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Cardiovascular health is typically monitored by measuring blood pressure. 
Here we describe a wireless on-skin system consisting of synchronized 
sensors for chest electrocardiography and peripheral multispectral 
photoplethysmography for the continuous monitoring of metrics related 
to vascular resistance, cardiac output and blood-pressure regulation. We 
used data from the sensors to train a support-vector-machine model for the 
classification of haemodynamic states (resulting from exposure to heat or 
cold, physical exercise, breath holding, performing the Valsalva manoeuvre 
or from vasopressor administration during post-operative hypotension) 
that independently affect blood pressure, cardiac output and vascular 
resistance. The model classified the haemodynamic states on the basis 
of an unseen subset of sensor data for 10 healthy individuals, 20 patients 
with hypertension undergoing haemodynamic stimuli and 15 patients 
recovering from cardiac surgery, with an average precision of 0.878 and an 
overall area under the receiver operating characteristic curve of 0.958. The 
multinodal sensor system may provide clinically actionable insights into 
haemodynamic states for use in the management of cardiovascular disease.

Assessment of cardiopulmonary function is essential in the diagno-
sis and management of physiologic insufficiency and decompensa-
tion in life-threatening conditions such as circulatory shock1,2. This 
haemodynamic evaluation involves the assessment of volume status 
(distributive), cardiac function (cardiogenic) and vascular tone (vaso-
genic) factors to target treatment plans3,4. The simplest methods rely 
on physical exams, vital signs and blood pressure (BP) measurements5. 
In most cases, however, these assessments are intermittently captured 
and provide only a partial view of haemodynamic status, especially 

when signs change rapidly, overlap, or are obscured by physiologic 
compensation6,7.

Blood pressure is the product of the heart’s ability to generate 
blood flow, cardiac output (CO), against the resistance of the body’s 
vascular beds, systemic vascular resistance (SVR)7. Dynamic changes 
in the balance of CO and SVR may mask changes in BP, complicat-
ing the identification of abnormal states that require intervention6.  
In complex and severe cases that are unresponsive to first-line treat-
ments, guideline-directed1 management still recommends invasive 
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classification within the BP, CO and SVR coordinate space. The 
approach combines a peripherally worn multiwavelength and mul-
tispatial photoplethysmography (MWPPG) sensor with a chest-worn 
device that captures signals related to cardiac activity51. By uniting 
conventional time-synchronized PAT measurements, a correlate of 
local vascular resistance through MW delay, and HR, this wearable 
system can measure and classify physiological changes associated with 
specific haemodynamic states, thus delivering clinically actionable 
information14. Pilot studies revealed the impact of short-term haemo-
dynamic stimuli in healthy participants and in patients with hyperten-
sion through cold pressor tests, breath holds, Valsalva manoeuvres, 
exercise and full-body heat exposure, as well as longer-term effects of 
pharmacological intervention during post-surgical recovery within a 
cardiothoracic intensive care unit. These haemodynamics-modulating 
activities elicit disparate responses in BP/SVR/CO, where the heart 
both drives and reacts to conditions throughout a full range of realistic 
natural scenarios.

Results
The haemodynamic monitoring system introduced here consists of 
a central, chest-worn sensor for ECG and seismocardiogram (SCG) 
measurements along with a peripheral MWPPG unit for simultaneous 
acquisition of multimodal cardiac signals. Figure 1a showcases the 
ECG/SCG device and peripheral MWPPG communicating wirelessly to 
a central control module with custom software that coordinates time 
synchronization and manages data transfer through the Bluetooth 
low-energy (BLE) protocol. The advantage of this combined approach 
is that both arterial PWV, corresponding to systemic factors, and arte-
riolar PWV, corresponding to local vascular dynamics, can be extracted 
simultaneously (Fig. 1b). Arterial stiffness and BP primarily determine 
the systemic PWV, measured by PAT, while the arteriolar resistance 
primarily determines the arteriolar PWV, measured by MW delay. Fig-
ure 1c outlines key clinical entities on the BP vs peripheral vascular 
resistance axis relative to the resting state. Even with perfect measure-
ment, BP alone cannot differentiate these conditions—a multiparam-
eter approach is required. By measuring arteriolar PWV in addition to 
systemic PWV and HR, it may be possible to disentangle these states.

Device design
The combined central-peripheral system uses a BLE-enabled 
system-on-a-chip (SoC) to control data collection and local data stor-
age, and to ensure inter-device time synchronization and coordinated 
data transfer. The chest device, which extends designs reported previ-
ously for neonatal monitoring51, incorporates an analogue differential 
amplifier-filter with filters tuned to the 0.5 Hz–80 Hz range for ECG 
measurements, a temperature sensor and a triaxial accelerometer that 
simultaneously measures SCG, core body motion, vocal processes and 
physical activity52.

The peripheral device represents a unique enabling component 
of this system. This technology incorporates the same temperature 
sensor and accelerometer as the chest device for rejecting motion 
artefacts, determining orientation and recording physical activity. 
The key feature is a multispectral photodiode and linear array of light 
emitting diodes (LEDs) that emit across the visible and near-infrared 
region of the spectrum. Figure 1d shows an exploded view that high-
lights these components, along with power management circuits and 
subsystems for wireless charging of a small lithium-polymer battery, 
all separated into four mechanically isolated islands. The enclosure 
exploits a medical-grade silicone elastomer, with transparent windows 
for the four pairs of broadband white and near-infrared (NIR) LEDs and 
the multispectral photodiode (Fig. 1e). As illustrated in Fig. 1f–h and 
Supplementary Fig. 1, serpentine interconnects greatly improve device 
flexibility and mechanically isolate sensitive components from the bat-
tery, radio unit and other hardware. This flexibility also allows for mul-
tiple final device forms via folding of the circuit before encapsulation 

haemodynamic monitoring, including arterial pressure catheters for 
continuous BP measurement8 and pulmonary artery catheterization 
for the estimation of CO9. Estimates of SVR follow from the division 
of mean arterial BP by CO. Currently, these invasive measurements 
are not recommended for patients outside of critical care owing to 
substantial infection or trauma risks10, the requirement of specially 
trained personnel and the physically limiting nature of these inter-
ventions. Studies in patients with selected heart failure have shown 
that ambulatory measurements from implantable pulmonary artery 
pressure sensors reduce hospitalizations11,12; however, the most recent 
guideline consensus remains uncertain on these benefits1.

