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Abstract

Significance: The COVID-19 pandemic is changing the landscape of healthcare delivery in
many countries, with a new shift toward remote patient monitoring (RPM).

Aim: The goal of this perspective is to highlight the existing and future role of wearable and
RPM optical technologies in an increasingly at-home healthcare and research environment.

Approach: First, the specific changes occurring during the COVID-19 pandemic in healthcare
delivery, regulations, and technological innovations related to RPM technologies are reviewed.
Then, a review of the current state and potential future impact of optical physiological monitor-
ing in portable and wearable formats is outlined.

Results: New efforts from academia, industry, and regulatory agencies are advancing and
encouraging at-home, portable, and wearable physiological monitors as a growing part of
healthcare delivery. It is hoped that these shifts will assist with disease diagnosis, treatment,
management, recovery, and rehabilitation with minimal in-person contact. Some of these trends
are likely to persist for years to come. Optical technologies already account for a large portion of
RPM platforms, with a good potential for future growth.

Conclusions: The biomedical optics community has a potentially large role to play in devel-
oping, testing, and commercializing new wearable and RPM technologies to meet the changing
healthcare and research landscape in the COVID-19 era and beyond.
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1 Introduction

Wearables are defined here as mobile physiological monitors worn on the body/skin that move
with an individual through their day-to-day life. Home monitors are portable medical devices
used to periodically measure physiological parameters outside of a clinical setting. Both wear-
ables and home monitoring devices measure, analyze, and transmit health data.1 Remote patient
monitoring (RPM) is a broad term that refers to the combination of medical devices, including
wearables or portable home health monitors, with information technology solutions that allow
health data to be communicated to a healthcare provider without in-person contact.2 RPM also
includes telemedicine, in which a healthcare provider communicates and potentially tracks
patient health using data streams from wearable or home monitoring technologies.3 Figure 1
shows how wearables and home monitoring technologies combine with telehealth to provide
RPM.

Telehealth and RPM technologies were already playing a growing role in healthcare delivery
prior to the COVID-19 pandemic.4 The COVID-19 pandemic and the governmental responses
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implemented to slow the spread of the disease have accelerated these trends across many coun-
tries and healthcare delivery systems. In this perspective, I first describe how recent research
developments and regulatory changes have softened the ground for a shift in healthcare toward
remote heath even prior to the pandemic. I then review how the COVID-19 pandemic has accel-
erated these changes. Finally, I review the current state of portable and wearable optical tech-
nologies and outline potential opportunities for the biomedical optics community to contribute to
the shift toward RPM.

1.1 Use of Wearables and Adoption of Remote Patient Monitoring Were on
the Rise Prior to the COVID-19 Pandemic

There are an increasing array of research and commercial home and wearable health monitors
including, but not limited to, mobility trackers, blood pressure monitors, glucometers, digital
stethoscopes, and electrocardiograms (ECG). The market for consumer wearables, which
includes health trackers such as the Fitbit and Apple Watch, had revenues of almost $19 billion
USD in 2019.5 Small, wrist-worn wearables track motion and heart rate using accelerometers
and photoplethysmography (PPG), respectively. Newer versions can track additional parameters
such as peripheral arterial oxygen saturation (SpO2 or SaO2) using multiwavelength optical
sensors, and electrical signals from the heart (ECG) using electrical impedance sensors. The
adoption of these consumer wearables in the healthcare space is beginning to impact clinical
study design and healthcare delivery. For example, academic and industrial research projects
are now using data from these trackers to assess and predict a variety of health outcomes and
disease states, including overall mortality, heart conditions, surgical recovery, mental health, and
others.6–8 The well-publicized 2019 Apple Watch study, a collaboration between Stanford
University and Apple Inc., monitored over 400,000 participants for signs of atrial fibrillation
using an ECG monitor embedded in the watch.9 The Apple Watch study used a so-called
“pragmatic” design, in which there were neither control nor intervention groups, but rather one
cohort of participants who were tracked in their normal day-to-day lives. Participants showing
signs of atrial fibrillation based on measurements taken by the Apple Watch were sent an
at-home ECG patch to confirm the diagnosis. The study was “siteless,” and participants had

