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Abstract

Telehealth has seen rapid adoption in the past three years as a direct result of the COVID-19 pandemic.
Conventional methods for the measurement of vital signs are neither optimized for remote care nor highly scalable.
Blood pressure is a critical vital parameter that currently cannot be measured remotely. Cameras are versatile and
capable sensors that can be repurposed to measure vital signs. In this article, we review the use of cameras for
remote photoplethysmography and assessment of blood pressure. We discuss the principles behind this
technology and the current evidence for blood pressure measurement. We also explore future applications and
potential challenges to provide a roadmap for researchers, clinicians, and regulators considering this new
technology.

Keywords: Camera, remote, video, contactless, vital signs, photoplethysmography, cuffless, blood pressure,
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INTRODUCTION

Telemedicine and telehealth-related technologies are a growing sector of the healthcare system. In 2017, the
American Heart Association released a policy statement advocating for the increased adoption of telehealth
for the management of cardiovascular disease and stroke. Subsequently, the COVID-19 pandemic
accelerated the delivery of virtual care mechanisms, with more predictable reimbursement and
opportunities to gather data to evaluate impacts on privacy, care quality, utilization, and experience®. With
the increasing use of virtual visits between a patient and clinician over video comes the realization that
conventional methods and devices for obtaining vital signs at the point of care and for continuous remote
monitoring are not optimized for telemedicine.

Blood pressure (BP) is one of the most important clinical metrics, but reliable measurement presents a
major challenge. The gold standard noninvasive method is manual manometry with auscultation which
requires a skilled clinician. The most widely used method is automated oscillometric cuff pressure, in which
a computer detects oscillations of blood flow at various cuff pressures to estimate systolic, diastolic, and
mean arterial pressure based on proprietary algorithms”. However, cuff-based BP methods have
limitations, including cost and low global availability of devices, low patient adherence due to discomfort
and inconvenience, frequent incompatibility due to anatomy and lack of continuous BP information'. In
response, many devices and apps claiming to measure cuffless BP have emerged in the market with varying
degrees of novelty, regulatory approval, satisfaction of institutional standards, and clinical peer review'. As
a result, the European Society of Hypertension (ESH) has advised against the clinical use of current cuffless
BP devices'“.

A pragmatic solution for cuffless BP is to repurpose existing technology to meet the demand. Some novel
devices incorporate photoplethysmography (PPG), which measures the light reflected from the skin to
quantitatively capture blood flow in the peripheral vasculature based on the light absorption properties of
hemoglobin. PPG has been used widely in medicine for pulse oximetry, which measures pulse rate and
blood oxygen saturation from a device typically attached to the fingertip or ear lobe. PPG has been

researched extensively as a cuffless means to estimate BP with mixed results®®”.

More recently, PPG technology has been translated to consumer wearable devices, namely smartwatches".
The Apple Heart and Fitbit studies are the largest scale studies to date to support PPG for clinical use by
consumers. These studies evaluated the feasibility of detecting atrial fibrillation and both demonstrated the
great potential of PPG for remote patient monitoring"*"”. Although contact PPG sensors are now widely
available in wearables, they are far from universal. For perspective, in 2021, the number of smartwatch users
was approximately 203 million, whereas smartphone users were closer to 6.4 billion, with greater disparities

13]

in low-resource environments!

Although conventional PPG methods require physical contact with the skin, new contactless methods in
development use the camera lens as the photodetector. Cameras are ubiquitous owing to their popularity in
the consumer electronics industry, integrated with nearly every smartphone, tablet, or laptop computer
today. Spatial, temporal, and electromagnetic frequency domain changes are captured at high quality and
low cost. As consumer cameras are designed to capture information relevant to human vision, they are
inherently standardized, for instance, to capture red, green, and blue colors in the visible light spectrum
(400-700 nm), and many use a standard frame rate of 30 frames per second. Once cameras were digitized in
the late 1990s, it became possible to apply computational methods to identify objects within images,
quantify minute changes in motion, and detect variations in reflected light not visible to the human eye.
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Cameras provide an attractive solution for contactless monitoring of vital signs in telemedicine and other
clinical scenarios. Indeed, research on the camera-based measurement of vital signs has grown
exponentially over the last few decades"™. Early clinical studies have shown promise for camera-based
measurement of respiratory rate (RR)"Y, heart rate (HR)"", blood oxygen saturation (SpO,)"", and even
detection of atrial fibrillation"”*. Given the immense technical challenges, research to estimate BP with a
camera has progressed slowly and has been mostly limited to the computer science domain with testing
performed on healthy subjects. In recent years, advancements in research methods including machine
learning have renewed cautious optimism that the field is ready for more robust clinical studies.

In this article, first, we describe the theoretical basis of BP estimation by camera-based remote
photoplethysmography (rPPG). We then provide a brief overview of research to date and highlight the
major technical and physiological limitations. Finally, we conclude with a discussion of potential future
clinical applications inclusive of and beyond telemedicine, which guides our recommendations for the next
steps in research.

The reader should note that, as an emerging field, there is no consensus term for using a camera for
photoplethysmography. Various terms used include camera-based, video, imaging, remote, distance,
noncontact, and contactless photoplethysmography. For consistency with other recent publications, this
paper uses camera-based remote PPG. In contrast, any method of acquiring a PPG signal that requires
physical contact is referred to as contact PPG.