Recent advances in wireless, skin-interfaced sensor technologies 
enable the continuous collection of critical health parameters that 
greatly improve the ability to monitor patient status non-invasively, 
continuously and remotely13,14. The latest devices support measure-
ments of heart rate (HR), respiration rate (RR), physical activity and 
blood oxygenation, in many cases with regulatory approvals for use 
in the hospital and at home, across a wide range of age groups15–20. 
Unfortunately, the estimation of BP using wearable cuffless technology 
remains challenging21–25. The most common approach to estimating 
blood pressure using wearable technology is through pulse wave veloc-
ity (PWV), which relates the stiffness of the arteries to driving pressure 
through empirical calibrations based on the Moens–Korteweg and 
Hughes equations26–29. PWV can be measured non-invasively across a 
known distance through the time delay between the electrocardiogram 
(ECG) R-peak or mechano-acoustic measurements of aortic valvular 
openings and specific features in peripheral photoplethysmogram 
(PPG) waveforms (known as pulse arrival time (PAT) and pulse transit 
time (PTT), respectively). Although this approach has shown prom-
ise, it does not account for dynamic changes in the underlying vessel 
bed that can occur during conditions such as physical exercise28,30,31, 
administration of vasoactive pharmaceuticals32,33, variations in ambient 
temperature34,35, circadian rhythms36 and other natural activities. PWV 
can be highly correlated with HR, and care must be taken to evaluate 
PWV measurements under variable conditions where HR and BP are 
not highly correlated to prevent confounding37,38. In addition, efforts 
pursuing non-invasive methods of continuous CO estimation include 
impedance cardiography39 and pulse waveform/pulse pressure analy-
sis40,41, but these suffer from similar assumptions, empirically derived 
models, confounders or tedious and invasive calibration requirements 
similar to PWV measurements.

Beyond BP and CO, SVR measurements are difficult to obtain 
directly. However, recent work42–45 suggests that arteriolar state, the 
primary factor determining vascular resistance, can be captured by 
exploiting the wavelength-dependent penetration depth of light into 
the skin. Shorter-wavelength blue-green light interacts primarily with 
near-surface capillaries, whereas red-infrared light interacts with larger 
arteries in the subdermal plexus. Thus, by deconvolving arterial and 
capillary pulsations, it is possible to quantify pulse-wave propagation 
from the subdermal plexus, through arterioles, to near-surface capillar-
ies. This arteriolar pulse propagation time, herein termed ‘MW delay’ 
owing to the multiwavelength method of extraction, is modulated by 
the variable arteriolar diameter elicited by constriction or dilation and 
is thus related to local vascular resistance.

Tracking these factors continuously and remotely with dis-
crete wearables provides a promising path towards personalized, 
outcome-oriented14 healthcare management. Beyond healthcare, 
wireless non-invasive haemodynamic measurements may have 
implications in physical performance assessments such as exercise 
readiness and recovery46–49, or cognitive stress management50. These 
considerations suggest that a multimodal approach is favourable over 
a single-parameter model to disentangle complex physiological inter-
actions as the body experiences haemodynamic changes.

Here we build on these concepts to develop a multinodal and 
wireless skin-interfaced system capable of continuous haemodynamic 
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Fig. 1 | Combined haemodynamic sensor concepts and devices overview. 
a, The sensor system consists of a peripherally mounted sensor capable of 
MWPPG measurements, and a chest-mounted sensor capable of ECG and triaxial 
accelerometry. Both sensors are coordinated wirelessly via a Bluetooth-enabled 
control module. b, Time-synchronized measurement of ECG and PPG enables 
estimation of systemic blood pressure via arterial pulse wave velocity, while 
MWPPG enables quantification of local/peripheral arteriolar states. c, Combining 
these haemodynamic sensors enables differentiation of haemodynamic states in 
dimensions of clinically pertinent haemodynamic parameters of blood pressure 
and vascular resistance. d, Exploded rendering of the multispectral device with 
silicone encapsulation layers, fPCB consisting of four islands separated via 
flexible serpentine interconnects and support circuitry. e, Left: bottom view 
of the multiwavelength sensor with multiple pairs of individually controllable 
broadband and NIR LEDs. Source-detector distances are 3 mm, 6.5 mm, 10 mm 
and 13.5 mm. Right: time-sequential LED sequencing allows for spatially resolved 

spectroscopy useful in tissue oximetry. f, Side-by-side views of two different 
form factors achievable by folding the fPCB. g, Device placement as a finger 
wrap. h, Mechanical twisting of the peripheral multiwavelength device in its 
short form. i, Diagram indicating various possible placements of the devices and 
associated normalized waveforms, offset for clarity, from central and peripheral 
locations, and with both arterial-dominated or capillary-dominated vascular 
beds (more detail in Supplementary Fig. 2). Obtained during deep breathing 
exercises, the signal contains both low-frequency oscillations due to respiration 
and high-frequency oscillations due to the cardiac cycle. j, Monochromator scan 
of an encapsulated device showing relative responsivity (left axis) at 9 different 
wavelengths throughout the visible and NIR ranges as well as LED pair emittance 
spectrum (black, right axis). k, Diagram of the measurement principles 
showing simultaneous wavelength- and distance-based light paths through a 
photoacoustic tomography rendering of real human skin. Portions of this figure 
were created with BioRender.com.
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to improve the fidelity of operation and to allow use on nearly any 
part of the body, from central locations such as the forehead or ear, 
to peripheral locations such as fingers or the wrist (Fig. 1i). Signals 
provide information that is specific to the characteristics of regional 
vascular beds. For example, the earlobe and forehead yield rounded, 
capillary-like pulse waveforms without a strong dicrotic notch, while 
the finger produces sharp pulse onsets and a pronounced dicrotic 
notch presence due to increased wave reflections from branching 
arterial trees and larger vessels near the surface (Supplementary Fig. 2). 
In addition, low-frequency oscillations due to respiration can be seen 
overlayed with high-frequency oscillations due to the cardiac cycle.

