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Viewpoint

Wireless skin sensors for physiological monitoring of infants
in low-income and middle-income countries

Shuai Xu, Alina’Y Rwei, Bellington Vwalika, Maureen P Chisembele, Jeffrey S A Stringer, Amy Sarah Ginsburg, John A Rogers

Globally, neonatal mortality remains unacceptability high. Physiological monitoring is foundational to the care of
these vulnerable patients to assess neonatal cardiopulmonary status, guide medical intervention, and determine
readiness for safe discharge. However, most existing physiological monitoring systems require multiple electrodes
and sensors, which are linked to wires tethered to wall-mounted display units, to adhere to the skin. For neonates,
these systems can cause skin injury, prevent kangaroo mother care, and complicate basic clinical care. Novel, wireless,
and biointegrated sensors provide opportunities to enhance monitoring capabilities, reduce iatrogenic injuries, and
promote family-centric care. Early validation data have shown performance equivalent to (and sometimes exceeding)
standard-of-care monitoring systems in premature neonates cared for in high-income countries. The reusable nature
of these sensors and compatibility with low-cost mobile phones have the future potential to enable substantially lower
monitoring costs compared with existing systems. Deployment at scale, in low-income countries, holds the promise

of substantial improvements in neonatal outcomes.

Introduction

The 2030 UN Sustainable Development Goals call
for a reduction in preventable neonatal deaths from
2-7 to 1-2 million per year (<12 per 1000 livebirths) in
low-income and middle-income countries (LMICs).! To
achieve this goal, greater attention towards the major
modifiable drivers of neonatal death is required—
prematurity (35%), intrapartum complications (14%) such
as birth asphyxia, and infection (14%) including sepsis,
pneumonia, and meningitis. Moreover, acuity matters.
A third of all global neonatal deaths occur during the first
day of life and three-quarters within the first week of life.”
Complications related to prematurity, intrapartum events,
and infection lead to predictable physiological changes in
heart rate, respiratory rate, blood pressure, temperature,
and blood oxygenation (SpO,) quantifiable by physio-
logical monitoring systems. However, existing neonatal
monitoring systems have undergone little innovation over
the past five decades—nearly all requiring a multitude of
rigid sensors and accessories affixed to a neonate’s skin
with strong adhesives or tape and are wired to large,
bulky, and expensive base units.’ Current monitors from
adult systems have been minimally adapted for use in
neonates.* Specific consideration is required for compre-
hensive neonatal monitoring in LMICs. Innovation in
physiological monitoring systems has the potential to
improve neonatal care in the intrapartum and early
post-partum periods by addressing several key unmet
clinical needs: wirelessly capturing both comprehensive
and advanced physiological measurements of clinical
relevance,’ reducing iatrogenic skin injuries,*® facilitating
therapeutic kangaroo mother care’ and family-centric
care and alerting clinicians strategically’ to deliver
lifesaving interventions.

