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Cardiovascular disease is a leading cause of mortality worldwide and a major contributor to rising healthcare costs. Early
detection of arterial stiffness through metrics such as Pulse Wave Velocity (PWV) and Augmentation Index (Alx) is essential for
cardiovascular disease prevention and treatment. However, conventional measurement methods typically require expensive,
specialized equipment and clinical settings. In this paper, we explore the use of everyday earphones to monitor PWV and Alx
in daily life by capturing skin displacement waveforms induced by arterial pulsation. However, several key challenges must be
addressed. First, detecting subtle skin displacement is difficult due to strong self-interference from the speaker to microphone.
To address this, we propose a Doppler shift-based displacement estimation approach to isolate dynamic movements from static
interference. Second, estimating PWV requires simultaneous two-point measurements, which is non-trivial with standard
earphones. We address this with a hardware—software co-design that connects two earphone pairs via a commercial audio
splitter and uses orthogonal frequency division multiplexing (OFDM)-based signal separation to extract displacement signals
from both sites. Third, enabling general public use without medical training requires thoughtful system design. To this
end, we develop a user-friendly mobile application that provides real-time feedback, along with a 3D-printed enclosure to
facilitate ease of use and wide accessibility. We conducted IRB-approved clinical studies with 32 participants, comparing our
measurements against ground truths from medical devices. Results show that our method achieves a PWYV error of less than
0.5 m/s and an Alx error of less than 4%, meeting established medical standards. Please find the demo of our system here.
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(a) The conventional clinical approach. (b) Our earphone based approach.

Fig. 1. From clinic to at-home: transitioning from traditional artery sti ness assessment to our innovative earphone-based
solution. (a) Conventional clinical methods require trained personnel and specialized equipment to measure PWV and Alx. (b)
Our approach enables low-cost, non-invasive arterial health monitoring at home using wired earphones and a smartphone

1 INTRODUCTION

Cardiovascular disease (CVD) remains a leading cause of death worldwide, placing immense economic and
logistical burdens on national healthcare systerm34,[53. According to the World Health Organization (WHOR[,

61], in the U.S. alone, about 30% of adults receive treatment for a cardiovascular condition or risk factor each
year, driving an estimated annual cost of nearly $600 billion. Cardiovascular disease often develops quietly over
time, with few noticeable symptoms until a major event such as a heart attack. Yet, as the WHO repar&],

over 80% of premature cardiovascular cases are preventable with early detection and timely treatment.

Evaluating arterial sti ness is a key step in identifying cardiovascular diseases at an early stage. It measures
Pulse Wave Velocity (PWV) and Augmentation Index (Al®B[6( , two clinically important metrics that serve
as early indicators of vascular aging and heightened cardiovascular risk. As shown in Fig. 1(a), PWV is typically
derived from two-point measurements that capture the time it takes for a pulse wave generated by the heart
to travel between two arterial sites, commonly between the neck (carotid artery), wrist (radial artery), or ankle
(posterior tibial artery). Alx, on the other hand, is calculated based on the relative amplitude ratio of the dicrotic
notch to the systolic peak in the arterial waveform, typically measured at the wrist.

To date, obtaining accurate measurements of these two metrics requires dedicated clinical equipment such
as Atherosclerosis detector§€], which are costly and not readily available outside of clinical or research
environments. Furthermore, these procedures require trained medical personnel to operate the equipment and
interpret the results, necessitating in-person hospital or clinic visits. Such logistical and nancial constraints make
these assessments inaccessible for routine monitoring, particularly in rural areas or underserved communities.
As a result, individuals who could bene t most from frequent and long-term cardiovascular monitoring, such as
those with hypertension, diabetes, or a family history of cardiovascular diseases, are unable to receive timely
assessment and preventive care.