Sensor modalities and analysis
The unique combination of broadband LEDs and a multispectral 
photodiode enables simultaneous spectroscopic measurements at 
9 discrete wavelength bands in the visible–NIR range, shown in Fig. 1j 
and the illustration in Fig. 1k. Longer wavelengths of light have lower 
tissue absorption and thus travel deeper and further before absorp-
tion in tissue or capture by the photodiode53. Similarly, as the distance 
between the LED pairs and the multispectral photodiode increases, 
this effective penetration depth also increases. The multiwavelength 
approach emphasizes near-surface depth dependence. By contrast, the 
source-detector distance approach allows greater depths of penetra-
tion for longer wavelengths and is useful for spatially resolved tissue 
oxygenation measurements54. The source-detector distances are 3 mm, 
6.5 mm, 10 mm and 13.5 mm.

For measurement of MW delay, the device operates at a fixed 
LED with source-detector distance of 3 mm and with six wavelengths 
of 480 nm, 515 nm, 555 nm, 590 nm, 680 nm and 900 nm, each with 
sampling rates of 100 Hz. These wavelengths penetrate the tissue to 
depths of approximately 0.3 mm, 0.4 mm, 0.5 mm, 1.0 mm, 2.3 mm and 
1.8 mm, respectively, at 50% fluence53. The pulsations captured at each 
wavelength integrate contributions to the respective characteristic 
depths. Figure 2a shows the high-level schematic for extracting arte-
rial and capillary contributions from a wavelength depth-dependent 
mixture model44, while Supplementary Fig. 3 covers this process at each 
step visually. All wavelengths contain a component of near-surface 
capillary pulsation, but yellow to NIR wavelengths also interact with 
arterioles and larger arteries. In each 5 s window, a principal component 
analysis (PCA) of the normalized 0.5 Hz–5 Hz bandpassed pulsatile 
waveforms at the two shallowest penetrating wavelengths, 480 nm and 
515 nm, enables extraction of these near-surface, capillary-dominated 
pulsations. Calculation of the PCA at each window prevents gross 
motion artefacts or local variations in pulse morphology from influenc-
ing calculations in other windows, shown visually in Supplementary  
Fig. 3d,e. The first principal component of the short wavelengths rep-
resents pulsatile capillary blood volume changes, while the second 
principal component arises from motion artefacts44. The first prin-
cipal component of a separately calculated PCA of the normalized 
pulsatile waveforms at all available wavelengths extracts a superposed 
capillary-arterial pulse, from which the blue-green capillary pulse can 
be subtracted to isolate arterial pulsation. These arterial pulsations and 
capillary pulsations are cross-correlated with subsample interpolation. 
The delay at maximum correlation corresponds to the arteriolar pulse 
transit time (MW delay).

A block diagram of the combined sensor system is shown in Fig. 2b. 
The chest device captures single-lead ECG and triaxial accelerometry 
signals at sampling rates of 1 kHz and up to 3.3 kHz, respectively. The 
green wavelength data from the MWPPG device yields the pulse rate. 
These three signals (Fig. 2c) enable comparison of cardiac intervals 
known to be related to cardiovascular function, including the electro-
mechanical delay/pre-ejection period (PEP), systolic/diastolic time 
intervals (left ventricular ejection time, LVET), pulse arrival time (PAT) 
and pulse transit time (PTT). Measurements of HR, RR and 2-wavelength 
(red–IR) pulse oxygenation (SpO2) follow from MWPPG data, consistent 

with reference measurements as summarized in Fig. 2d–f. The pulsatile 
signal to noise ratio of the MWPPG device is 20.49 dB during haemody-
namic pressors and is calculated in Supplementary Fig. 4.

Haemodynamic experiments
A set of experiments which elicit distinct haemodynamic responses 
within the BP-SVR-CO coordinate space and target separate BP regula-
tory mechanisms were chosen. Pilot studies with specific haemody-
namic stimuli protocols produced data from healthy participants and 
patients with hypertension, with reference BP measurements provided 
by a volume-clamp-based continuous non-invasive arterial BP monitor. 
Examination of the effects of pharmaceutical modulation focuses on 
patients recovering in the cardiothoracic intensive care unit following 
mitral valve repair who required norepinephrine or epinephrine as 
standard clinical intervention in the immediate post-operative period 
in response to hypotension. Medical record data on medications, vital 
sign measurements and laboratory values provide reference informa-
tion for these patients. Supplementary Table 1 displays characteristic 
changes relative to baseline across these experiments. Figure 3a shows 
a representative dataset on a healthy participant during cycles of inter-
leaved, short-term stimuli to modulate BP in contrasting ways: Valsalva 
manoeuvres, cold pressor tests and breath holds. The presentation 
includes changes in HR, PAT and MW delay alongside reference meas-
urements of BP, demonstrating measurement repeatability.

Valsalva
The Valsalva manoeuvre elicits a classical four-stage BP response55 as 
thoracic pressure is increased, held and released. Because BP in this case 
is externally mediated and the heart reacts to baroreceptor stimulation, 
HR varies inversely with BP. PAT also exhibits an inverse response to BP 
as expected from theory26,29,55,56. However, the response does not track 
perfectly with BP probably due to uneven central-peripheral pressure 
differential among other vasomotor compensatory effects55,56. MW 
delay, in contrast, exhibits a variable increase during Valsalva phase II, 
which amplifies each repeated cycle associated with the time duration 
of the individual Valsalva manoeuvres. Peripheral vasoconstriction is 
known to occur in response to decreased pulse pressure55,56; the longer 
a Valsalva is held, the longer the body compensates for the decreased 
pulse pressure.