The promise of so-called big data and artificial
intelligence rely on high-quality inputs. Although existing
physiological monitoring systems produce rich data
streams continuously, these data have been underutilised
in critical care for clinical decision making support.”"
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The opportunities to link physiological data with
electronic health records, imaging reports, and laboratory
values have the potential to yield powerful algorithms
to signal actionable diagnoses and predict future
deterioration. Examples relevant to neonatal health
include predictive algorithms for neonatal sepsis or
intrapartum complications for both neonates and women
in labour.” The HeRO system (Medical Predictive Science
Corporation, Charlottesville, VA, USA) is a commercially
available monitoring accessory that provides an early
warning of neonatal deterioration.” However, the promise
of predictive algorithms and meaningful clinical decision
support is hindered by several challenges with existing
monitoring platforms. Access to raw data waveforms are
difficult to obtain and often viewed by manufacturers
as proprietary—for instance, the HeRO platform is
limited to only the electrocardiogram (ECG) data stream
without validation in the LMIC setting."* Without access
to this data, the development of deeper insights from
the physiological outputs for clinical decision making
support is challenging for data scientists. Second,
substantial challenges in interoperability are present
across physiological monitoring systems produced by
different manufacturers.”* These challenges create
fragmented data and inhibit data synthesis across
platforms. Third, the large amount of generated data
creates storage and management challenges.” Finally,
the existing commercially available systems that enable
signal access from monitors (eg, BedMasterEx, Excel
Medical Electronics; VINES, Baxter; and Bernoulli Data
Collection System, Capsule Technologies) might be too
expensive or complicated in the LMIC setting where
information technology (IT) infrastructure is scarce.
New sensor systems that advance the opportunity
for clinical decision support and future predictive
algorithms could directly address these issues. Our
research group has developed systems that provide open
access to all raw data files with automated signal quality
indicators for each second of data output, allowing for
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Figure 1: Comprehensive physiological outputs from wireless skin sensors
(A) Placement of biointegrated sensors facilitate continuous physiological
monitoring during kangaroo mother care. (B) The data streams from these
sensors offer a comprehensive and continuous view of neonatal physiological
status. (C) Advanced measurements, such as automated body position
classification, dual temperature sensing, and crying time, offer new clinically
relevant insights not typically collected in even the most advanced tertiary-level
neonatal ICUs. Cry=cry time. ECG=electrocardiogram. ICU=intensive care unit.
PPG red=photoplethysmographic red LED outputs.

PPG IR=photoplethysmographic infrared LED outputs. SCG=seismocardiography.
X=x-axis accelerometry. Y=y-axis accelerometry. Z=z-axis accelerometry.

future algorithm discovery that eliminates the need for
time-consuming data cleaning, and preprocessing
procedures. Expanded, high-fidelity data streams beyond

ECG, including measurements of temperature, seismo-
cardiography, photoplethysmography, accelerometery,
and arterial stiffness as a surrogate for systolic blood
pressure, could enable more sensitive, specific, and
predictive algorithms for neonatal health once validated
in the LMIC setting. These algorithms could then be
built into intuitive clinical decision making interfaces
to facilitate timely interventions that reduce neonatal
morbidity and mortality.

In the near-term, initial alarming could be established
in which clinician-set thresholds of respiratory rate, heart
rate, SpO,, and temperature could trigger an alert on the
mobile tablet or be pushed to a user’s smartphone. These
systems could also yield advanced indices that incorporate
multiple physiological data streams in a single metric; for
instance, the outputs of this system could display a Triage
Early Warning Score as an input to the South African
Triage Scale.”® With future clinical trials, validation, and
regulatory approval, these systems have the potential
to offer advanced capabilities ranging from broader
prediction of clinical deterioration to more specific issues,
such as the need for mechanical ventilation or nutritional
support. When deployed at scale across large populations,
these sensors could serve as a component of a broader
epidemiological surveillance system for disease.

With alerts and clinical decision support, careful
consideration will be required around overdiagnosis
and alarming. Alarm fatigue is a serious patient safety
concern related to physiological monitoring systems
that can reduce productivity in cases of false alarms
and desensitisation to alarms in genuine clinical
emergencies.” In LMICs, alarm fatigue is particularly
dangerous given the low availability of medical
professionals. Future efforts to reduce alarm fatigue
should include managing the duration required to
trigger an alarm on the basis of bradycardia, apnoea, or
desaturation, and reducing non-actionable alarms for
neonates.”