Recent advances in mobile and wearable sensing have enabled the monitoring of various physiological signals
using everyday devices, including smartphones, smartwatches, earphones, etc. These signals include heart
rate [14], respiratory rate p(, heart sounds ¢g, and even blood pressur®[13 27, enabling convenient and
continuous health monitoring outside of clinical environments. While these measurements o er valuable insights
into general cardiovascular status, they only capture the observable e ects of vascular conditions rather than
directly measuring the underlying mechanical properties of the arterial system. This raises an important question:
can we extend these sensing capabilities to directly estimate arterial health metrics like arterial sti ness, which are

*This gure is adapted from one originally generated by ChatGPT.
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more closely tied to early-stage vascular aging and long-term cardiovasculangsketing this question could
pave the way for accessible and a ordable tools for at-home cardiovascular screening and early intervention.

This paper explores the use of everyday earphones to monitor PWV and Alx. Rather than directly capturing
pressure pulse waveforms, our approach reuses earphone as a SONAR system (i.e., speaker as the SONAR
transmitter and the line-in microphone as the SONAR receiver) to estimate displacement waveforms generated
by subtle tissue oscillations as the pressure pulse wave propagates through the arteries. As illustrated in Fig. 1(b),
similar to the clinical setup, we position a pair of earphones at two arterial sites, e.g., one near the neck and the
other near the wrist. The earphone's speaker emits acoustic probing signals, which interact with surrounding
skin and are modulated by subtle oscillations caused by arterial pulsations during each heartbeat. These signals
are re ected and then captured by the earphone’ line-in microphone. By analyzing the received signals from both
sites, the smartphone visualizes the resulting displacement waveforms in what we terAtanstoscillogram
(AOG). From AOG signals, we can estimate pulse transit time and then derive PWV as well as Alx, enabling an
accessible and non-invasive solution for continuous arterial health monitoring in everyday settings.

While promising, several challenges must be addressed for real-world deployment. The rst challenge lies
in estimating subtle displacements induced by tissue oscillations in the presence of strong self-interference.
Unlike more noticeable millimeter-level chest movements caused by heartbeat or respir&tidi p(, arterial
pulsations in peripheral regions like the wrist and ankle generate much smaller displacements, typically around
02 mm[22, making them inherently more di cult to detect. This challenge is further exacerbated in individuals
with higher body fat, where increased tissue damping further weakens re ected signals. In addition to signal
damping, there exists strong self-interference where acoustic signals propagates directly from the speaker to
the microphone without interacting with skin. These interference signals arrive nearly simultaneously with the
desired skin re ections but at much higher intensity, masking the subtle displacements we aim to capture.

To address this challenge, we propose estimating skin displacement based on Doppler shifts extracted from
the received acoustic signals. The key insight is that, although actual skin displacement is small, Doppler shifts
induced by tissue oscillations are relatively large and can be reliably computed due to the high phase resolution
of acoustic signals. Moreover, since self-interference signals originate from a static path between the speaker and
microphone, they can be e ectively distinguished from dynamic re ections associated with tissue oscillations. To
extract Doppler shifts, we apply the Hilbert transform to obtain instantaneous phases and compute their time
derivative to estimate instantaneous frequencies. These frequency shifts are then used to calculate skin velocities,
which are integrated over time to derive displacement waveforms or AOG signals.

The second challenge arises from the requirement of two-point measurement to estimate pulse transit time,
which involves placing two pairs of speakers and microphones at separate arterial sites. However, most smartphone
audio hardware speci cationsl2, 17,51, 57 indicate that, while earphones typically support two output channels
for stereo audio playback, the external microphone input is limited to a single recording channel. This hardware
limitation makes it di cult to simultaneously record independent re ection signals from two sites.

To address this second challenge, we propose an approach that uses a hardware-software co-design. On the
hardware side, we connect two pairs of earphones with a commaodity audio splifté]; pach of which consists of
two speakers and one microphone. Then the splitter is plugged into the smartphone. Although this setup enables
simultaneous recording from two microphones, the recorded signals are mixed into a single input channel on
the smartphone. To separate these signals, we introduce a software solution based on orthogonal frequency
division multiplexing (OFDM). Speci cally, we design the transmitted acoustic signal as a multi-tone waveform,
modulating one frequency onto the left audio channel and a di erent frequency onto the right channel of the
splitter. After receiving the mixed signals, they are demodulated to extract the individual frequency components,
which are then processed separately to estimate AOG signals from each arterial site.