Fig. 1 Wearables, home monitoring technologies, and telehealth combine to provide the frame-
work for RPM. There has been a substantial increase in the implementation of telehealth and
RPM technologies during the COVID-19 pandemic. There have also been regulatory changes to
encourage further adoption of RPM technologies during the pandemic. This figure contains visual
elements that are licensed under CC BY. (Visual elements of this figure, including finger, pulse
oximeter, medical video visits, cloud, wearable device, and pulse, authored by iconsphere,
IcoLabs BR, Bold Yellow US, Kiran Shastry IN, Shiva IN, and LAFS RU, respectively, are licensed
under CC.)
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no in-person interaction with study staff. Recruitment, consent, diagnosis, and follow-up were
performed using a combination of a cellphone-based App, RPM technology (i.e., the Apple
Watch), and telemedicine. These innovations provide a glimpse toward the potential future
of RPM and wearable healthcare and research.

Healthcare providers are investing strongly in RPM and wearable technologies. The US mar-
ket for RPM technologies is increasing at a compound annual growth rate of ∼20%.10 In 2019,
a consulting group surveyed US healthcare providers and determined that 88% had invested or
were evaluating investments in RPM technologies for chronically ill patients.11 This push in
RPM investments was further encouraged by significant regulatory changes in the US occurring
in 2018 and 2019. Until recently, it was challenging for healthcare providers to charge and
receive reimbursement for RPM technologies and telehealth. Existing Current Procedural
Terminology (CPT) codes, which are reimbursement codes used by the Centers for Medicare
and Medicaid Services (CMS) for the US federal healthcare delivery programs, were limited
for RPM technologies and telehealth prior to 2018. Since then, an older CPT code (99091) and
four newer CPT codes (99453, 99454, 99457, and 99458) now allow for reimbursement of
services that include training a patient how to set up and use RPM technologies, reviewing
remotely collected RPM data, and consulting patients regarding their RPM data.12 These
changes strongly suggest that regulators anticipated RPM technologies and telehealth as
a growing part of healthcare delivery prior to the COVID-19 pandemic.

1.2 COVID-19 Pandemic Has Accelerated the Adoption of RPM, Wearables,
and Telehealth

Stay-at-home orders and social-distancing rules implemented during the COVID-19 pandemic
have accelerated the trend toward remote healthcare delivery in many countries. For example, in
April 2020 during the peak of the initial wave of COVID-19 cases in the United States, telehealth
claims accounted for 20% of submitted medical and dental claims in the northeastern US.13

This is compared with only 0.08% one year earlier.
The combination of telehealth with RPM technologies is likely to enhance the delivery of at-

home healthcare. In response to the widely recognized need for improved at-home technologies
that can assist in delivering healthcare during the pandemic, federal regulators have changed
regulations or relaxed enforcement policies related to RPM technologies and telehealth. For
example, CMS has allowed for equivalent reimbursements for in-person and telehealth appoint-
ments during the pandemic, helping to encourage the dramatic increase in telehealth.14 The US
Food and Drug Administration (FDA) has changed some of their enforcement policies so that
physiological monitors, including oximeters, spirometers, apnea monitors, ECGs, and others,
which were previously cleared/approved for marketing to hospitals, can now be marketed toward
in-home use without additional submissions.15 The relaxed regulations also allow hardware and
software changes to be made to existing cleared devices to increase the ability of these devices to
be used for RPM without seeking additional approval. The FDA has stated that these relaxed
regulations will only remain in effect during the COVID-19 pandemic, but there are calls by the
US administration and regulators for some of these changes to be made permanent.16

The COVID-19 pandemic has also led to changes in the way some clinical trials are con-
ducted. Since many clinical trials had to reduce or stop enrollment during the pandemic,17 there
has been a push by the National Institutes of Health (NIH) and National Cancer Institute (NCI)
for technologies and telehealth to assist in monitoring patients taking part in clinical studies.18

