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Sensing haemodynamics viawearablesinsync
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Metrics of cardiovascular health, such as
vascular resistance and cardiac output, can

be monitored viasynchronized sensors

for electrocardiography and multispectral
photoplethysmography that are placed on the
chestand peripherally.

How haemodynamics are sensed non-invasively has not changed sub-
stantially since the first practical pulse oximeter was publicly intro-
ducedin1974 (ref.1). Yet, there remains a great deal of information to
belearned about cardiopulmonary physiological states by combining
pulse oximetry with multispectral sources of dataand with other sens-
ing modalities such as electrocardiography. Asin so many other areas

of datascience, anintegrative and multifaceted approachto cardiopul-
monary monitoring may yield unique insightsinto health, wellness and
fitness performance that are otherwise difficult orimpossible to obtain.
Such an approach requires the development of sensors and of tools
for data analytics that make the acquired multimodal dataintelligible
and interpretable. Now reporting in Nature Biomedical Engineering,
Daniel Franklin,John Rogers and colleagues” describe amultispectral
and multimodal strategy for sensing haemodynamics that leverages
synchronized, wearable sensors placed on the chest and peripherally
to discriminate between sources of cardiovascular stressors (such as
exposure to heat or cold, physical exercise and breath holding) and
hence allows for actionable insights that are not otherwise available.

Franklin and colleagues used two types of synchronized on-skin
sensors (Fig.1a):asensor for electrocardiography, placed onthe chest,
for capturing cardiac signals (to estimate the arterial pulse-wave veloc-
ity, ameasure of arterial stiffness) and a set of nine optical sensors for
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Fig.1|Synchronized wearable sensors for the monitoring of
haemodynamics. a, Chest and peripheral wearable devices measure
synchronized electrocardiography and multispectral photoplethysmography
data, respectively, in addition to triaxial accelerometery and skin temperature
(notshown). The data are streamed over Bluetooth Low Energy. b, The
peripheral sensor can be placed at several locations to acquire data from local
haemodynamics. a.u., arbitrary units. ¢, Sources of haemodynamic stress are

(mmHg)

assumed to be resolvable along the peripheral-resistance-blood-pressure axes
(peripheral resistance is determined via a wavelength depth-dependent mixture
model applied to multispectral photoplethysmography data, via arteriolar time
delay in peripheral tissue beds). d, Sensor data collected from participants who
underwent a series of haemodynamic stressors can be visually separated along
the peripheral-resistance-blood-pressure axes. Figure adapted with permission
fromref. 2, Springer Nature Ltd.
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multispectral photoplethysmography, placed peripherally (onafinger,
forexample; Fig.1b), for measuring arteriolar pulse-wave velocity and
variations inthe volume of circulating blood (the sensors capture light
within the visible-to-near-infrared spectral range, thus allowing for
measurements of light absorption by tissue at various depths). Both
wearables sense skintemperature as well as forces via triaxial acceler-
ometery, use Bluetooth Low Energy for data transmission, store data
locally and are powered by batteries that are rechargeable wirelessly.
They can be unobtrusively body worn at multiple physical locations
and thus can take advantage of regional morphological differences
inthe vasculature.

Wearable devices for cardiopulmonary monitoring developed
over the past decade’ typically incorporate a single sensor selected
on the basis of the device’s form factor and intended use. In addition,
single-modality wearables often trade diagnosticity* and specificity’
for usability, which hinders the prospects for clinical use®. Remote cam-
eras and other non-contact sensor technologies for cardiopulmonary
monitoring have also yet to be adopted for clinical use’. The minimal
intrusiveness of the multimodal devices®*’ employed by Franklin and
colleagues makes practical multiday use possible and may thus open up
new opportunities and applicationsin cardiopulmonary monitoring.

Because the multispectral photoplethysmography sensor in
Franklinand co-authors’ wearable system can measure light absorption
by tissue at varying depths (owing to the wavelength dependence of
light penetration), the absorption waveformdatacanbe separated such
thatarterial and capillary morphologies can be discriminated and used
toestimate arteriolar time delay (the time for a pulse wave to propagate
through arterioles, from the subdermal plexus to near-surface capil-
laries), which is specifically related to local vascular resistance. The
authors leveraged arteriolar time delay, heart rate and pulse arrival
time (the time needed for the pulse wave to arrive at the peripheral
sensor) to discriminate, with high accuracies (0.93-1.0 for the receiver
operator characteristic areaunder the curve), cardiovascular stressors
that affect the blood-pressure—vascular-resistance-cardiac-output
axis (Fig.1c). Indeed, the authors show that the synchronized sensors
placedin healthy people and in participants with hypertension could be
used to distinguish the haemodynamic effects of a set of cardiovascular
stressors thatare assumed toelicit predictable changesinblood pres-
sureand in arteriolar time delay (Fig.1d). This was possible in part owing
tothe precise synchronization of the chest and peripherally measured
cardiopulmonary time-series data. Synchronized chest and peripheral
sensors, alongside electrocardiographic, heartrate, temperature and
arteriolar time-delay data sources, may also lead to improvements in
theaccuracy of blood-pressure measurements from wearables, aseach
of these variables contributes to their variance.

Continuous monitoring has historically been restricted mostly to
inpatient settings. For wearables to become pervasive in clinical diag-
nostics, the trade-off between diagnosticity and specificity will need
to be lessened or eliminated. Although sensitivity and specificity are
primarily influenced by the quality of the data'®, for wearable devices,

data quality is not the only path towards improved diagnosticity; new
techniques and algorithms for data analysis may be needed". Inherent
toalgorithm performanceis theinformationinherentin the data, and
the combination of the data sources used by Franklin and co-authors
was critical to their ability to discriminate between cardiovascular
stressors. Their work therefore has implications for clinical practi-
tioners, manufacturers of wearable medical devices and researchers
working in cardiopulmonary sensing. First, the design, capabilities
and unobtrusive formfactor of the wearables makes them easy to use.
Second, the estimates of vascular resistance via arteriolar time delay
derived from the multispectral sensing data provide diagnosticinfor-
mationthatis otherwise difficult to obtain and that canlead to clinically
actionable insights. Third, such derivation of diagnostically relevant
metrics via data analytics may be useful in other scenarios beyond
the discrimination of haemodynamic states for clinical diagnosticity.
Indeed, beyond clinical uses, the authors’ devices and methods could
have applicationsin affective computing (thatis, emotion-aware com-
putational systems) and mixed reality?, safety monitoring', cognitive
state assessment'* and fatigue monitoring®.
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	Fig. 1 Synchronized wearable sensors for the monitoring of haemodynamics.