PRINCIPLES OF CAMERA-BASED BLOOD PRESSURE ESTIMATION BY RPPG

A basic understanding of PPG, the theories behind BP estimation, and current limitations are necessary
before considering clinical applications. A detailed analysis of the technical components of the PPG
waveform is highlighted in a review by Elgendi et al.*. For a technical review of camera-specific methods of
PPG signal extraction, Selvaraju et al., Molinaro et al., Natarajan et al., and Mukkamala et al. have written
comprehensive reviews of the theories underlying PPG-based BP estimation”"*>**",

Whether using a contact sensor or a camera, the process of estimating BP from reflectance mode PPG
shares similarities [Figure 1]. First, a light source is needed, either from a device or ambient light. Generally,
the visible spectrum of light is used, though infrared has been explored as it offers deeper penetration into
dermal layers containing arteries”". Light is shone on the skin and absorbed in part by blood. The green
channel is conventionally used to isolate hemoglobin, the major component of blood, based on its
absorption properties. Pulsatile blood flow within arterioles and the microvascular bed in the skin results in
fluctuating levels of absorption by hemoglobin. For rPPG, a region of interest (ROI) is selected, commonly
the forehead or cheeks, due to the larger surface area and/or perpendicular position to the lens when facing
the camera. The reflected light is returned to a photodetector and visualized as a waveform that resembles
an attenuated arterial pressure tracing. Next, the PPG signal quality is improved by spatial averaging,
normalization, low and high pass filtering, and other post-processing methods to remove noise from
motion artifacts or non-hemoglobin components such as melanin. The first and second derivatives of the
waveform may also be computed. Finally, the cleaned PPG signal is fit to a predetermined parametric model
to produce an estimate of BP based on waveform characteristics, patient demographics, or other parameters.

Origins of PPG

PPG was first described by Hertzman AB in 1938, Despite great advancements in knowledge, the
underlying hemodynamic theory is not fully understood"”. When the heart contracts, a pressure wave
travels from the aorta to the distal arterioles as blood is propelled through the cardiovascular system
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Figure 1. Remote PPG (rPPG) uses cameras to capture minute changes in light absorbed by hemoglobin in the peripheral vasculature to
measure the blood volume pulse. (A) camera detects light reflected from a subject’s face™.(B) Computational methods extract a rPPG
signal from a ROI. (C) Examples of possible waveform features. (D) Cuff calibration, other personal parameters, and rPPG features are
entered into machine learning models to predict BP (adapted from™).

[Figure 2]. The central arterial waveform is transmitted to the microvasculature beneath the skin surface
and reflected in the PPG waveform. The PPG waveform can be described as having a high frequency
alternating current (AC) component and a low frequency pseudo-direct current (DC) component. In
general, the AC component is attributable to the blood volume pulse, whereas the undulating DC
component is affected by overall blood volume, respirophasic variation, autonomic activity, and
thermoregulation".

The conventionally accepted theory states that the PPG waveform is a direct result of the absorption of light
by hemoglobin within arteries. Kamshilin et al. challenged this theory on the basis of observation and
experiments to conclude that the PPG waveform from visible light does not originate from arteries, but
rather the more superficial tissue including capillaries””. They proposed a new conceptual model in which
transmural pressure from arteries mechanically deforms adjacent tissues containing capillaries, lymphatics,
and connective tissue in a manner that alters the absorption of light creating the PPG waveform.
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Figure 2. lllustration of time-based BP estimation that could be performed with a camera using hypothetical combinations of ECG, BCG,
and PPG waveforms. PAT can be measured from the “r" wave of an ECG and a PPG wave (PAT,, PAT,,and PAT,). PTT can be measured
between the "h" wave of a BCG from head movement and a PPG wave (PTT,, PTT,,and PTT). PTT can also be measured between PPG
waves from different body sites (PTT, and PTT,). Note: the arterial waveform in the aorta is shown for reference; this is a simplified
conceptual diagram; actual calculations can involve feature derivatives and other points of interest. ECG: Electrocardiogram; BCG:
ballistocardiogram; PTT: pulse transit time; PEP: pre-ejection period; PAT: pulse arrival time.

Subsequently, Moco et al. found evidence in support of the conventional theory”’. They imaged the
capillaries of the nail bed using visible light and found no relationship between capillary density and PPG
signal strength. They also refuted the claim that visible light does not penetrate the skin to the depth of the
arterial vasculature. Although their results support the conventional theory, they acknowledge the
“possibility of complementary mechanisms of PPG formation occurring in parallel”.

Understanding the origin of PPG is essential to efforts of PPG-based BP measurement. The purpose of the
technology is to estimate arterial pressure based on a signal presumed to be directly contrived from arterial
blood flow. As the next section illustrates, knowledge of confounding factors will help to guide device and
model development for accurate monitoring of vital signs including BP measurement.
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Hemodynamic theory of PPG and BP estimation: pulse transmit time and pulse waveform analysis
The PPG signal can be related to BP based on time or waveform shape, generally called pulse transit time
(PTT) and pulse wave analysis (PWA), respectively. The premise of PTT states that the velocity of the
pressure wave is known to correlate with BP; therefore, the time interval between waveforms is inversely
related to BP. Specifically, higher BP is associated with a faster wave velocity and a shorter time interval
between two points along the wave, which can be captured by PPG waveforms from different body sites.

A related concept, pulse arrival time (PAT), measures the time delay between the onset of systole and a
distal PPG waveform. The start of electrical systole begins with the “q” wave of an ECG, whereas the onset
of isovolumetric contraction coincides with the “r” wave peak of an ECG. For this reason, studies have
measured PAT from the “q” wave or the “r” wave. However, there is a small but not insignificant time lapse
between isovolumetric contraction and ventricular ejection of blood into the aorta, called the pre-ejection
period (PEP). Inter- and intra-individual differences in ventricular compliance, contractility, filling
pressures, and valvular disease will affect the PEP and thus confound BP estimation. As shown in porcine
experiments, the PEP can be measured using an ECG and an intra-aortic catheter, but in real-world
practice, it is unknown™. Ballistocardiography (BCG) may offer an alternative to ECG for detecting the
start of the ventricular ejection period of systole. As blood is ejected into the aorta, the head moves slightly
downward to conserve momentum. This subtle movement can be detected by a contact sensor or camera.
The “h” wave captured by BCG correlates with the opening of the aortic valve and ventricular ejection™.