Cold pressor
Cold pressor challenges assess autonomic function, specifically sym-
pathetic responses including vasoconstriction in the contralateral 
appendage57. These tests elicit a gradual increase in BP due to sym-
pathetic stimulation of both the heart and peripheral vessels. This 
dynamic process involves a rapid increase in HR, followed by sustained 
oscillations throughout the challenge58. An initial rapid decrease in PAT 
correlates with a small sharp increase in BP, perhaps associated with 
bracing or initial shock. PAT then returns to values near the baseline, 
followed by a second smaller decrease near the final seconds of cold 
exposure. This behaviour contrasts with the expected decrease in PAT 
correlated with the increase in BP, probably due to autonomic driving 
forces that modify both arterial properties and cardiac contractility. 
MW delay, on the other hand, exhibits a sharp increase, with oscillations 
that coincide with the period of cold exposure. Most importantly, these 
features exhibit a phase lead relative to the rise in BP, coinciding with 
the exposure to the cold-water bath. This suggests that vasoconstric-
tion, not BP change, is indeed responsible for the increase in MW delay.

Breath hold
Breath holds include features of both intrathoracic pressure change, 
similar to the Valsalva manoeuvre, as well as peripheral vasoconstric-
tion59 due to sympathetic reactions to hypoxia and hypercapnia. This 
complex response elicits a gradual rise in BP, followed by a period of 
hypotension after breath release. The initial hold stage of this test leads 
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to negligible changes in the HR and PAT. As the breath hold continues, 
however, it appears that MW delay changes remain in-phase with BP 
increase, contrary to the phase lead observations during the cold pres-
sor test. Simultaneously, PAT remains constant until the BP begins to 
peak and the breath hold is released, exhibiting a phase lag to BP and 
MW delay. The minimum value of PAT during the breath holds coincides 
with a return of MW delay to baseline and a corresponding decrease in 
BP. This phasing behaviour between PAT and MW delay with different 
driving forces of BP increase suggests a masking effect of arteriolar 
constriction on reflective-mode measurements of PAT or vice-versa.

Heat exposure
During prolonged heat exposure, the increase in temperature leads 
to peripheral vasodilation60 and thus hypotension due to decreased 
peripheral resistance. To compensate, the HR increases, increasing CO 
to maintain BP. The experiments involve exposure of healthy partici-
pants to elevated temperatures using a personal, portable sauna cham-
ber for 20 min. The decrease in BP and increase in arterial compliance 
would, based on the empirical theory referenced previously, lead to a 
corresponding increase in PAT consistent with reported studies based 

on applanation tonometry61–63. While this trend is modestly observed 
on initial exposure to heat, after profuse perspiration begins and BP 
decreases further around 10 min after entry into the sauna, the data 
from the system reported here and presented in Fig. 3b indicate that a 
consistent decrease in PAT is observed. The MW delay also moderately 
decreases in-phase with the PAT. As with the cold pressor test and breath 
hold challenges, this finding suggests that arteriolar pulse transit time 
may modulate PAT measured via reflective-mode PPG.

Physical exercise
Exercise increases metabolic demand and thus induces a correspond-
ing increase in CO through an increase in HR and contractility64,65. 
The result increases BP until the heat of increased metabolic demand 
begins to induce vasodilation. As shown in Fig. 3c, these processes 
lead to an immediate decrease in PAT and an increase in HR (12 min). 
Between 12 and 15 min, PAT exhibits an inverse relationship with BP, 
as expected by theory. At 15 min, the participant begins to perspire 
and MW delay begins to decrease in response to vasodilation. BP also 
begins to fall from its peak, but PAT and HR do not exhibit any similar 
inflection points. The decrease in MW delay after this point appears 
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to balance the expected increase in PAT with the decrease in BP. For 
some period after exercise is complete, the vasodilation inferred by 
low MW delay is maintained. Overall, HR and PAT exhibit a stronger 
correlation in this experiment than PAT and BP, while MW delay trends 
add independent information.

Post-surgical monitoring
Patients undergoing cardiothoracic surgery procedures can experi-
ence post-operative hypotension following cardiopulmonary bypass 
and surgical cardiac injury66. Vasoconstrictive medications, such 
as phenylephrine, epinephrine or norepinephrine delivered in the 
immediate post-operative period can help to maintain BP and prevent 

cardiogenic shock without stressing the heart. These medications 
increase end-organ perfusion by increasing peripheral resistance, cor-
responding to an increase in MW delay relative to baseline. The results in 
Fig. 4 illustrate these trends for a representative patient during admin-
istration of intravenous epinephrine following a surgical procedure. 
After initial rooming and assessment concludes that administration of 
epinephrine is appropriate, the medication is started and tapered as 
determined by regular clinical assessment and decision making. For 
the patient in Fig. 4, the initial MW delay was high and experienced 
a decline as epinephrine was withdrawn. In the following period, BP 
remains low for several hours, during which MW delay experiences 
a resurgence and remains elevated relative to the period of 11 h after 
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delay is measuring a driving force inducing BP change. Conversely, alignment 
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measurement of the reverse scenario—a compensatory, sympathetic vasoactive 
response to stimulus. b, A 20-min heat exposure challenge via personal sauna. 
BP drops from baseline associated with a rise in HR, suggesting vasodilative 
hypotension. Note the loss of Finapres data during sauna entry, necessary due 

to disconnection of the wired system to pass the hand through a hole, while the 
wireless sensors experience no such limitation. Contrary to theory, PAT drops 
during this period, especially after profuse perspiration begins. MW delay 
exhibits a small drop during heat exposure, which is partially reversed upon 
exiting the chamber. c, A 20-min exercise bike session, showing drastic change 
in PAT mirroring the HR which returns to baseline. MW delay begins to drop only 
after the patient begins vasodilating, which occurs at the peak BP a few minutes 
after exercise starts. The delay remains low after exercise is complete and BP is 
still low despite the PAT return to baseline levels.
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surgical closure, when BP recovers to pre-surgical levels and the patient 
has recovered from anaesthesia.