» Our proposed system can also operate at other arterial sites, such as the ankle, as demonstrated in our evaluation.
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Table 1. Comparison of our method and prior work for estimating physiological signals, including Respiration Rate (RR),
Heart Rate (HR), Heart Rate Variability (HRV), Blood Pressure (BP), Pulse Wave Velocity (PWV), Augmentation Index (AlXx).

Technology Wide Low Low  Skin Two-point Measurement Physiological
availability cost power tone measurement location signals
IMU IMU sensor [33] ! ! ! ! 7 Chest, Neck RR, HR
Light PPG sensor [9, 11, 13, 21, 25, 45,|54] 7 ! ! 7 ! Finger, Ear canal, etc HR, BP, PWV
WiFi device [2] 7 7 7 ! 7 Chest RR, HR
RF RFID device [28, 58] 7 7 7 ! 7 Chest RR, HR
mmWave radar [1, 24, 38] 7 7 7 ! 7 Wrist, Chest RR, HR, BP
Smartphone [50, 65] ! ! ! ! 7 Chest RR, HR
Acoustic Earphone [15, 20, 67] ! ! ! ! 7 Ear canal RR, HR, HRV
Our method " " " " " Wrist, Neck, Ankle, etc PWYV, Alx

The third challenge is how to enable the system to be easily and reliably used by the general public without
the guidance of trained clinicians. First, arteries vary in size, depth, and structure across individuals and body
locations, making it non-trivial to accurately locate them. Second, motion artifacts from surrounding muscles can
signi cantly degrade the quality of AOG signals. Third, assembling and positioning speakers and microphones
on earphones in a consistent and user-friendly manner remains an open design problem.

To address this third challenge, we develop a mobile application that provides real-time feedback during
arterial health measurements. Based on the characteristic physiological patterns in AOG signals, we design a
one-dimensional convolutional neural network to assess signal quality and determine whether AOG signals are
su ciently clear for computing PWV and Alx. If no arterial signals are detected due to incorrect positioning
or motion artifacts, the application prompts the user to make necessary adjustments. To improve usability and
consistency, we also design a 3D-printed enclosure that houses both the speaker and microphone from the
standard earphone, and attaches to an adjustable band to ensure stable placement on the body.

The main contributions of this work are summarized as follows:

To the best of our knowledge, this is the rst study to investigate arterial health insights using acoustic sensing
with a ordable and widely accessible earphones. We believe this system represents a signi cant step toward
enabling at-home arterial risk assessment in real-world settings.

We propose a series of hardware and software designs to ensure the system operates reliably and is easy
to use. These include signal processing algorithms for skin displacement estimation, signal modulation and
demodulation techniques for simultaneous sensing at two arterial sites, sensor designs featuring 3D-printed
enclosures, and a mobile application that guides users through the measurement process.

We implement our prototype real-time system and test it on various devices, including 6 smartphones and 6
earphones. Our results demonstrate the feasibility of using widely available wired earphones for arterial health
monitoring. Please nd the demo of our arterial health monitoring system here

We conducted extensive clinical experiments with 32 human subjects under IRB-approved protocols, including
26 healthy individuals and 6 patients with cardiovascular conditions. We compared our estimated PWV and
Alx values against ground truth measurements obtained from clinical-grade devices. The results demonstrate
high accuracy, with a mean absolute error of less thah m/s for PWYV and less thad%for Alx, meeting
established medical standardgl0, 26, 34, 44, 49, 52].