Figure 2 provides an illustration of time-based BP estimation using hypothetical combinations of ECG,
BCG, and PPG waveforms acquired from a contact sensor or camera. A camera can measure the time delay
between BCG and PPG from the facial arteries (PTT,), branches of the brachial artery (PTT,), or branches
of the radial artery (PTT,). A camera can also measure the time delay between PPG waveforms from the
facial and radial arteries (PTT,), or brachial and radial arteries (PTT,). Using ECG with a camera, one can
measure the pulse arrival time (PAT) between the “r” wave of the ECG and the upstroke of the PPG
waveform from various body sites: PAT, = PEP + PTT, (facial arteries), PAT, = PEP + PTT, (brachial
artery), and PAT, = PEP + PTT, (radial artery).

In addition to time, waveform features can be analyzed to estimate BP. Pulse wave analysis (PWA)
presumes that the dynamic shape of a PPG waveform is correlated to changes in BP. The upward slope,
width, or amplitude are examples of possible features [Figure 1C]. Accurate waveform acquisition matters
more in PWA than PTT, which generally only requires the identification of troughs or peaks to distinguish
waveforms from each other.

Relevant to the clinician is an appreciation for the numerous anatomical and physiological factors that
complicate efforts to measure BP by PTT, PAT, or PWA. The peripheral vasculature is affected by smooth
muscle tone and viscosity more so than central arteries due to differences in vessel wall composition*’. As a
result, peripheral smooth muscle contraction has been shown to affect PPG waveform velocity and shape
independent of BP. Similarly, factors that alter arterial compliance, such as age, diabetes, chronic kidney
disease, atherosclerosis, and pregnancy, will affect waveform velocity and shape. Light absorption and
reflection depend on the optical properties of skin, which vary by hemoglobin concentration, melanin
concentration, thickness, and water content"**. As a result of fluid dynamics, the systolic pressure wave is
reflected from the capillaries back to the aorta, and thus, the PPG waveform is actually a summation of wave
propagation and reflection - an effect that increases with distance from the heart™.
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There is no clear best method for PPG-based BP estimation. Direct comparisons between PTT, PAT, and
PWA are limited due to differences in study populations and testing conditions"'. Some argue that PTT is
most grounded in hemodynamic theory and therefore is most likely to yield the best results, perhaps until
stronger theories are discovered to support PWA, or better methods to account for the PEP for PAT™".

PWA remains an attractive solution and has been aggressively pursued in research models. Whereas PTT
and PAT conventionally require multiple contact sensors to measure two points in time, PWA
hypothetically may only require a single PPG sensor (e.g., a smartwatch or camera) to measure BP. Lacking
a theoretical foundation, PWA is considered the “data-driven” approach to BP estimation as it has advanced
due to artificial intelligence (AI), namely machine learning (ML) and deep learning (DL), that allows for
robust feature comparisons'®. More recent studies have used DL to combine PTT and PWA features with
demographics to build complex models in an attempt to improve BP prediction””. However, validation of
some models has been a primary issue, as demonstrated by a recent study that challenged a method of PAT-
PWA that likely forms the basis of several contact PPG devices on the market”. These findings are a wake-
up call to researchers and the scientific community to develop new validation protocols commensurate with
these new technological advancements'.

Calibration and parametric models to estimate BP

In all cases, because PPG cannot directly measure pressure, a parametric model is essential to relate PPG
features to BP" [Figure 1D]. The cardiovascular system is a complex, dynamic fluid network and inferring
parameters from a two-dimensional observation of blood volume is onerous. For PTT, equations drawn
from hemodynamic theory are used as the basis of the model to convert units of time to units of pressure.
For PWA, more complicated nonlinear models are used to map waveform features to BP. The unknown
variables, or parameters, are then determined by one of several approaches: an individualized, population,
or hybrid model.

The individualized model involves PPG recordings of a person over a wide range of repeated BP
measurements. With enough data, the parametric model is determined, and cuftless BP can be estimated
from PPG. Periodic BP recalibration is needed to account for changes in physiology, such as reduced
vascular compliance with aging, though the optimal time interval is unknown".

The population model ideally uses a large cohort with varying demographics and a wide range of BP to
determine model parameters. An individual would then only need a PPG signal mapped to an appropriately
selected population model to estimate BP without the need for cuff calibration. In theory, this would
provide a truly cuffless BP experience but is not likely to be accurate enough for continuous BP monitoring.

The hybrid model trades the convenience of the population model for accuracy by using most parameters
from a population, and a single or few from an individual (e.g., age, sex, gender, and height), with or
without cuff calibration. This model is most likely to provide a pragmatic approach for clinical use and is
the likely basis for several contact PPG-based BP devices on the market that require cuff calibration and
one that does not require cuff calibration.

Technical comparisons between contact and remote PPG

Using a camera instead of a contact sensor offers some technical and theoretical advantages. Studies have
shown that a camera can track several ROI at once (e.g., regions of the face, or the face and hand) to extract
simultaneous rPPG waveforms, allowing for the calculation of PTT without the need for multiple contact
sensors”*. Although contact PPG has been used to calculate PTT between the forearm and wrist, no
similar camera-based rPPG studies using ROI from a single limb have been published*.
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As mentioned, contact-based methods that use ECG to measure PAT are confounded by the PEP.
Alternatively, a camera could enable a pure contactless measurement of PAT by replacing the ECG with
BCG"™. Incorporation of BCG with rPPG is a novel area of particular interest to researchers'*.