A new class of monitoring technologies:
wireless, skin-integrated sensors

Broadly, our research group has pioneered the develop-
ment of a wide range of miniaturised, flexible, and
biointegrated electronics for physiological monitoring and
onbody biochemical sensing.?* From this body of work,
we reported the development of a new wireless monitoring
system with features explicitly designed for neonatal care,
including electronic components connected via serpentine
traces that allow for bending, stretching, and folding,
and create small and thin form factors, embedded
within medical grade silicone to ensure biocompatibility
(figure 1A).** The innovative design provides high-quality
measurement capabilities and data management while
also ensuring skin safety. Central to this monitoring
system are two soft, skin-like, and fully wireless sensors
mounted centrally and peripherally that provide high-
resolution intensive care unit (ICU) grade measurements
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of heart rate via ECG, respiratory rate, SpO,, and central
and peripheral temperature (figure 1B). In addition to
these core vital signs, the system continuously provides
advanced measurements of high clinical utility that
are not typically collected in even tertiary level neonatal
ICUs in high-income countries. These capabilities include
continuous measurements of arterial stiffness via
determination of pulse wave velocity as a surrogate for
systolic blood pressure, acousto-mechanic signatures of
the heart via seismocardiography, neonatal vocalisations
such as cry time, swallowing, and automated body position
classifications for kangaroo mother care (figure 1C).
Although these measurements are not typically collected
in neonatal ICUs, they add value by providing additional
information about the status and stability of the neonate.
In regards to neonatal vocalisation, capturing these data
might offer future opportunities to quantify neonatal
distress, pain, or hunger in an automated fashion.”?
Capturing the respiratory rate and respiratory phase
with swallowing in a single data stream might permit
continuous tracking of a neonate’s ability to suck, swallow,
and breathe to guide feeding interventions.” The ability
to assess surrogates of blood pressure continuously via
the skin offers alternative placement of invasive arterial
lines, which are often not feasible in LMICs. Furthermore,
invasive arterial lines can cause serious neonatal complica-
tions, such as vascular thrombosis, occlusion, infection,
rupture, bleeding, and even death.”*

In addition to enhanced measurement and data
management capabilities, the low profile, soft, and
flexible nature of these skin-integrated sensors offers
form factor adaptations designed for neonates. For
instance, extremely low birthweight neonates are less
than 1kg with a small body surface area.” In the smallest
premature neonates in neonatal ICUs, 15% of the entire
body surface area can be traumatised daily.” Compared
with adults, the skin of premature neonates is up to
60% thinner with substantially lower mechanical
strength.” As such, the incidence of skin breakdown and
iatrogenic injury due to medical devices and associated
adhesives in hospitalised neonates ranges from
31% to 45%.>* Skin-integrated sensors achieving form
factors as small as 4-4 cmx2-4 cm and as thin as 1mm in
versions fully wirelessly powered allow continuous
monitoring in this vulnerable population. The inherently
thin, soft mechanical properties of these sensors allow for
skin coupling to premature neonates without strong
adhesives. The most advanced versions adhere to the skin
via electrostatic van der Waals forces alone. Other versions
with embedded batteries use a thin, conductive hydrogel
coupling layer to record ECG while providing gentle
adhesion to the skin. The soft and flexible nature of these
sensors, coupled with their fully wireless operation,
substantially reduces normal and shear stresses at the
skin interface associated with natural motion or routine
clinical care. The simple act of electrode removal poses
the greatest risk of skin injury via epidermal stripping,®
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often leading to ulceration and infection. The thinnest
versions of these soft, flexible sensors impart forces an
entire order of magnitude (approximately 10 times) lower
at steady-state peeling rates compared with standard
neonatal ICU adhesives and medical tape. Overall, the
mechanical softness of these sensors offers effective
moduli of 4 kPa of which neonatal skin is 70 MPa.* In
over 50 critically ill neonates and paediatric patients
receiving care in LMICs, a promising safety profile was
noted, with no reports of skin injuries.

Although wireless functionality has permeated
consumer electronics, traditional vital sign monitors
require multiple wired cables tethering the patient to
wall-mounted base units to display data. These systems
are not completely without harm. Beyond the nuisance
of wires and cables, tethering patients increases
immobility (and hence the risk of venous thrombosis),
sleep disturbance, functional decline, and delirium."**¥
For premature neonates—particularly in LMICs—
wireless functionality offers substantial diagnostic and
therapeutic benefits. In our own studies and feedback
from neonatal nurses and parents, monitoring cables
represent a physical barrier to kangaroo mother care, a
crucial intervention in neonates that can be lifesaving
in low birthweight infants.® A 2014 Cochrane review
found that kangaroo mother care reduces all-cause
mortality by 40%, hospital-based infection by 65%, and

Panel 1: Key features of the wireless skin sensors, advantages to neonates, and
applicability to low-income and middle-income countries