Haemodynamic classification
Complex homoeostatic feedback loops connect BP and peripheral 
resistance67. Depending on external stimuli or patient conditions, the 
equilibrium point between induced and compensatory changes in BP 
and peripheral resistance can shift relative to a defined resting state. 
Figure 5a shows a theoretical plot of expected clustering of haemody-
namic states explored in this work relative to a central resting state. 
The four ‘core’ examples that delineate this BP vs resistance axis into 
quadrants relative to the resting state are (1) the cold pressor test and 
breath holding, which result in increased BP mediated by an increase 
in peripheral resistance associated with vasoconstriction, (2) physical 
exercise, which results in increased BP mediated by increases in cardio-
vascular stress and metabolic demand, while simultaneously decreas-
ing peripheral resistance via vasodilation, (3) heat exposure via sauna, 

which results in decreased BP mediated by decreases in peripheral 
resistance associated with vasodilation and (4) patients treated with 
post-surgical vasopressors in the setting of post-operative hypoten-
sion, where decreased BP is treated by medications which increase 
peripheral resistance. As illustrated by this plot, BP alone (horizontal 
axis) cannot distinguish all haemodynamic states. The pathophysiol-
ogy that brings a patient into each of these quadrants is mediated by 
entirely different factors; identifying which quadrant a patient is in 
thus guides the choice of intervention to return to baseline.

Figure 5b presents two-dimensional (2D) projections of all data col-
lected during this study separated by colour for each haemodynamic 
stimulus. Each projection is across sensor-measured data (HR, PAT and 
MW delay) as well as reference systolic and diastolic BP (SBP, DBP). Sup-
plementary Video 1 shows the same sensor-measured quantities in a 3D 
scatterplot. Several important observations can be inferred from the 
plots in Fig. 5b as well as overall Pearson correlations expanded upon 
in Supplementary Fig. 5. First, the effect of the studied haemodynamic 
states on BP can be observed in the top-leftmost plot between SBP and 
DBP. While systolic and diastolic BP values are indeed highly correlated, 
some stimuli including active exercise and the Valsalva manoeuvres 
exhibit more independence between SBP and DBP, conditions with 
substantial pulse pressure variation. The next row emphasizes that 
across all the studied haemodynamic states, low correlation between 
HR and BP is achieved. High correlation between HR and BP is a notable 
confounder in haemodynamic studies especially studies of PWV38. The 
following row further substantiates these findings, as PAT is not highly 
correlated with BP across all haemodynamic states but remains highly 
correlated with HR. The final row presents scatters of MW delay against 
the reference BPs and sensor derived metrics, showing little to no cor-
relation, as expected of a metric independent of CO or BP.

These plots illustrate the segregation of MW delay and BP into 
discrete states similar to the theoretical peripheral resistance-BP axis. 
Figure 5c plots the natural logarithm of the ratio of MW delay values to 
baseline measurements (fold change) against reference SBP, replicat-
ing the theoretical plot in Fig. 5a. MW delay reliably identifies states of 
high and low peripheral resistance, regardless of BP. The distributions 
of MW delay for each haemodynamic stimulus are shown in Fig. 5d via 
letter-value boxplots68. Brunner–Munzel69 tests for stochastic equality 
in non-normal, unequal-variance samples were performed for each 
stimulus against the baseline distribution. Overall observations of the 
clustering of sensor-measured parameters by haemodynamic stimuli 
in Fig. 5b–d suggest that classification of various haemodynamic states 
is possible using sensor data alone without requiring direct measure-
ments of absolute BP or SVR.

On the basis of visual inspection of the data in Fig. 5 and Supple-
mentary Video 1, a simple support vector classifier using the radial basis 
function kernel was chosen to separate the haemodynamic classes. The 
approach involves training on 20% of data for each condition, leaving 
the remaining 80% for testing and explainability evaluation. Data were 
not shuffled and were instead kept in chronological order to avoid 
contamination of the test set with similar sample points of the same 
participant performing the same activity used to train the model. The 
test set is thus maximally independent of the data used for training. 
Short-term dynamic stimuli, such as the Valsalva manoeuvre, were 
removed for this analysis. Stimuli were further grouped into classifica-
tion states on the basis of their induced physiological response. Cold 
pressors and breath holds were combined into one group characterized 
by increased vascular resistance and BP, while sauna exposure and post 
exercise were combined into one group characterized by decreased 
vascular resistance and BP. Support vector classifiers were defined 
as binary classifiers; to apply to a multiclass model, a separate model 
must be trained to classify each pair of classes. In this case, 5C2 = 10 
models were individually trained on the same subset of data, with the 
overall prediction deriving from a simple majority vote across all the 
one-vs-one models.
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lasted until the patient’s BP recovered and the patient was able to feed, 10 h after 
surgery completion.
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Figure 6a shows the confusion matrix of the overall trained model 
when applied to the 80% left-out test data. Confusion occurs to a small 
degree between states where vasodilation is expected, or between 
states where vasoconstriction is expected, but not across different 
vascular states. For instance, confusion between exercise and sauna 
can be explained by varying exercise intensity, or conversely, by the 
relatively high heart rates achieved in the sauna for some individuals. 
Confusion of cold pressor tests from baseline can be explained by 
some baseline measurements occurring in a cold environment, or by 
cold exposure causing a wave-like response58 of vasoconstriction fol-
lowed by vasodilation, which may vary substantially even with slight 
deviations in bath temperature70. This phenomenon, in addition to 
the previously noted phase lead in MW delay response and relative 
invariance in PAT, may explain confusion of this dynamic stimulus. 
Figure 6b shows the receiver operating characteristic (ROC) curves 
for each haemodynamic state for the left-out test data. Individual class 
ROC curves were computed in the one-vs-rest binary method, while 
the micro-average ROC combined these results accounting for class 
imbalance for an overall score. The micro-average AUROC is 0.958. 
Precision-recall curves are shown in Fig. 6c and the micro-averaged 
precision is 0.878. Supplementary Fig. 6 shows additional analysis 
repeating this training process on other folds to demonstrate model 
stability and generate an estimate of variance to the ROC curves.