Variable pressure applied in contact PPG, e.g., from a fingertip, can cause waveform deformation and thus
affect signal quality - a problem that is avoided in contactless rPPG"™. A video of the face produces a more
proximal and larger surface area of pulsatile skin than a contact sensor, which may reduce PPG signal
variance due to localized pathology or vasomotor tone. A camera can capture a PPG signal from the
exposed skin of any area of interest, whereas a contact sensor would require extensive engineering or
multiple designs to accommodate different areas.

Contact sensors and cameras both offer active and passive means of PPG measurement. Conventional
contact sensors, i.e., pulse oximeters, require active use of the device. New wearables allow a passive means
for contact PPG measurement but require the user to adhere to wearing the device. Adherence to wearables
is not consistently reported in studies and is known to wane substantially over time"”**. Conversely,
cameras are embedded in numerous devices used throughout the day and therefore have greater potential
for passive monitoring. For instance, a person may use their smartphone or computer for another purpose
while the camera continuously scans for opportune moments of satisfactory PPG waveform quality.

There are notable disadvantages to camera-based remote PPG. A larger surface area of skin means an
uneven plane with differing optical properties between individuals and within the same individual. Contact
PPG utilizes controlled light, such as an LED, whereas remote PPG relies on ambient light of varying
intensity and color™*. Subject-camera distance is also not controlled. Zhou et al. demonstrated that rPPG
waveform quality is diminished in faint or bright light and with greater subject-camera distance™'!. They
found the light intensity of 150-200 lux and the distance of 50-60 cm to be optimal. However, these
parameters are likely to be specific to the camera, as other studies reported distances of 0.4-3 m with
acceptable waveform quality™**'.

Whereas contact sensors are specifically designed for PPG, webcams, smartphone cameras, and other
consumer imaging devices are not optimized for rPPG*. A camera capable of at least 20-30 frames per
second (fps) is reccommended™, though 8 fps would theoretically suffice to detect up to 240 bpm based on
the Nyquist theorem”'. Resolution is less critical, with aggressive downsampling often performed to help
reduce the effects of camera quantization error. The green channel is used for rPPG because it performs best
for hemoglobin absorption within the visible light spectrum, for which most cameras are designed.
Visible light is also absorbed by melanin, reducing rPPG quality in darker skin tones, though using
increasing light intensity may mitigate this problem"**/. Channels of longer wavelengths, such as orange
and infrared, have deeper skin penetration and are absorbed less by melanin and other artifacts®**
[Figure 1A]. Motion artifacts can also be mitigated by the extraction of multiple color channels”*!.
However, consumer-driven motivations for the widespread use of multispectral cameras with infrared
capability would be required before they can be adopted for rPPG-based monitoring of vital signs. Custom
cameras could be built, but this would undermine the convenience of using available devices.

As a result of these technical limitations, much research has focused on the development of novel
computational methods to improve the quality of the rPPG signal from video using standard cameras®**.

Compared to contact PPG, the rPPG waveform often loses distinguishing features such as the dicrotic
notch, which can affect BP estimation by PWA™!. Ultimately, pending further advancements in camera and
computer technology, the signal quality of the waveform from remote PPG is generally inferior to that of
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contact PPGM**,

OVERVIEW OF RPPG STUDIES AND KEY LIMITATIONS

Camera-based remote PPG is a relatively new and rapidly evolving field of research. Wieringa et al. (2005)
first introduced remote PPG for pulse oximetry with a custom-built camera using LED'". Several years
later, Verkruysse et al. (2008) showed that a typical consumer camera under ambient light could detect
rPPG". Poh et al. (2010) first described a system to accurately track HR in real time using rPPG despite
motion artifact'®. McDuff et al. (2014) demonstrated the identification of systolic and diastolic peaks using
rPPG and explored new color channels"”. Next, Shao et al. (2014) first measured PTT using rPPG between
the face and hand"”. In short succession, Jeong and Finkelstein (2016) and Shao et al. (2017) investigated
the correlation between rPPG-based PTT and BP in several adult subjects undergoing exercise to raise
BPU7,

Since then, according to several independent reviews by Steinman et al., Molinaro et al., Selvaraju et al., and
Natarajan et al., there have been between 8 and 21 relevant studies of rPPG-based BP estimation, depending

[50]

n"**?"* Frey et al. identified two studies specifically using a smartphone camera®™.

on interpretatio

Opverall, these initial studies show potential, but rPPG-based BP estimation is still a nascent technology and
requires extensive validation. Studies used cameras from laptops, webcams, and smartphones, as well as
consumer-grade digital single-lens reflex cameras, generally set to 30 fps to emulate real-world conditions.
Direct comparisons between studies are difficult, namely due to small sample sizes and differences in study
design. Similarly, studies differ in reporting BP metrics as correlations or values in mmHg. Though it is
unclear if rPPG more accurately predicts SBP or DBP, reviews would suggest PWA correlates better with
SBP than DBP, whereas PTT shows a similar correlation to SBP and DBP. The relationship between PWA
and SBP is likely due to greater information on waveform features related to stroke volume and systole.
Natarajan et al. calculated the unweighted average of the highest correlation coefficient for blood pressure
reported across studies as 0.54 (0.76 was the single highest)®. Several promising studies satisfied or nearly
satistied the standard set forth by the Association for the Advancement of Medical Instrumentation (AAMI)
for a mean error of 5 + 8 mmHg compared to reference BP measurement™ !, However, this criteria is not
specific for new technologies such as rPPG, prompting the AAMI, ESH, and International Standard
Organization to call for new methods of validation for cuffless BP measurement®. Additional limitations of
these studies, as described below, makes the results currently inapplicable to a real-world patient
population.