+ Full vital signs monitoring capabilities, which allows for comprehensive sensing of
modifiable drivers of early neonatal mortality, and reduces the number of required
vendors and manufacturers in low-income and middle-income countries (LMICs)

+ Continuous, non-invasive measurements of arterial stiffness as a surrogate to systolic
blood pressure, which potentially reduce the frequency or length of the arterial line,

reducing the associated neonatal morbidity and mortality of conventional monitoring

systems, and offers crucial information non-invasively in the absence of medical
expertise or resources for arterial line placements in neonates in LMICs

«  Soft, flexible electronics that bend, twist, and stretch with natural motion, which are
compatible with the ultra-fragile skin of premature neonates, reducing the risk of
infection that antibiotics and wound care expertise are not able to treat in LMICs

+  Wireless streaming, which facilitates kangaroo mother care for neonates and allows
for a single health-care provider to be able to monitor many patients at a central
nursing station, reducing the need for high-cost incubators in LMICs

+ Real-time analytics, which allows for point-of-care decision making for neonates and
enables transportability across a wide range of care settings from rural clinics to high
acuity hospitals in LMICs

+ Reusable with up to 1 week of battery life, which reduces nursing burden in

understaffed clinical settings, and reduces the need for high-cost consumables in LMICs

» Compatible with a wide range of mobile devices, which allows for continuous,
real-time data display with immediate interoperability and with an existing user
interface that is familiar to staff, reducing the cost of initial capital equipment
purchase, cost of installation, and cost and complexity of maintenance

+ Cloud integration of data outputs, which facilitates telehealth monitoring, and allows
for population-level monitoring in LMICs
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hypothermia by 72%, and there was a clinically significant
increase in weight, length, and head circumference
growth for neonates.* Facilitating kangaroo mother care
without sacrificing continuous vital data, wireless
sensing enables the tracking of kangaroo mother care
through automating body position determination.
Quantifying the benefit by assessing heart rate, blood
pressure, respiratory rate, SpO, and temperature
responses could reinforce the practice in all care settings.

In LMICs, the availability of specialised medical staff to
care for each neonate can be scarce. The fact that new
monitoring technologies should not increase provider
burden in the installation and operation of the system
and the risk of alarm fatigue is crucial. Versions of skin-
integrated sensors that are wirelessly powered without
the need of a battery through an embedded magnetic
loop antenna allow for simultaneous wireless data
transmission and power delivery through a single link
with mattress-embedded antennae. Manufacturable and
rugged versions of these sensors with embedded bat-
teries can operate for up to 1 week, reducing the need for
unnecessary removal to recharge. Alarm fatigue also
represents a major challenge. A nurse can spend up to
20 min per day managing alarms from existing tethered
systems, detracting from essential aspects of patient
care.”” The soft, flexible nature of the sensors allows for
secure skin coupling even with motion-enhancing signal
acquisition quality for both optical (eg, pulse oximetry)
and electro-potential (eg, ECG) sensing to reduce the
likelihood of false alarms. The features and applicability
of the system to LMICs have been summarised in
panel 1. To date, our systems have been tested in tertiary-
level neonatal ICUs and paediatric ICUs in the USA and
Europe, and in low-income countries, such as Kenya and
South Africa.

Making data available and useful

Data management of system outputs is essential to the
successful implementation of new technologies in both
LMICs. Existing physiological monitoring systems are
limited by restricted access to the raw physiological
signals, low interoperability, proprietary software, and
non-standardised data files.® These limitations reduce
the utility of data generated and create barriers to
implementation in LMICs. For instance, substantial
IT infrastructure with dedicated technical staff is
required to operate standard-of-care monitors in high-
income countries. New, advanced wireless sensor