Model interpretability and explainability is of critical importance 
in medical applications as models become increasingly complex71. 
SHapely Additive exPlanations (SHAP) are a unified method of gen-
erating interpretable feature importance for each prediction72. In 
Supplementary Fig. 7, we apply SHAP analysis to the trained support 

vector classifier model on up to 100 random examples of each haemo-
dynamic class from the test set to generate an estimate of the impor-
tance of each input feature, MW delay, PAT or HR, in generating those 
predictions. MW delay contributes most towards predictions involving 
vasoconstriction. PAT, on the other hand, decreases considerably in 
vasodilation and is thus most helpful for prediction in those states. 
Overall, HR is the most important feature enabling identification of 
deviations from baseline, which is naturally in line with conventional 
clinical understanding.

Discussion
We have described a non-invasive multinodal and skin-interfaced wire-
less system for measurements of independent haemodynamic vari-
ables. The devices and subsequent classification method show promise 
in supplementing intermittent cuff-based home BP monitoring and 
invasive monitoring approaches currently reserved for patients with 
acute decompensated heart failure1. The key technological advance 
is in the development of a multiwavelength device that mounts on a 
peripheral body location to measure a correlate of local vasoconstric-
tion and dilation in arteriolar pulse transit time through MW delay. The 
time-synchronized operation with a chest unit that captures ECG and 
SCG waveforms leads to data streams with diverse informational con-
tent. Data collected under a variety of scenarios indicate that the system 
yields consistent and repeatable results for individuals and between 
participants over a large BP range. The largest and most predictable 
BP variability was elicited on healthy participants undergoing specific 
tasks, whereas inpatient participants were simply monitored during 
their clinical course without intervention beyond the standard of care. 
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Results show that BP alone is not able to delineate all studied haemody-
namic states. We show that arteriolar PWV estimation provided by the 
MW delay measurement is associated with vasoconstriction and dila-
tion, and that its addition to conventional non-invasive measurements 
of HR and systemic PAT contributes meaningfully towards enabling 
haemodynamic classification.

A main limitation of this pilot study is the relatively small num-
ber of participants. We were not able to explicitly disentangle vari-
ations in skin thickness, melanin content, tolerance to pain and 
exercise, and vascular responsiveness. Future work will include broader 
outcome-oriented studies in diverse populations, aimed at determin-
ing early-warning and treatment thresholds. In addition, the classifica-
tion method incorporates only HR, PAT and MW delay. However, the 
sensor system enables the collection of additional haemodynamic 
parameters, such as pre-ejection period and left ventricular ejection 
time. The inclusion of these quantities may further extend the capa-
bilities of classification and correlate with central cardiac function, 
including contractility73 and ejection fraction74.

Together, the wireless monitoring system and classification 
method provide objective information on the haemodynamic state 
of an individual beyond that of BP alone. The detection of underlying 
BP regulatory mechanisms is of critical importance in guiding clinical 
decision-making. With the ability to detect short-term haemodynamic 
responses to stimuli, medium-term compensatory responses and 
longer-term trends, these technologies may provide early-warning 
signs of haemodynamic decompensation warranting follow-up or 
intervention and help health-conscious individuals keep track of mean-
ingful vascular-health parameters.

Methods
Device fabrication
Circuit design was performed on electronic design automation soft-
ware (Eagle v.9.6.1, Autodesk) and outsourced for manufacturing 
on 4-layer flexible printed circuit board (fPCB) (PFC Flex). Key ele-
ments of the circuit include (1) a multispectral photodiode (AS7341, 
ams-OSRAM AG), (2) 4 pairs of broadband white LEDs and IR LEDs 
(L130-6580002011001, Lumileds and SFH 4043, OSRAM), (3) power 
management electronics (BQ2510A, Texas Instruments), (4) NFC charg-
ing components (tuned coil and rectifier) to enable wireless charging, 
(5) a triaxial accelerometer (LSM6DSL, STMicroelectronics), (6) an 
8 Gb NAND flash memory (MT29F8G08), (7) a Bluetooth low-energy 
system-on-a-chip (ISP1807, Insight SiP) and (8) passive components. 

The circuit layout is shown in Supplementary Fig. 8. The devices con-
sist of four separate islands connected via serpentine fPCB traces to 
maximize mechanical flexibility while providing structural support 
for rigid components.

Encapsulation
The fPCBs were folded along the serpentine interconnects, depending 
on the intended final form factor (long for finger wrapping or short 
for placement on other surfaces), followed by attachment of 50 mAh 
Li-Po batteries. 3D computer-aided-designed aluminum moulds for 
the top (out-facing) and bottom (sensor-side) encapsulation were cre-
ated using AutoCAD (Autodesk) and milled using CNC milling (Modela 
MDX-540, Roland). The moulds were used to cast medical-grade silicone 
elastomer (Silbione 4420, Elkem) shells, coloured with cyan or black, 
visible–NIR-spectrum opaque silicone paint (Silc Pig) with holes for 
the 4 LED pairs and photodiode (PD) on the bottom and white on top. 
On glass slides, the bottom LED-PD holes were filled with transparent 
silicone (Ecoflex 00-31 Near Clear, Smooth-On) to bind the sensor head 
to the bottom encapsulation layer. The opposing outer shell was filled 
with remaining Ecoflex and the two sides of the silicone shell, with the 
device in between, were pressed together using external clamps and 
allowed to cure, thereby creating a sealed enclosure. Supplementary 
Fig. 9 further details the encapsulation process. Supplementary Fig. 10  
shows the effect of encapsulation on white LED emission efficiency 
and spectrum.