Study populations: small sample sizes and healthy, normotensive subjects

The inception of rPPG research was led by the computer science and engineering fields, which first explored
these methods within a readily available cohort of healthy, normotensive subjects. With few exceptions,
studies included 20 or fewer subjects. Even the largest study of > 1,300 subjects included only healthy,
normotensive individuals with similar skin tones*.

There are several concerns regarding these study populations. First, as Mukkamala et al. acknowledge,
testing a homogenous group with similar demographics and a narrow range of normal BP increases the
likelihood that an experimental model will have predictive power™. This has been demonstrated by using
models based on demographics and a few other features that are as predictive as models that include
rPPG". It is far more difficult to predict BP from a population with a wide range of BP, age, skin tones, and
other demographic variables*.
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Second, studies lack tracking of intraindividual BP over time and instead employ interventions to invoke
dynamic BP changes, including Valsalva maneuver', nitroglycerin®/, cold pressor test'*”, isometric hand
grip'®, cycling
the state of the autonomic and cardiovascular systems, and thus the rPPG waveform, during a maneuver is

B, cognitive task completion'”, and consuming chocolate!®. It should not be presumed that

the same as when a patient suffers from a pathophysiological condition leading to BP changes. For instance,
a Valsalva maneuver transiently lowers BP by increasing intrathoracic pressure and decreasing venous
return to the heart. The mechanisms of this maneuver cannot be assumed to reflect hypovolemia, sepsis,
reduced cardiac output, or medication-induced hypotension. Similarly, hand grip and cold pressor tests to
transiently raise blood pressure are not equivalent to chronic hypertension. If these maneuvers are to be
used to determine model parameters, then they should be validated against real pathologic states.

Third, increased arterial stiffness due to age is known to cause underestimation of BP measurement by
oscillometric cuff'*’. Similarly, peripheral arterial compliance is known to impact PPG waveform velocity
and shape. Subjects of older age and those with diseases that affect arterial compliance should be included to
explore the relationship between disease and PPG waveforms. Individuals taking cardiovascular
medications (e.g., angiotensin-converting enzyme inhibitors, diuretics, and calcium channel blockers) that
can affect peripheral vascular resistance, blood volume, or smooth muscle contractility should be included
in future studies.

Finally, most studies have only included subjects with normal sinus rhythm. Irregular rhythms (e.g.,
premature atrial or ventricular contractions and atrial fibrillation) will cause variable diastolic filling time,
which affects stroke volume and would likely impact the interpretability of PPG waveform features for BP
estimation. The presence of atrial fibrillation is a challenge for oscillometric cuff BP measurement and
shows significant within-subject variability compared to normal sinus rhythm!*.

Study environments: controlled lighting and motion

Remote PPG signals were generally acquired from subjects while seated at rest to minimize motion artifacts.
Most studies were conducted under constant artificial light, while few studies tested various lighting
conditions™*). In order to reduce artifacts from motion and non-hemoglobin light absorption, research has
focused on efforts to develop video processing techniques using machine learning and mathematical
algorithms, namely, elaborations on single-channel analysis, independent component analysis,
mathematical/optical modeling, and transdermal optical imaging®'. Future studies should involve more
natural environments with variable lighting and increased motion to reflect real-world conditions.

Limitations of Al for BP estimation

Artificial intelligence, particularly DL, is useful when the input (e.g., PPG) and output (e.g., BP) have an
undefined, nonlinear relationship and involve many unknown parameters. The rise in the popularity of Al
has undoubtedly propelled research in PPG-based BP prediction, particularly for PWA™**. However, there
are significant limitations to relying on Al Increasingly complicated and enigmatic DL methods generate a
predicted BP out of a “black box”?". It is important to provide a sound physiological basis for any claims

made by AI'. Furthermore, the discovery of new hemodynamic principles can improve model accuracy".

Of major concern is inaccurate ground truth data for proper model training™”, i.e., noninvasive cuff-based
BP has an inherent error, which will introduce error into a model. In rPPG studies, BP was determined by
sphygmomanometry, oscillometric arm and wrist cuffs, and volume-clamp finger cuff. A large-scale study
of subjects with invasive BP is possible but not practical. Data from patients in intensive care with invasive
BP would not be generalizable to other populations. At this time, noninvasive BP must be accepted as a
limitation in training models for most populations.
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Although AI has demonstrated impressive BP estimation using retrospective datasets, the aim for clinical
use is real-time BP estimation. There appear to be no studies attempting real-time BP estimation using
rPPG. To this end, there is concern that signal processing and some ML and DL approaches used
retrospectively may not be realistic to use for real-time BP prediction due to high processing demands on
computing power and battery capacity, although cloud computing and other advancements may alleviate
this burden®.

Large datasets to advance rPPG research

The foundation of clinical contact PPG research is based on several open-access databases that include
thousands of patients and contains PPG, continuous ECG, invasive and noninvasive BP, other vital signs,
and a wealth of relevant clinical information from the electronic health record (EHR)"”. In contrast, the
rPPG field has no database that can address the major limitations of current research, including the narrow
range of tested BP, and lack of variability in medical history, demographics, age, and skin tone. Large
training datasets of rPPG would be invaluable to building models for BP prediction.