Figure 2: Cloud computing, machine learning, and advanced data analytics
allows for future predictive algorithms of clinical outcomes for neonates
The data flow allows for wireless skin sensors to leverage existing mobile
devices to stream data for continuous derivation of both conventional and
advanced physiological monitoring outputs; the application of advanced
machine learning and data analytics coupled to outside data sources enable
predictive algorithms; cloud synchronisation permits remote monitoring and
population-level surveillance.
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systems with compatibility to mobile tablets offer a
pragmatic path forward for data management. In our
own ground deployments in Zambia of adult versions
of our soft flexible sensors, a modest upfront set-up
was required to establish a local data server that
communicates directly with mobile devices and the
cloud. The tablets used to display data from the skin-
integrated sensors have existing WiFi capabilities
allowing for a local area network to transmit encrypted
patient data to a local server in near real time. The local
server then pushes physiological data collected from
patients securely to the cloud for broader access and
systems-level monitoring. Access to the data can be
granted to anyone with the appropriate credentials and
internet access, circumventing the need for complex
IT infrastructure or specialised staff to set up, operate,
and sustain the system (figure 2).

Cost considerations

Although the African medical device market continues to
grow at a 6- 3% annual compounded rate with an expected
market size of US$7 billion by 2023, there remains high
price sensitivity, with the greatest need in low-cost medical
devices.” As essential equipment, physiological monitoring
systems are affected by price pressures from an upfront
capital equipment and a consumables cost perspective.
Rather than depending on custom, expensive, and pro-
prietary display units, these skin-integrated sensors can
communicate securely via encrypted low-power Bluetooth
to wide-range mobile devices for continuous real-time
analytics, data display, and point-of-care operation. This
ability offers several advantages relevant to LMICs.
First, mobile smartphones—specifically low cost (<$100)
Android devices—are growing in popularity in LMICs. Of
sub-Saharan Africans younger than 35 years, 77% own a
smartphone.”* Compatibility with these devices reduces
cost and offers an intuitive interface that health-care
workers or even patients are already familiar with.
Key limitations of medical technology designed for high-
income countries deployed in LMICs include the
complexity for repairs, reduced support for older hardware
versions, and scarcity of spare parts.”* In an analysis of
inventory reports across hospitals in 16 LMICs, nearly
40% of all donated medical equipment was unusable.” For
popular smartphones, there is an existing service and
hardware infrastructure.

The reusable, rechargeable, and highly manufacturable
nature of these skin-integrated sensors coupled with the
wide availability of low-cost Android smartphones could
offer substantial cost reductions (5400%) compared with
existing systems. Given that many LMICs have little
access to basic monitoring equipment, the low upfront
and daily use cost of these skin-integrated sensors could
facilitate uptake and scalability even in the most under-
resourced settings. Future high-volume manufacturing
that leverages local production and distribution could
further decrease costs.
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Panel 2: Examples of the consequences and solutions of real-world inputs from the
new monitoring system, from low-income and middle-income countries

+  Women in labour in non-climate-controlled environments showed higher rates of

sweating, which resulted in decreased electrocardiogram signal quality, but the use of

ultrasound gel improved signal quality throughout labour

+ Higher proportion of patients with darker skin pigmentation resulted in decreased
signal quality on blood oxygenation (Sp0O,) but a new firmware version update
allowed for improved pulse oximeter function

«  Scarce experience with pulse oximeter placement resulted in decreased signal qualit
on SpO, but new training modules and example videos were introduced to improve
staff self sufficiency

+ Tablet brightness disturbed mothers and infants who were not used to electronic

Yy

systems operating continuously but a software user interface update with a low-light

night mode reduced patient sleep disturbance

« Patient-driven concern of the health consequences of wireless signal transmission
resulted in a decrease in patient consent and increase in nursing concern; therefore,
patient-centric material describing the low risk of health-related sequalae of
Bluetooth energy was written

+ High volumes of data outputs reduced immediate feedback, which resulted in
concern of poor data capture without adequate surveillance; however, daily

automated data quality checks were sent via secure email to hospital administrators

and research staff
+ Rolling blackouts interrupted data transmission to the cloud but this problem was
solved by the implementation of reserve battery power supplies

 Inconsistent internet access interrupted data transmission to the cloud but was solved

by the implementation of two internet service providers that acted as redundancies