Adhesives
Depending on the experiment, the device was adhered to the skin 
using a laser-cut, medical-grade, dual-sided silicone-acrylate adhe-
sive (2477p, 3M). For long-term wear or for mounting during physical 
exercise and sauna, the devices were adhered with medical-grade 
transparent film adhesive (Tegaderm, 3M) or secured around a finger 
with medical-grade self-adhering wraps (Coban, 3M).

Data recording and transfer
The devices are capable of both local storage of measurement data as 
well as real-time streaming of data to a tablet or other mobile device 
through BLE protocol. This external device also provides coordi-
nation of timestamping events when nearby. The devices can form 
a network of time-synchronized nodes using methods described 
previously51. Pre-programmed sleep–wake intervals can be imple-
mented to save battery life where continuous recording is not required 
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(Supplementary Fig. 11). Supplementary Video 2 shows a demonstra-
tion of the sensor system and app streaming of real-time data.

Short-term and medium-term blood pressure experiments
Pilot studies rely on healthy participants (n = 10, 8 male, 2 female, 
median age 28 yr, s.d. 2.5 yr) with repeated exposure (total number of 
sets) to a sauna (10), cold pressor (21), physical exercise (15), breath 
holding (15) and Valsalva manoeuvre (20). Additional analysis includes 
data from 20 patients with hypertension (10 male, 10 female, median 
age 69 yr, s.d. 14 yr) collected during regular clinical visits with repeated 
Valsalva manoeuvres. Data from six different wavelength channels from 
MWPPG signals captured using the first pair of LEDs were captured dur-
ing simultaneous reference measurements of BP using the continuous 
volume-clamp method (NOVA, Finapres Medical Systems). Participants 
wore a MWPPG sensor on their non-dominant hand, as well as an ECG/
SCG sensor on their chest for HR and PAT. Participants were asked to 
rest for 5 min to establish baseline measurements, then to perform a 
Valsalva manoeuvre for not longer than 15 s, followed by a period of 
rest and return to within 5 mmHg of baseline systolic BP. Then, each 
participant placed their dominant (non-sensor) hand in a bucket of 
cold water not colder than 4 °C for as long as they were comfortable but 
not longer than 1 min. This procedure was followed by a rest and return 
to within 5 mmHg of baseline systolic BP and then a period of breath 
holding for as long as the participant was comfortable. After another 
return to 5 mmHg of baseline systolic BP, the pressors were repeated 
two more times for consistency. Participants with hypertension were 
only asked to perform the Valsalva manoeuvre. Any test that did not 
elicit a systolic BP rise >15 mmHg was not included in subsequent 
analysis. Participants were not asked to repeat the experiment for any 
missed cycle. Healthy participants willing to participate in additional 
medium-term experiments were asked to return for exercise or sauna 
testing. The devices were affixed in the same locations as the short-term 
BP experiments. For the sauna test, following a 10-min period of rest to 
establish baseline measurements, participants sat in a portable sauna 
for 30 min (or until tolerated) at 50 °C, followed by 15 min of recovery. 
For the exercise test, following a 10-min period for baseline measure-
ments, the participants physically exercised at a moderate rate until 
light sweating was elicited, held that intensity for 10 min, and then 
stopped exercise and recovered for 15 min.

Post-surgical monitoring
The study devices were affixed to 15 (8 male, 7 female, median age 
61 yr, s.d. 11.4 yr) previously informed and consented patients upon 
completion of cardiothoracic surgery in the Northwestern Memorial 
Hospital cardiothoracic intensive care unit. Sensors were placed as 
soon as possible following rooming in the cardiothoracic intensive care 
unit without interrupting standard of care procedures. Information on 
demographics (height, weight, age, sex), relevant cardiac medical his-
tory, haemodynamic modulating medications and relevant vital signs 
and laboratory measurements were collected via pre-defined queries 
through the Northwestern Electronic Data Warehouse (EDW). Sensor 
data and EDW data were de-identified, linked only through a unique 
participant ID. Only participants with clinically noted post-surgical 
hypotension treated by vasoconstrictive medications (for example, 
epinephrine, norepinephrine, phenylephrine) were considered for 
classification (n = 4, 1 male, 3 female); however, all data with additional 
medications and interventions are available for further analysis.

Data exclusion
Datasets were planned to be excluded if measurements during the 
baseline resting period varied by more than ±10 mmHg, as this could 
indicate problems with reference measurements or underlying haemo-
dynamic instability, which could confound responses to stimuli. 
Patients who were not treated with vasoconstrictive medication in 
the immediate post-operative period were excluded from analysis. 

Extreme values due to artefacts were also excluded on a physiological 
basis (for example, sudden HR spikes or drops of >50 bpm that could 
indicate missed peaks), or if measurement values were >6 s.d.s from 
others in that dataset.

Data analysis
Analysis of sensor data was performed in Python 3.10 using openly 
available packages including NumPy (1.23.5)75, SciPy (1.9.3)76, Pandas 
(1.5.1)77, Scikit-learn (1.1.2)78 and SHAP (0.41.0)72, with visualization in 
matplotlib (3.6.0)79 and seaborn (0.11.2)80. Haemodynamic state label-
ling was performed on reference BP measurements (Finapres for short- 
to medium-term experiments, Cuff BP or arterial line BP for patients) in 
combination with experiment timelines or medical record medication 
administration and events where available. Alignment between sensor 
data and labelled reference sources was accomplished by matching 
the HR calculation from the sensor system and Finapres or medical 
record HR values, as well as induced signal perturbations in both data 
streams by tapping. In the final HR, PAT and MW delay data used for the 
Fig. 5 scatterplots and classification, a 5 s median window was applied 
to all measurements around every detected heartbeat after grouping 
by label. To control for inter-participant variability due to differences 
in limb length, arterial tree morphology and baseline vascular tone, 
each datapoint was baseline subtracted. Baseline corresponded to 
the median value captured as the participant remained seated at rest 
for 5 min and diastolic BP remained within an interval of ±10 mmHg. 
The median value of each calculated parameter during this time was 
subtracted from each remaining datapoint for that set.