The Medical Information Mart for Intensive Care (MIMIC) III database for contact PPG did not require
informed patient consent due to the deidentification of individual subject data and no impact on clinical
care'”. This study design greatly facilitated data collection. A similar approach could be applied to rPPG
research with the installation of cameras in outpatient, emergency room, acute care, post-operative care, or
intensive care settings. Notably, raw data from facial videos presents a unique problem for the
deidentification of protected health information. Approval by an institutional review board would most
likely limit sharing to extracted rPPG signals. Another approach could involve so-called synthetic datasets,
in which AI simulators use real data to generate large amounts of synthetic data. These datasets may play an

important role in addressing data bottlenecks in healthcare research in the future'.

FUTURE CLINICAL APPLICATIONS FOR RPPG-BASED BP ESTIMATION

From the home to the hospital, there are many potential clinical applications for camera-based monitoring
of vital signs, including BP estimation by rPPG. In particular, the COVID-19 pandemic has highlighted the
need for remote patient monitoring to mitigate the spread of infectious diseases. Though the pandemic may
be in remission, endemic levels of infection will persist in addition to other communicable diseases.

An idealized scenario depicts a person using a smartphone or laptop camera to record a PPG waveform of
the face and, within seconds, receive an estimate of BP [Figure 3A]. Researchers hypothesize that at least 10
seconds of rPPG waveforms would be needed for BP measurement®. This could be done actively or
passively while using camera-equipped devices. However, based on current evidence, a completely cuftless
BP experience may not be realistic because it necessitates the use of a population model, which may not be
accurate enough to provide a one-size-fits-all solution for clinical or consumer use. A more likely scenario
would involve periodic cuff calibration that fits a hybrid model to account for inter-individual differences
and intra-individual changes over time. This would allow for remote cuffless BP estimation between
calibrations. Unless future technology dictates otherwise, how and when to use cuff calibration presents a
major logistical hurdle!”. The method, timing, and frequency of cuff calibration would likely differ between
individuals and depend on clinical status, skin properties, and intended use - essential considerations in
future clinical research.

Acute care and urgent care telemedicine
The lack of a comprehensive physical examination is a major limitation of telemedicine™. Vital signs are
the foundation of an exam and inform the clinician about the acuity of a patient’s overall condition. A video
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Figure 3. Examples of future clinical applications for remote PPG measurement and BP estimation. (A) Passive monitoring or active use
for telemedicine with a smartphone camera. (B) A depiction of model calibration using an automated BP cuff and multiple rPPG signals.
(C) Continuous monitoring in the hospital or healthcare facility. (D) Mass screening for hypertension. (E) Passive monitoring in a
vehicle. (F) Passive monitoring or active use for telemedicine with a laptop camera. cPPG: Contact photoplethysmography; rPPG: remote
photoplethysmography; BP: blood pressure; SpO,: blood oxygen saturation.

can provide some cues, including general appearance, eye contact, speech fluency, work of breathing, and
basic motor functions. These cues may suffice for many clinical consultations. However, many situations
require knowledge of vital signs for appropriate clinical decision making.

Camera-based measurement of vital signs including BP estimation would be invaluable to the expansion of
telemedicine and could reduce the need for an in-person evaluation. This could further enhance the cost
and time savings from telemedicine compared to traditional outpatient care. Patients and clinicians
generally report high satisfaction with telemedicine®®’. Careful implementation of rPPG-based
measurement of vital signs is not only paramount to patient safety, but also to maintaining trust between
patients and clinicians for telehealth.

To this end, cuff calibration with a hybrid model would likely be necessary for BP estimation prior to a first-
time telemedicine visit. Cuff calibration could be performed during an initial intake visit in the office, as a
stand-alone clinical support visit with a medical assistant or nurse, or at home using an automated BP cuff.
Patient demographics, medical history, and current medications acquired from the EHR would be entered
as additional model parameters. Subsequently, the patient could use a camera-equipped device for BP
estimation over telemedicine [Figure 3A and F]. Over time, period cuff recalibration would be needed, and
the timing and frequency be determined based on validation from clinical studies.

As discussed, without cuff calibration, continuous BP monitoring using rPPG may not be feasible. However,
it may be possible to use rPPG from a patient mapped to a population model to identify a patient as
hypertensive, normotensive, or hypotensive with reasonable positive and negative predictive values. This
could provide enough information for a clinician triaging care over telemedicine to determine when
extreme BP levels require immediate attention.
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A major advantage of remote PPG is that it provides an objective, real-time, continuous indication of a
patient’s hemodynamics visualized by the waveform. When a patient has a home BP cuff, the clinician must
rely on the patient’s proper use of the machine with little to no means to verify if the measurements are
accurate. It is common for a clinician to request a patient come to the clinic to compare their home BP cuff
against a clinic BP measurement. In contrast, just like a plethysmogram from a pulse oximeter, a remote
PPG signal could be “read” by a trained clinician to adjudicate the computer-reported heart rate and
regularity, and at least determine if the waveform quality is adequate for remote BP estimation.

A potential solution for educating the public about remote PPG while also obtaining an individual cuff
calibration would be a kiosk [Figure 3B]. The kiosk would contain an automated oscillometric BP cuff
similar to existing devices found in pharmacies, with the addition of a camera to record a PPG signal, which
together would calibrate a hybrid model for BP prediction. The data could be uploaded to a consumer app
or an EHR for subsequent remote BP estimation. The kiosk could be freely available in hospitals, clinics,
pharmacies, and other public spaces.

Hypertension: ambulatory BP monitoring, outpatient management, and mass screening

A potential clinical application for rPPG is remote BP management. Hypertension is a leading global cause
of cardiovascular morbidity and mortality””. Clinic-based BP measurement is merely a snapshot of a
patient’s BP over time and is known to miss masked hypertension and nocturnal hypertension, and can
even lead to misdiagnosis of white-coat hypertension”.