Implementation and ethical considerations of
systems deployment in LMICs

Real-world deployment of these wireless skin sensors
yields essential inputs from both clinical staff and
patients in LMICs. Our active engagements with Save
the Children and the Bill & Melinda Gates Foundation
include deployments in four LMICs (Zambia, Kenya,
Ghana, and India) with an expected scale of more than
15000 pregnant women and up to 500 neonates by
mid-2021.* Existing feedback from our first 1000 patients
yielded a diversity of important inputs. Examples of user-
driven inputs from LMICs and the resulting engineering
modifications that are essential to successful deployment
and scale are summarised in panel 2. Without question,
scaling up these systems will reveal new technical and
clinical challenges. Further field testing with continuous
inputs from local investigators, health-care providers,
and patients is necessary to capture rare failure modes,
ensure acceptance of the system, and receive additional
feedback for improvements.

Regulatory approval is required in each country of
operation for clinical deployment of these systems
at a broad scale. Typically, physiological monitoring
systems are considered Class II (moderate risk)
medical devices by the US Food and Drug Administra-
tion (FDA) and Class IIB by the EU. The performance
and accuracy of these systems including alarming
and apnoea detection before regulatory approval is
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well established with only minimal requirements for
human testing.”** However, approval for use in neonatal
and paediatric critical care settings will probably require
additional and larger clinical trials. Furthermore,
predictive algorithms and clinical-decision support
alerts require additional regulatory approval before use.

With any new technology deployed in LMICs, there
are important safety and ethical considerations. Burns
to neonates related to traditional wired pulse oximeters,
electrodes, and phototherapy blankets have been
reported.” Although the wireless, battery-powered
sensors offer some advantages, there is an inherent risk
of burn injury due to the proximity of the electronics
and battery to the skin. Thus, engineering designs must
account for the need for enhanced levels of safety that
might not be relevant for passive wired electrodes.
Mitigation features can include power safety circuits
that automatically detect overheating, which then
automatically switches off the device, and thermally
insulated material layers that prevent burns. From an
ethical perspective, these devices must meetall applicable
international safety standards before deployment to
these vulnerable populations in LMICs. Given that
many neonatal deaths occur in home settings, additional
efforts must be made to evaluate the feasibility and
clinical benefits of these systems in non-hospital-based
care. All studies investigating the use of these devices
must be approved under local institutional review
boards with parents providing informed consent. Future
opportunities include monitoring labour and pregnancy
to Dbetter understand the physiological drivers of
premature birth.

Panel 3: Advantages and disadvantages of existing
approaches to neonatal monitoring

« Soft, flexible, and wireless electronics: wireless nature
enables skin-to-skin contact, has comprehensive
measurement capabilities with validation against clinical
gold standards, reduces skin injury risk, and there is
advanced measurement capabilities that enable future
clinical insights, but has a safety risk related to batteries
and electronics exposed to the skin

« Consumer baby monitors: widely available, low cost due
to economies of scale, and often integrated with existing
smartphones, but they have an unclear measurement
accuracy and performance, and reduced measurement
capabilities

» Smart garments: potential for reduced skin injury risk and
nursing burden, but they have limited validation, require
a base unit to transmit data and power the garment, and
have unclear measurement accuracy and performance

» Camera-based solutions: poses zero skin injury risk, but they
have a high upfront cost, unclear measurement accuracy
and performance, limitations in emergency situations, and
are susceptible to ambient lighting conditions