So far these efforts have focused largely on remote consenting procedures and telehealth rather
than adoption of new RPM technologies.19 However, even before the pandemic, the Clinical
Trials Transformation Initiative (CTTI), a public–private partnership between the FDA and
Duke University, called for a dramatic increase in mobile health technology use in clinical trials
to improve the efficiency of clinical trials and reduce barriers while lowering costs. These mobile
health technologies include RPM physiological monitors and wearables. The CTTI also advo-
cates for “decentralized” clinical trial designs, which would rely heavily on RPM to recruit and
monitor more diverse patient populations, including more women, rural citizens, and underre-
presented racial groups.20
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The pandemic’s impact on healthcare delivery will likely result in secondary health conse-
quences that affect patients with many diseases, including chronic conditions such as cancer and
heart failure. For example, the rate of cancer screenings has decreased, there have been delays in
diagnosis and treatment, and the standard-of-care has been modified in some cases to accom-
modate patients during the pandemic. The consequences from these changes are likely to rever-
berate for years to come. The NCI estimates that there will likely be 10,000 excess deaths from
breast and colon cancers over the next decade due to the impact of the pandemic on delayed
screening and diagnosis.21 In addition, in breast cancer, it has been reported that more patients
are undergoing neoadjuvant (presurgical) chemotherapy as surgeries are delayed.21 This change
is aimed at reducing the amount of time patients are in the hospital, potentially reducing COVID-
19 infection rates for these vulnerable populations. New optical RPM technologies may help
address these secondary health consequences by increasing access to diagnosis, screening, and
even treatment.

Wearable physiological monitors are also being tested for their potential to assist in COVID-
19 diagnosis. Several universities and research institutes have partnered with consumer wearable
companies including Fitbit, Garmin, and Apple to launch studies aimed at detecting early signs
of COVID-19 infection. As with the Apple Watch study described earlier, some of these studies
are using a pragmatic approach with passive monitoring of large study populations. One recently
posted preprint analyzed 4642 smartwatch wearers who also had self-reported COVID-19 or
other infections.22 The authors found that changes in heart rate, steps, and sleep were present
in most COVID-19 cases, and that many of these changes were present prior to or at the onset of
symptoms. They also reported an online, real-time detection algorithm that could identify 67%
of cases at or before symptoms occurred. I refer readers to the recent review by Seshadri et al.23

for an in depth description of wearable technologies for COVID-19.

1.3 Areas of Opportunity for the Biomedical Optics Community to Meet
the Needs of the Changing Healthcare Landscape

The changes described above provide substantial opportunities for the biomedical optics com-
munity to develop, test, and commercialize new optically based wearable and RPM technologies
to meet the needs of changing healthcare delivery modes. There are already examples of
increased optical RPM adoption during the pandemic. Pulse-oximetry, one of the most ubiqui-
tous physiological measurements in healthcare, has undergone increased at-home use as reports
indicate that low SpO2 may be an important indicator of COVID-19 infection.24 One recent study
found that SpO2 levels <92%, when measured at home after an initial nonsevere COVID-19
diagnosis, was an indicator for the need for subsequent hospitalization.25 I note that these studies
had small sample sizes, and thus results need to be rigorously confirmed.

Current commercial wearables and RPM technologies only utilize a small portion of the
physiological data accessible with optical techniques. Fortunately, there has been a growing
interest in academia and industry to develop more advanced and new optical wearables for
RPM technologies. Table 1 contains an abbreviated summary of optically derived physiologic
and diagnostic parameters relevant to wearables and RPM technologies. The table also lists
examples of wearable or portable versions of optical techniques capable of measuring these
parameters. The table is limited to in vivo physiological monitoring and does not include optical
technologies for quantifying biosamples such as blood, urine, feces, etc. Examples include
diffuse optical wearables for fitness monitoring,30 ambulatory monitoring,31 breast cancer
therapy monitoring,32 and neuroapplications.33 There has also been substantial development of
smartphone-based optical platforms for dermoscopy and point-of-care diagnoses for an array of
diseases and conditions.48 Some of the technologies in Table 1, including low-cost colposcopy,
capillaroscopy, and microendoscopy, have been developed for low-resource and global health
applications.29,49–51 Overall, the optical technologies listed in Table 1 are well positioned to be
adapted and implemented for RPM.