When the diagnosis of hypertension is uncertain, the current standard of practice is to use ambulatory BP
monitoring (ABPM), which involves oscillometric cuff measurements several times per hour for 24 h or
longer'*”. However, due to cost, limited availability, and patient discomfort, utilization of cuff-based devices
and ABPM remains low'". Current evidence may suggest that the 24 h following calibration is a reasonable
hypothetical time frame for rPPG to accurately track changes in BP. ABPM should be a focus of future
rPPG research.

Following a diagnosis of hypertension, telehealth-enabled technologies can improve outpatient
management. A recent randomized clinical trial found improved BP control and reduced costs in patients
assigned to home cuff BP telemonitoring with pharmacist-directed medication adjustments compared to

usual carel™

|, Camera-based outpatient BP monitoring may further improve medication adherence and BP
control by replacing at least some BP cuff readings with cuffless rPPG readings to improve the patient

experience [Figure 3A and F].

Remote PPG could have far-reaching applications for hypertension beyond telemedicine and ABPM.
Cameras are increasingly omnipresent in consumer and commercial devices in the home, vehicles, and
public spaces. If cameras prove to be a reliable tool for monitoring vital signs, then the logical next step is to
consider large-scale passive monitoring for individual and public health benefits. For instance, some not so
far-fetched ideas under research include vehicle-installed cameras to monitor driver awareness””, and a
camera-mounted flying drone that can detect an individual’s lack of movement in a crowd for triage in a
mass casualty situation”.

Utilizing cameras for population-level screening of diseases such as hypertension may be reasonable to
consider due to the large number of undiagnosed cases and high healthcare costs from complications'. The
Apple Heart and Fitbit studies have demonstrated significant progress toward large-scale, passive screening
of a disease, specifically atrial fibrillation, with contact PPG-enabled smartwatches"""?. The next iteration
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could be a mass screening of atrial fibrillation or even hypertension with rPPG from cameras embedded in
everyday life [Figure 3D and E]. Of course, such an undertaking would require robust real-world studies to
demonstrate diagnostic accuracy and improvement in clinical endpoints to satisfy clinicians, regulators, and
the public. Importantly, ethical and security considerations around privacy would need to be addressed.

Remote heart failure monitoring

Heart failure is a significant global disease burden, afflicting nearly 40 million people in 2016 and
disproportionately impacting low-middle-income countries””. Telemedicine with available, low-cost,
camera-enabled technology, including rPPG BP estimation, may be of particular benefit to the heart failure
population. The dynamic nature of this disease necessitates frequent outpatient follow-ups for symptom
management, volume status assessment, and medication dosage adjustments”. Although patients with
heart failure can be managed safely using telemedicine, significant limitations persist*”. In general,
outpatient titration of goal-directed medical therapies is difficult due to the BP-lowering effects of many
treatments. These challenges are even more difficult using telemedicine due to the inability to measure BP
and other clinical parameters. For instance, volume assessment over video is similarly cuambersome to the
clinician. Many telehealth and digital health interventions for heart failure have been tried, including
wearable sensors, with mixed results”*!. Camera-enabled technologies could seamlessly integrate into
existing clinical care by remote measurement of vital signs and even jugular venous pressure (JVP)®".

Beyond BP monitoring, PPG could provide insights into systemic vascular resistance (SVR), a key
component of heart failure pathophysiology. SVR is mediated by peripheral arterial smooth muscle
contraction, which is known to affect the PPG waveform and, thus, PPG-based BP estimation. Heart
failure may be of particular importance for subsequent PPG research not only due to the unique
mechanisms that may affect BP estimation, but also because the PPG waveform may indicate changes to
SVR independent of BP prior to clinical decompensation. Researchers have shown that patients with
Raynaud phenomenon, a vascular disease affecting the hands, when subjected to cold immersion,
demonstrate significantly reduced amplitude of PPG waveforms acquired from finger clip devices™.
Subsequent treatment with nifedipine, a calcium channel blocker, showed significant improvement in PPG
waveform with less reduction in amplitude on follow-up cold immersion testing”".

Heart failure risk models using ML to reduce hospital readmission and mortality have been proposed".
rPPG may add value to these models by allowing a patient to monitor their vital signs, JVP, and even SVR at
home with the use of a smartphone camera [Figure 3F]. This information could be integrated into a more
comprehensive risk model that could inform when a change of therapy or intervention is required.

Decentralized clinical trials

With the advent of virtual medical care comes a change to the conventional design of clinical trials. A
decentralized clinical trial (DCT) minimizes or eliminates in-person contact between the subject and study
team for most protocol requirements, from recruitment, intervention or medication administration to data
collection™. Remote patient monitoring with accurate measurement of vital signs to measure treatment
effects and potential adverse events is essential to implementing a DCT. Camera-based measurement of vital
signs, including remote PPG-based BP, would provide a pragmatic, low-cost means that could facilitate the
future expansion of DCT.

Hospitals and other healthcare facilities

The current standard of intermittent measurement of vital signs outside of the intensive care unit (ICU) in
hospitals and healthcare facilities may lead to delayed recognition of and response to clinical deterioration
compared to continuous monitoring. A survey of clinicians and patients showed a general consensus that
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devices with continuous monitoring capabilities in non-ICU patients could help to prevent clinical
deterioration without limiting patient mobility and with reduced staff burden and cost'™!. A recent meta-
analysis showed a trend toward reduced ICU transfers, rapid response activations, hospital length of stay,
and reduced in-hospital mortality for non-ICU patients with noninvasive continuous monitoring of vital
signs compared to those without"™. To this end, subsequent reviews of the clinical impact of wearable

devices to allow continuous monitoring for non-ICU patients are inconclusive but show potential .