Heart rate–pulse arrival time calculation
The green wavelength at the 515 nm channel of the MWPPG signal was 
used for further processing given its relative resistance to blood volume 
changes in deeper layers driven by motion artefacts81,82. The signal 
was bandpass filtered with a zero-phase fourth-order Butterworth 
filter with cut-offs at 0.5 Hz–5 Hz. The first derivative of the bandpass 
filtered signal was calculated and passed through an automatic multi-
scale peak-detector algorithm83. In some cases, the R-peak of the ECG 
signal was used to determine a search domain for complementary 
first-derivative pulse peaks in the PPG waveform. Complementary 
ECG R-peak and PPG first-derivative peak locations were subtracted 
to calculate PAT.

Pulse oximetry
Blood oxygenation was defined as the ratio of oxygenated haemoglo-
bin to total haemoglobin concentrations (c) in the following formula:

SpO2 =
cHbO2

cHbO2 + cHb
× 100%

Oxygenated haemoglobin has a local peak absorbance in the infra-
red range, roughly at 940 nm. A local minimum in absorbance occurs 
at roughly 680 nm, a wavelength where deoxygenated haemoglobin 
absorbs more strongly. The wavelengths of 900 nm and 680 nm were 
used for analysis of SpO2 in this study. Relative changes in reflected 
light intensity with frequencies between 0.5–10 Hz correspond to 
pulsatile signals that result from changes in blood volume changes. 
The time-independent part of the signal corresponds to light reflected 
from the bulk tissue. The quantity R, known as the ratio of ratios, is 
inversely related to SpO2,

R = Pulse680nm/Baseline680nm
Pulse900nm/Baseline900nm

Empirical fitting procedures establish relationships between R and 
SpO2. In the case of this study, the fit coefficients were determined using 
reference SpO2 values generated from data originating from patients 
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post-surgery with the greatest range of SpO2 in their medical record 
while the devices were mounted.

Multiwavelength delay
Calculations of MW delay were performed on windows of 5 s of pul-
satile signals with the same 0.5–5 Hz bandwidth from all 6 available 
wavelengths. Six wavelengths were used as they are the maximum 
allowed in a single integration cycle on the multispectral photodiode, 
maximizing sample rate. The bandpassed waveforms were normal-
ized and PCA with two output dimensions was performed on the 
matrix with all wavelengths and separately on a subset of this matrix 
consisting of only near-surface interacting wavelengths (blue-green). 
The PCA weights were calculated uniquely on each window to prevent 
motion artefacts and pulse morphology changes from other sections 
of the dataset from influencing local processes. Following approaches 
similar to those reported previously44 and visually described in Sup-
plementary Fig. 3, the first component of the PCA with all the wave-
lengths was theorized to consist of a superposition of arterial- and 
capillary-type pulsations, while the first component of the PCA with 
only near-surface wavelengths was considered to contain only capil-
lary components. A signal consisting of primarily arterial pulsation 
followed from subtraction of the latter from the former. The capillary 
and arterial pulse waveforms were then compared using a fractional 
delay estimation algorithm based on fast Fourier transform and sub-
sample phase fitting to estimate the delay between the two signals 
throughout the waveform at a high precision. The second principal 
component from the near-surface PCA was extracted to develop sig-
nal quality indices based on statistical analysis of those generally 
non-pulsatile components.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The data used for the training of the classification model are presented 
in its entirety in Fig. 5 and are available from the corresponding authors 
on reasonable request and Institutional Review Board approval.

Code availability
Code used for analysis and to produce figures is also available upon 
reasonable request to the corresponding authors; however, implemen-
tations of methods described in the text exist in public repositories 
described in the data analysis section and in referenced work.
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Sample size No sample-size calculation was performed. This pilot study was intended to describe and understand novel measurements. Sample sizes were 
chosen to demonstrate the reliability and repeatability of device functionality.

Data exclusions For post-surgical patients, only patients with significant post-surgical hypotension treated by vasoconstrictive medications (such as 
epinephrine, norepinephrine or phenylephrine) were considered for classification (n=4, 1 male, 3 female). However, all data with additional 
medications and interventions are available for further analysis. 
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For all other patient datasets, we excluded patients with baseline BP instability greater than +-10 mmHg, as it could indicate reference 
measurement instability or other underlying confounders.

Replication Protocols for haemodynamic stimuli were defined ahead of time and are detailed in Methods. All short-term protocols were designed to 
include repeated stimuli, as shown in Fig. 3a.

Randomization Randomization was not applicable, as this was an observational pilot study.

Blinding Blinding was not applicable because the recruited groups were not classification categories and because the haemodynamic stimuli are 
impossible to blind.
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Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol STU00201904, STU00213919

Data collection Clinical-pressor testing in hypertensive patients was approved by the Northwestern University Institutional Review Board under study 
STU00201904, and performed at Delnor Hospital, Geneva, IL. Inpatient, post-cardiothoracic surgery remote monitoring was 
approved under study STU00213919 at Northwestern Memorial Hospital, Chicago, IL. Cold pressor, breath hold, sauna and exercise 
tests were performed on healthy volunteers in a medical simulation room with full understanding of the procedures involved and 
with equipment, protocols and limits previously IRB-approved for other studies and monitored by a medically trained member of the 
research team.

Outcomes There were no outcomes, as this was a feasibility study.
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