Alternative technology development efforts in
neonatal monitoring

Beyond efforts reported here of soft, flexible electronics,
substantial progress in the development of smartphone
integrated sensors marketed as advanced baby monitors
has been made. The most prominent example is the
Owlet (Owlet Baby Care, UT, US)—a wireless device
positioned on a neonate’s foot that measures heart rate
and SpO,. Although systems such as the Owlet Smart Sock
have had substantial success on a commercial scale,”
independent analysis raises questions about the system’s
accuracy at detecting neonatal hypoxaemia and
bradycardia compared with FDA-cleared systems.”
Furthermore, home monitoring of cardiorespiratory
function in neonates has not successfully prevented
sudden unexpected deaths in infants.* Other examples
include MonBaby, a small Bluetooth enabled rigid device,
that tracks body motion and respiratory motion. Procter
and Gamble announced a partnership with their nappy
brand, Pampers, and Verily Life Sciences, a health-care
focused subsidiary of Alphabet, to launch a device (Lumi)
affixed to a neonate’s nappy to track the baby’s movement
and sleep. Draeger Medical—a well established medical
technology company that produces advanced neonatal
monitoring systems, neonatal incubators, and ventila-
tors—has also launched a home baby monitoring solution
in Europe called Dream Guard. These products are
marketed as baby monitors without regulatory approval.
Although the scale and popularity of these systems offer
expanded access and broader big data opportunities, the
clinical use and accuracy of these systems remain unclear
as they straddle a grey zone between a medical device and
consumer baby monitor.

In addition to consumer-focused neonatal monitors,
there have been other attempts to improve neonatal
monitoring in the clinical setting, including the
neonatal ICU. Early efforts have focused on contactless
sensing with video and computer vision algorithms.**
The advantages of contactless sensing include the
elimination of the risk of skin injury from medical
adhesives and the potential for long-term cost reduction.
However, video-based physiological monitoring in neo-
nates requires further validation and testing, particularly
in the context of clinical care situations in which the
field of view of a camera might easily be obstructed due
to medical procedures, ambient lighting conditions, and
privacy concerns. The ability to capture SpO, consistently
and accurately remains a challenge for video-based
approaches. Another area of active research is the
development of electronic textiles in which physiological
sensing capabilities are embedded within clothing
fabrics to reduce skin irritation and the need for
adhesives. A key technical challenge is modifying
traditional, non-conductive fabrics (eg, nylon, polyester,
and cotton) into sufficiently conductive materials, or
embedding electronic meshes within fabrics” to replace
the need for electrodes to adhere to the skin. Although
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Search strategy and selection criteria

The search strategies were launched in PubMed (MEDLINE),
Embase (Elsevier), Cochrane Library (Wiley), and Scopus
(Elsevier) from Jan 1, 2000, to July 31, 2020 with search terms
“wearable*” “sensor*”, “monitor*” AND “neonate* OR
pediatric* OR infant* OR children*”. Only papers published in
English were reviewed. Additional natural language searches
were done in search engines to supplement the review and our
own files. The final reference list was generated on the basis of

originality and relevance to the broad scope of this Viewpoint.

early work has been published showing the feasibility
of neonatal monitoring with garment-based sensors,
technologies of this type are at an early stage.”® Smart
garments also require base units directly connected to
the fabric for battery power, signal processing, and data
transmission. With the scarce access to low-cost and
dependable neonatal monitoring in LMICs, any efforts
in technology development should be encouraged and
tested rigorously. From non-contactless video moni-
toring to flexible electronics, specific use cases based on
the acuity of care and various technology approaches
will have different advantages, disadvantages, and
opportunities (panel 3).

Conclusion

Soft, flexible, and skin-interfaced sensors are at the
early stages of broad clinical adoption and deploy-
ment. Regulatory approval is necessary and large-scale
deployments will assess whether these technologies offer
clinical benefit over existing options. However, com-
mercially deployed physiological sensors remain largely
focused on adult populations in high-income countries
for non-critical care applications (eg, outpatient cardiac
monitoring).” The most pressing clinical need might be
among neonates in LMICs who are acutely and critically
ill. Although the world has made important advances to
reduce neonatal mortality over the last decade, much
progress is needed to achieve the 2030 UN Sustainable
Development Goals for neonatal mortality.* Expanding
access to high-quality physiological monitoring tech-
nologies, which is widely available in high-income
countries, might facilitate medical decision making in
LMICs and reduce morbidity and mortality for vulnerable
neonates. Through continued intentional collaboration
between engineers, data scientists, nurses, health-care
providers, philanthropists, and patients’ families, new
skin-integrated systems offer the promise of raising the
standard of neonatal monitoring by improving outcomes
and humanising care worldwide.
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