While some of the parameters and associated technologies in Table 1 are already available in
highly wearable or portable formats, including heart rate, PPG, and some types of tissue oxygen
saturation measurements, other parameters and technologies will require substantially more
development to become home or wearable technologies that can operate without expert users
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present. These include, but are not limited to, frequency-domain and time-domain diffuse optical
spectroscopy (FD-DOS and TD-DOS), which can measure absolute concentrations of tissue
chromophores including oxy- and deoxyhemoglobin, as well as optical coherence tomography
(OCT), which can provide high-resolution imaging of tissues up to several mm’s deep. Recent
advances in miniaturization of FD-DOS and TD-DOS detectors and electronics, and portable
OCT technologies, suggest that highly portable versions of these techniques may be available in
the future.37–39,41 These and similar technologies may be well suited to mobile-health clinics,
outpatient clinics, and other so-called “off-site” settings in which some in-person contact is
required. While not the focus of this perspective, these venues serve an important and growing
role in healthcare, and the COVID-19 pandemic has increased their usage for applications such
as wound care.52

Other considerations such as device cost, durability, and optical safety are highly important
as optical wearables and RPM technologies will be used by nonexperts. Advances in computa-
tional imaging, compressive imaging, and deep learning are reducing hardware requirements and
costs for cellphone-based and other optical imaging techniques.53 In addition, the ability of opti-
cal devices to utilize telecommunications to securely transmit health data to providers is essential
for RPM implementation. Specific communications protocols between devices, smartphones,
the cloud, and health care providers are of the utmost importance in terms of privacy, patient
safety, and efficacy of healthcare delivery. For example, there has been a recent interest in using
blockchain to provide a secure and decentralized means of sharing patient data.54 Finally, optical
wearables and RPM technologies must synergize with telehealth technologies, and physicians
need to be able to access and understand collected data sets easily and rapidly. This requires
robust algorithms that analyze complex longitudinal data sets and present the health data in
an accessible and familiar format to physicians, hopefully facilitating rapid adoption.

New optical wearables and RPM technologies have the potential to address many clinical
scenarios related to the COVID-19 pandemic. Table 2 contains a brief summary of opportunities
for remote and wearable optical technology development, both for COVID-19 and for the many

Table 1 Noninvasive optically derived parameters relevant to RPM currently available using
wearable or portable platforms.

Optically derived parameter Wearable or portable optical technique

Heart rate, HRV PPG, LSI26

SpO2 Pulse oximetry, porphyrin-based sensors27

Blood flow SPG,26 SCOS,28 capillaroscopy29

Δ½Hb�, StO2, SmO2 CW-NIRS,30–34 DRS,35 PA36

[Hb/Mb] FD-DOS,37,38 TD-DOS,39 SFDI40

Optical scattering FD-DOS, TD-DOS, SFDI,40 OCT,41 ESS

Glucose Spectroscopy42–44

Blood pressure PPG45,46

Images of the eye, skin Ophthalmology,47 OCT,41 smartphone-based dermoscopy48

Images of the cervix Colposcopy49

Images of the oral mucosa Endogenous imaging,50 microendoscopy51

Note: HRV, heart rate variability; SpO2, peripheral oxygen saturation; [Hb], hemoglobin concentration; [Mb],
myoglobin concentration; StO2, tissue oxygen saturation; SmO2, muscle oxygen saturation; PPG, photople-
thysmography; LSI, laser speckle imaging; SPG, speckle plethysmography; SCOS, speckle contrast optical
spectroscopy; CW-NIRS, continuous-wave near-infrared spectroscopy; DRS, diffuse reflectance spectroscopy;
SFDI, spatial frequency-domain imaging; PA, photoacoustics; FD-DOS, frequency-domain diffuse optical
spectroscopy; TD-DOS, time-domain diffuse optical spectroscopy; ESS, elastic scattering spectroscopy;
OCT, optical coherence tomography.
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secondary health consequences of COVID-19 including reduced screenings and delayed diag-
noses, treatments, and rehabilitations.

