands
and watches vary in reliability (more below).
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Figure 2—lllustration of transmittance and reflectance photoplethysmography (PPG) and signal processing.
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(A) Transmittance (transmission) and reflectance PPG. (B) Light signal is collected, amplified, filtered, and processed by an ADC (analog-to-digital converter).
Image adapted and reproduced under Creative Commons Attribution license (https://creativecommons.org/licenses/by/4.0/). LED = light-emitting diode. Source:
Majumder S, Mondal T, and Deen MJ. Wearable sensors for remote health monitoring. Sensors 2017, 17, 130; DOI:10.3390/s17010130.
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PPG can be influenced by numerous individual, physiologic, tics such as age,'>'” sex,'>'® obesity, local body temperature,
and external factors. In addition to skin tone,lo’15 16 skin activi‘cy,12 and cardiovascular status, including arterial stiffness,

Figure 3—Schematic of light penetration through the skin by wavelength.
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Note the depth of dermal vasculature in relation to light penetration. Image reproduced under Creative Commons Attribution license (https://creativecommons.org/
licenses/by/4.0/). Source: Cios A, Ciepielak M, Szymanski L, et al. Effect of different wavelengths of laser irradiation on the skin cells. Int J Mol Sci. 2021, 22, 2437.
DOI:10.3390/ijms22052437.
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Table 2—Differences of red and infrared (IR) light vs green
light in photoplethysmography.

Red and IR Light

Reaches deeper tissue
Less affected by epidermal

Green Light
Reaches more superficial tissue
More affected by epidermal

melanin melanin
More suitable for SpO, More suitable for pulse rate
measurement measurement

Mainly medical-grade devices

More susceptible to motion
artifact

Mainly consumer-grade devices

Less susceptible to motion
artifact

arrhythmias, left ventricular function, arterial and venous tissue
perfusion, and autonomic function.”*'® Further, external factors
such as poor sensor positioning,® motion, ambient light,'? fin-
gernail polish® or artificial nails, and applied pressure at the sen-
sor site may affect PPG and pulse oximetry data quality.'*"”
While these factors may affect PPG, not all factors affect the
PPG signal equally and combinations of these factors may have
more impact on the PPG signal and data outputs (eg, a combina-
tion of obesity and skin tone as noted earlier). Large and diverse
datasets and learning AI/ML/DL/neural networks are needed to
analyze these factors in diverse population datasets.

Advances in PPG signal analysis have fueled its implementation
into clinical and consumer sleep technologies and given them
many new capabilities (Table 1). Presently, PPG data yields
information on heart rate, heart rhythm, respiratory rate,>**' and
pulse rate variability. PPG analysis can also be used to estimate
arterial stiffness”*** and blood pressure (with limited accu-
racy).>* PPG has been used in nonclinical applications to fitness
by helping to estimate baseline energy expenditure and maxi-
mum O, consumption (VO, max). However, recent studies have

Table 3—Example locations and mode of photoplethysmography
measurement.

Transmission Mode
Fingertip
Earlobe

Toe in infants
Reflectance Mode
Forehead
Wrist
Torso, arms, and legs
Ear canal (“earables”)
Bridge of nose
Mastoid
Scalp of fetus during labor
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found PPG on wrist-worn activity trackers not accurate enough
to be used in sports or health care applications.>*° Analysis of
pulse rate variability is performed similarly to and is a surrogate
marker of heart rate variability (HRV), which is known to esti-
mate autonomic system activity.?’ Pulse rate variability derived
from wearables has been shown to have a very good to excellent
correlation with classic electrocardiogram-derived HRV when at
rest.”® An overall increase in HRV is associated with parasympa-
thetic activity while decreased HRV is associated with sympa-
thetic activity. Time-domain or frequency-domain analysis can
also be calculated, yielding commonly used metrics, including high
frequency (HF, 0.15-0.4 Hz, commonly accepted as a marker of
parasympathetic activity), low frequency (LF, 0.04-0.15 Hz, likely
a reflection of both sympathetic and vagal activity or a marker of
sympathetic modulation), and the LF/HF ratio (often considered as
an index for sympatho-vagal balance).'® HRV changes have been
studied in obstructive sleep apnea,” " insomnia,*'** depression,*
and anxiety. PPG is also utilized in peripheral arterial tonometry
devices, which are now used in some clinical sleep technologies
such as home sleep apnea testing.