Noninvasive, continuous BP monitoring currently does not exist. For similar reasons that motivate
researchers to investigate continuous monitoring of other vital signs, continuous assessment of BP may
yield benefits for inpatient care. For instance, high BP should be urgently addressed for patients
experiencing active myocardial ischemia, acute decompensated heart failure, signs of end-organ damage, or
an acute stroke. Conditions that cause low BP may lead to poor tissue perfusion, circulatory shock, and,
eventually, cardiac arrest. Indeed, in-hospital cardiac arrest remains an infrequent though persistent

problem despite interventions such as multidisciplinary rapid response teams'™.

The limitations of contact-based BP measurement differ for the inpatient setting. In acute care wards,
oscillometric cuff measurement from the upper arm is the gold standard for BP measurement. Patients are
frequently not amenable to arm cuff assessment due to discomfort from cuff inflation, body habitus, upper
extremity deep vein thrombosis, presence of a fistula, or local intravenous infiltration. In the ICU, invasive
arterial catheterization is the gold standard of continuous BP monitoring. Arterial catheterization causes
discomfort and carries risks of infection, thrombosis, hematoma, and ischemia that could cause necrosis of
the digits or hand. Catheters are frequently dislodged or occluded, requiring replacement. Alternatively, BP
cuffs are difficult to use when actively titrating vasopressors or vasodilators.

A positive impact of the COVID-19 pandemic has been the expanded use of remote continuous monitoring
in the hospital and the acceleration of research into new modalities of remote assessment of vital signs to
reduce staff exposure and nosocomial infection™. One study of adult walk-in ED patients undergoing triage
found strong agreement between camera-based and conventional measurements of HR, RR, and
temperature, although BP was not studied”’. In a study of ICU patients, contact PPG with cuff calibration
was shown to accurately predict invasive arterial BP using a DL model®”. A preliminary study for rPPG in
the ICU demonstrated a promising correlation (r = 0.49 + 0.083 standard error) with invasively measured
pulse pressure, though BP was not included as an outcome®”. Real-time HR tracking using rPPG has been
shown to be reliable in the post-operative unit®”’, neonatal intensive care unit®, and hemodialysis unit"*.
As discussed, a controlled environment with consistent lighting and minimal patient movement enables
accurate rPPG waveform acquisition. The ICU, dialysis units, or outpatient infusion centers may be the best
sites to use rPPG since these settings are highly controlled and can provide frequent cuff calibration
necessary for continuous BP monitoring [Figure 3C].

Beyond vital signs: future insights into pathophysiology from rPPG

PPG contains a wealth of hemodynamic information and the potential clinical applications of rPPG beyond
BP measurement are broad. As discussed, rPPG may be able to detect changes in SVR for patients with
heart failure, similar to changes in the PPG amplitude seen in patients with Raynaud phenomenon.
Similarly, increased age and certain diseases decrease peripheral arterial compliance, which in turn affects
the PPG waveform. Therefore, it is reasonable to hypothesize that rPPG might be able to detect changes in
the peripheral vasculature that correlate with the progression of diabetes, hypertension, chronic kidney
disease, and atherosclerotic cardiovascular disease (ASCVD). By studying patients with diverse
cardiovascular comorbidities over time, we may be able to gain insight into rPPG features that can be
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incorporated into cardiovascular risk models. Passive monitoring with rPPG may afford opportunities for
preventive care independent of changes in BP.

CONCLUSIONS

The potential benefits of cuffless BP measurement are too great not to pursue each solution, including
camera-based rPPG. In theory, rPPG could enable consumers and clinicians to monitor BP with a common
camera-equipped device for personal or telemedicine purposes. Given the ubiquity of cameras in everyday
life, passive screening for hypertension could offer significant health and cost benefits to society by
improving BP control and reducing cardiovascular complications. In the hospital and healthcare facilities,
rPPG may address shortcomings in continuous BP monitoring for non-ICU and ICU patients.

Due to the physiologic, environmental, and technical limitations described in this paper, experts are
uncertain as to the extent that rPPG will be able to estimate BP in real-world settings'. Cuff calibration is an
essential component and it remains to be seen if it will allow for accurate BP estimation from rPPG for
hours, days, or months, which ultimately will dictate when and how this technology can be applied. Even if
rPPG can not exactly measure BP without cuff calibration, rPPG coupled with robust population models
may be able to identify a patient who is hypertensive, normotensive, or hypotensive in real time with
acceptable accuracy in the right clinical scenario.

Future studies should include patients with a wide range of BP, cardiovascular comorbidities, medications,
and demographics including age, sex, race, and skin tone. The creation of a large-scale rPPG database would
be invaluable to advancing knowledge and building parametric models. Artificial intelligence is essential but
should not substitute for an understanding of the hemodynamic principles to explain the relationships
between rPPG and BP.

Remote patient monitoring with rPPG will improve with advancements in the consumer electronics
industry, such as multispectral cameras that include infrared, faster processing speeds of mobile devices,
and integration of complementary health metrics such as contact PPG and ECG.

With continuous streams of hemodynamic data, rPPG has the potential for many clinical applications
beyond BP measurement, such as heart failure management or ASCVD risk assessment. Future research
should investigate rPPG-based measurements, including BP, HR, and SpO,, in the context of traditional
algorithms used for the management of patients with cardiovascular disease. Applications of rPPG should
be validated by rigorous clinical investigation and guided by regulatory and professional organizations.
Given the overwhelming amount of data produced by the digitization of healthcare in the home and in the
hospital, rPPG must be carefully evaluated and judiciously deployed to help patients and clinicians see the
signal through the noise.
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