2 Conclusion

There are substantial opportunities for the biomedical optics community to help address the
myriad challenges associated with increased remote healthcare delivery in the COVID-19 era
and foreseeable future. Investment and regulatory changes are helping to incentivize new tech-
nology development in RPM. The continued development and miniaturization of new optical
wearables and RPM technologies that can be used by nonexperts remains a challenging goal for
our community but with potentially dramatic rewards for safe and remote disease screening,
diagnosis, treatment monitoring, rehabilitation, and treatment.
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28. T. Dragojević et al., “Compact, multi-exposure speckle contrast optical spectroscopy
(SCOS) device for measuring deep tissue blood flow,” Biomed. Opt. Express 9(1), 322–324
(2018).

29. G. N. McKay et al., “Visualization of blood cell contrast in nailfold capillaries with high-
speed reverse lens mobile phone microscopy,” Biomed. Opt. Express 11(4), 2268–2276
(2020).

30. P. Farzam, Z. Starkweather, and M. A. Franceschini, “Validation of a novel wearable, wire-
less technology to estimate oxygen levels and lactate threshold power in the exercising
muscle,” Physiol. Rep. 6(7), e13664 (2018).

31. G. Hu et al., “Ambulatory diffuse optical tomography and multimodality physiological
monitoring system for muscle and exercise applications,” J. Biomed. Opt. 21, 091314
(2016).

32. F. Teng et al., “Wearable near-infrared optical probe for continuous monitoring during breast
cancer neoadjuvant chemotherapy infusions,” J. Biomed. Opt. 22, 014001 (2017).

33. P. Pinti et al., “A review on the use of wearable functional near-infrared spectroscopy in
naturalistic environments,” Jpn. Psychol. Res. 60(4), 347–373 (2018).

34. H. Zhao et al., “A wide field-of-view, modular, high-density diffuse optical tomography
system for minimally constrained three-dimensional functional neuroimaging,” Biomed.
Opt. Express 11(8), 4110–4129 (2020).

35. P. Zakharov, M. S. Talary, and A. Caduff, “A wearable diffuse reflectance sensor for con-
tinuous monitoring of cutaneous blood content,” Phys. Med. Biol. 54, 5301–5320 (2009).

36. H. Zhong et al., “Enabling both time-domain and frequency-domain photoacoustic imaging
by a fingertip laser diode system,” Opt. Lett. 44, 1988 (2019).

37. R. Istfan et al., “A miniature frequency domain diffuse optical optode for quantitative wear-
able oximetry,” Proc. SPIE 10874, 108742B (2019).

38. V. J. Kitsmiller et al., “Frequency domain diffuse optical spectroscopy with a near-infrared
tunable vertical cavity surface emitting laser,” Opt. Express 26(16), 21033–21043 (2018).

39. A. Pifferi et al., “New frontiers in time-domain diffuse optics: a review,” J. Biomed. Opt. 21,
091310 (2016).

40. M. B. Applegate et al., “OpenSFDI: an open-source guide for constructing a spatial fre-
quency domain imaging system,” J. Biomed. Opt. 25, 016002 (2020).

41. G. L. Monroy and J. Won, “Clinical translation of handheld optical coherence tomography:
practical considerations and recent advancements,” J. Biomed. Opt. 22, 121715 (2017).

42. J. W. Kang et al., “Direct observation of glucose fingerprint using in vivo Raman spectros-
copy,” Sci. Adv. 6(4), eaay5206 (2020).

43. M. Shokrekhodaei and S. Quinones, “Review of non-invasive glucose sensing techniques:
optical, electrical and breath acetone,” Sensors 20(5), 1251 (2020).

44. S. Delbeck et al., “Non-invasive monitoring of blood glucose using optical methods for
skin spectroscopy—opportunities and recent advances,” Anal. Bioanal. Chem. 411, 63–77
(2019).

45. H. Wu, Z. Ji, and M. Li, “Non-invasive continuous blood-pressure monitoring models based
on photoplethysmography and electrocardiography,” Sensors 19, 5543 (2019).