The most significant clinical impact of PPG on both consumer
and clinical sleep technologies is due to its combination with
actigraphy in many devices. This combination has allowed the
approximation of many familiar parameters, including sleep
stages, sleep times, and respiratory events. With sleep trackers
now purporting to track and report total sleep time, time in wake
vs light vs deep sleep, and potential respiratory events, the obvi-
ous question is how they compare to each other as well as to tra-
ditional sleep testing. All of the individual sleep technology
devices that utilize PPG are too numerous to recount here, but
AASM members are urged to visit the #SleepTechnology
resource (https://aasm.org/consumer-clinical-sleep-technology/).
It is important to note that while various devices utilize PPG, it
does not mean they are similar in efficacy. The efficacy of each
device depends on the light wavelength and collection variations
that are used, the analysis of the PPG signal (and the proprietary
algorithm used), the other technologies (eg, actigraphy) with
which PPG is combined in a specific device, and additional (pro-
prietary) AI/ML/DL using other inputs on specified (or unspeci-
fied) dataset populations. Figure 4 gives examples of PPG
outputs in different stages of sleep. Korkalainen et al** trained a
deep learning model to perform sleep staging on the PPG signals
from diagnostic polysomnograms from 894 suspected OSA
patients. Differences in signal characteristics, including amplitude,
frequency, and variability, can be appreciated between signals
obtained during different stages of sleep. While differences be-
tween the signals can be appreciated visually, it is essential to note
that these are outputs obtained from a single, undisclosed, deep
learning algorithm and specific datasets. These proprietary algo-
rithms and datasets are company-and device-specific and cannot be
generalized across different devices/data platforms. It follows then
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Figure 4—Examples of photoplethysmography (PPG) signals during correctly identified sleep stages.
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In these examples, it can be seen that during wake the PPG signal remains stable, and the frequency and amplitude are fairly constant. During N1
sleep, irregular variation in the signal amplitude occurs and the frequency decreases. When progressing to N2 and further to N3 sleep, the amplitude
decreases and low frequency oscillations in the PPG signal begin to occur. In contrast, rapid eye movement sleep is highly similar to wake but with
slightly higher variation in the signal amplitude. It may be difficult to discern PPG profile changes of various sleep stages with naked eyes, but the sleep
stages may be sufficiently discriminated by rule-based or Al-enabled algorithms. Al = artificial intelligence. Caption and figure adapted and reproduced
under Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/by-nc/4.0/). Source: Korkalainen, H, Aakko J, Duce
B, et al. Deep learning enables sleep staging from photoplethysmogram for patients with suspected sleep apnea. Sleep. 2020;43(11). DOI:10.1093/sleep/

zsaa098.

that when a PPG-based device is Food and Drug Administration
(FDA)—cleared that the clearance is for that specific device for a
specific indication.

It is crucial that readers are cognizant that consumer-grade devi-
ces are only lightly regulated, and even medical-grade devices are
often not subject to an extensive approval process due to the 510(k)
process. To better understand the complexity of FDA clearance for
PPG and its uses in unique devices, an inspection of the FDA stan-
dard for medical-grade pulse oximetry device clearance deserves
attention. Consumer pulse oximeters that are FDA registered are
sports/wellness devices that are not FDA cleared. Medical-grade
pulse oximeters are FDA cleared, but the meaning of this clearance
requires clinical examination, particularly when used for clinical
decision-making. Per the FDA website: “if an FDA-cleared pulse
oximeter reads 90%, then the true oxygen saturation in the blood is
generally between 86% and 94%. Pulse oximeter accuracy is high-
est at saturations of 90%—100%, intermediate at 80%—90%, and
lowest below 80%.”*> On February 19, 2021 and June 21, 2022,
the FDA posted 2 pulse oximetry updates and specific warnings of
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SpO, inaccuracies for darker-skinned individuals. In addition,
FDA clearance may not address all claimed uses for a particular
device. For example, the pulse oximeter output, but not other out-
puts such as sleep assessment, may be cleared for a device. Further,
depending on the levels of FDA-categorized risk, changes in pro-
prietary AI/ML/DL algorithms and datasets may or may not require
oversight by the FDA.