According to clinical guidelines, PWV measurement methods typically exhibit a bias of less than 1 m/s when validated against gold-
standard referencedl]), 34. For Alx, invasive and tonometry-based methods generally show a bias of 4 12026, 44, 49 52. In alignment
with these standards, we conservatively adopt a 4% threshold as an acceptable error margin.
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2 RELATED WORK

In this section, we review prior studies on physiological signal monitoring using various sensing technologies in
mobile and wearable devices, while highlighting how our approach to arterial health monitoring di ers from
existing methods. As summarized in Table 1, these technologies are categorized based on the types of signals they
utilize, including inertial measurement units (IMU), light, radio frequency (RF), pressure, and acoustic signals.

IMU sensors o er a low-cost, low-power solution for physiological monitoring and are commonly integrated
into mobile and wearable devices. When placed on the neck or chest, they can enable respiration rate and heart
rate monitoring without optical or electrical contact33. However, even minor body movements can introduce
signi cant noise and reduce accuracy . Moreover, IMUs are generally limited to basic metrics and lack the
sensitivity required for estimating advanced cardiovascular parameters [43].

Light-based methods, particularly those using photoplethysmography (PPG) sensors, are among the most
widely adopted techniques for physiological signal monitorirgy §, 13 21]. Commodity smartwatches commonly
use PPG to track heart rate. Beyond this, several systems estimate blood pressure using PPG signals by capturing
pulse transit time or blood volume changes. For example, Crisp-B¥Prponitors blood vessel volume over
the cardiac cycle, while other approaches use ear canal pressure variaihos fiead-mounted light intensity
changes 2. Stereo-BP§] estimates blood pressure by measuring the pulse time di erence between PPG signals
from left and right ear-worn devices. In addition, By eld et dlL1]introduced a dual-PPG sensor system that
estimates PWV by tracking pulse arrival times between the ngertip and knuckle. Despite their popularity,
light-based methods have notable limitations. They are highly sensitive to skin tone, with signal quality often
degrading in individuals with darker skin32. Although Maclsaac et a[42] and Guo et al[23] have proposed
optimization techniques to mitigate this issue, these approaches typically require additional hardware or complex
algorithms, which may limit their practicality in real-world applications.

Recent studies have explored the use of wireless signals such as WiFi, RFID, and mmWave for physiological
monitoring [2, 39, 5§. While these methods are device-free and capable of capturing respiration and heart rate,
they su er from key limitations. For example, Adib et gJ2] used a customized WiFi setup, making it impractical
for widespread or consumer use. RFID systems face similar cost and complexity baf&rarid both WiFi and
RFID lack the spatial resolution necessary to detect advanced cardiovascular parameters. Although mmWave
technology o ers higher resolution 39, its modules are still expensive (around $200) and consume signi cant
power, limiting their suitability for low-cost, continuous, or large-scale deployment.

More recently, researchers have explored the use of acoustic signals captured by earphones to monitor
physiological parameters. APG(] enables robust cardiac monitoring using mass-market active noise cancellation
(ANC) headphones. HearBB7] estimates blood pressure using in-ear microphones based on heart sounds.
Asclepius L9 introduces a low-cost plug-in peripheral that repurposes an earphone's speaker as a microphone
to capture subtle phonocardiogram (PCG) signals from the ear canal. However, these systems rely on expensive
ANC headphones, earphones with built-in in-ear microphones, or customized hardware. In contrast, our system
uses low-cost wired earphones and focuses on arterial health insights, such as PWV and Alx, rather than general
cardiovascular metrics like heart rate, heart rate variability, or heart sounds.

To address the limitations of existing work, our approach re-purposes earphones as a SONAR system to estimate
displacement waveforms generated by subtle tissue oscillations as the arterial pulse wave propagates through
the body. By leveraging built-in speakers and microphones, the system emits acoustic signals and analyzes the
re ected waves to detect synchronized skin movements at multiple arterial sites. This enables the estimation of
advanced cardiovascular metrics such as PWV and Alx in a low-cost, portable, and widely accessible manner.

3 The Basics of PWV AND Alx MEASUREMENT
This section describes the basics of calculating Pulse Wave Velocity (PWV) and Augmentation Index (Alx) [46].
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