46. X. Xing and M. Sun, “Optical blood pressure estimation with photoplethysmography and
FFT-based neural networks,” Biomed. Opt. Express 7(8), 3007–3020 (2016).

47. D. Carpentras and C. Moser, “See-through ophthalmoscope for retinal imaging,” J. Biomed.
Opt. 22, 056006 (2017).

48. R. D. Uthoff et al., “Point-of-care, multispectral, smartphone-based dermascopes for dermal
lesion screening and erythema monitoring,” J. Biomed. Opt. 25, 066004 (2020).

49. C. T. Lam et al., “Design of a novel low cost point of care tampon (POCkeT) colposcope for
use in resource limited settings,” PLoS One 10(9), e0135869 (2015).

50. M. Rahman et al., “Low-cost, multimodal, portable screening system for early detection of
oral cancer,” J. Biomed. Opt. 13, 030502 (2008).

Roblyer: Perspective on the increasing role of optical wearables and remote patient. . .

Journal of Biomedical Optics 102703-8 October 2020 • Vol. 25(10)

https://doi.org/10.1364/BOE.9.003937
https://doi.org/10.1364/BOE.5.003748
https://doi.org/10.1364/BOE.9.000322
https://doi.org/10.1364/BOE.382376
https://doi.org/10.14814/phy2.13664
https://doi.org/10.1117/1.JBO.21.9.091314
https://doi.org/10.1117/1.JBO.22.1.014001
https://doi.org/10.1111/jpr.12206
https://doi.org/10.1364/BOE.394914
https://doi.org/10.1364/BOE.394914
https://doi.org/10.1088/0031-9155/54/17/015
https://doi.org/10.1364/OL.44.001988
https://doi.org/10.1117/12.2509885
https://doi.org/10.1364/OE.26.021033
https://doi.org/10.1117/1.JBO.21.9.091310
https://doi.org/10.1117/1.JBO.25.1.016002
https://doi.org/10.1117/1.JBO.22.12.121715
https://doi.org/10.1126/sciadv.aay5206
https://doi.org/10.3390/s20051251
https://doi.org/10.1007/s00216-018-1395-x
https://doi.org/10.3390/s19245543
https://doi.org/10.1364/BOE.7.003007
https://doi.org/10.1117/1.JBO.22.5.056006
https://doi.org/10.1117/1.JBO.22.5.056006
https://doi.org/10.1117/1.JBO.25.6.066004
https://doi.org/10.1371/journal.pone.0135869
https://doi.org/10.1117/1.2907455


51. S. G. Parra et al., “Low-cost, high-resolution imaging for detecting cervical precancer in
medically-underserved areas of Texas,” Gynecol. Oncol. 154, 558–564 (2019).

52. L. C. Rogers et al., “Wound center without walls: the new model of providing care during
the COVID-19 pandemic,” Wounds 32(7) (2020).

53. E. McLeod and A. Ozcan, “Unconventional methods of imaging: computational microscopy
and compact implementations,” Rep. Prog. Phys. 79, 076001 (2016).

54. M. Kang et al., “Recent patient health monitoring platforms incorporating internet of things-
enabled smart devices,” Int. Neurourol. J. 22(Suppl. 2), S76–S82 (2018).

Darren Roblyer received his BS degree in biomedical engineering from Johns Hopkins
University in 2004 and his PhD in 2009 from the Bioengineering Department at Rice
University. He is an associate professor in the Department of Biomedical Engineering at
Boston University. His lab develops diffuse optical technologies to study human disease.
Prior to starting his faculty position, he was a postdoctoral fellow at the Beckman Laser
Institute at the University of California, Irvine. He is a senior member of SPIE.

Roblyer: Perspective on the increasing role of optical wearables and remote patient. . .

Journal of Biomedical Optics 102703-9 October 2020 • Vol. 25(10)

https://doi.org/10.1016/j.ygyno.2019.06.024
https://doi.org/10.1088/0034-4885/79/7/076001
https://doi.org/10.5213/inj.1836144.072