Many devices have different levels of sensitivity not just
between ages in adult and pediatric populations, but also when
used outside of a healthy population. Often, devices are tested in
healthy datasets and therefore may not be accurate when comor-
bid medical or sleep disorders are present. As described above,
large and diverse testing datasets are required to improve PPG
sensor, device algorithm, and device data output accuracy.
Therefore, when evaluating the devices themselves, sleep outputs
should be approached with a great degree of caution particularly
if the inclusion/exclusion criteria and descriptive population
datasets used in the proprietary AI/ML/DL algorithms are not
publicly available, as is often the case.
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SLEEP DATA OUTPUTS

When it comes to devices that purport to track sleep, PPG is often
combined with actigraphy to provide the sleep data outputs (such
as sleep times, restlessness, movement) that are familiar to clini-
cians. Consider that many device validation studies are comparing
“apples and oranges” by comparing overnight polysomnogram
(electroencephalogram [EEG], electromyogram [EMG], and elec-
trooculography [EOG]) “apples” sensors and PPG/actigraphy
“oranges” sensors. It should be noted that PPG-based wearables
have an output of PPG-estimated sleep or sleep stages, in contrast
to the gold standard of polysomnography (PSG) that uses different
sensors and yields the conventional sleep stages defined by EEG,
EMG, and EOG. PPG-estimated sleep stages are currently not stan-
dardized and vary from device to device, commonly grouping sleep
stages into 2-stage categorization (simply wake and sleep), 3-stage
categorization (wake/NREM/REM), 4-stage categorization (light
sleep, deep sleep, REM, wake), or 5-stage categorization (stages
N1, N2, N3, REM, and wake). While sleep-stage reporting may
vary across devices, wearables have the benefit of gathering longi-
tudinal data, with the ability to evaluate sleep daily over weeks/
months in contrast to 1 night in the sleep laboratory or 1 to 2 nights
at home. While many studies compare these estimates with PSG
for sleep stage validation, these again require a measure of caution
in data interpretation. Many of these studies use limited data-
sets (which may lack diversity) and post-hoc algorithmic
adjustments to “validate” the devices. At this time, the esti-
mated parameters of consumer-grade devices should not take
the place of the extensively validated use of PSG testing in the
diagnosis and evaluation of treatment efficacies of sleep disor-
ders. For clinical use, clear standards of practice for specified
populations and indications for diagnostic or therapeutic effi-
cacy monitoring are warranted. Again, proprietary device
technology is generally device-specific, and its uses should
not be generalized across different device technologies.
Another consideration for clinical uses is cost and reimburse-
ment of device integration into the clinical workflow.

MOVING FORWARD

Current and future uses of PPG technology in sleep medicine for
diagnosis, treatment, remote data monitoring, and population health
are exciting. As both consumer and clinical PPG-based technolo-
gies continue to evolve, it is certain that the sleep provider will
need continued awareness of this technology and its capabilities
especially when navigating clinical uses as well as consumer sleep
technologies presented in the clinic by patients. AASM members
will continue to receive updates through AASM communications,
#SleepTechnology reviews, and other resources. Going forward,
validating consumer sleep technology against in-lab PSG or
outcomes-based performance, clear clinical practice guidelines
for specific populations, and more research on the performance
of diagnostic/screening/monitoring/therapeutic tools are war-
ranted. Ultimately, as the capabilities of PPG-based and multi-
sensor (PPG plus actigraphy or other) technologies evolve, so do
the potential uses to further advance consumer and clinical sleep
technology.
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ABBREVIATIONS

AASM, American Academy of Sleep Medicine
Al, artificial intelligence

DL, deep learning

FDA, US Food and Drug Administration

HRYV, heart rate variability

IR, infrared

ML, machine learning

PPG, photoplethysmography

PSG, polysomnography
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