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Abstract—Stroke, a devastating cerebrovascular event
caused by blood clot formation, poses a significant global health
challenge. Timely detection of vulnerable plaque accumulation
in the carotid arteries, which supply blood to the brain, is crucial
for stroke prevention, yet diagnosing this plaque with
conventional tests is difficult. The rupture of such plaque can
lead to clot formation, obstructing blood flow and resulting in
lasting brain damage. However, current technologies that utilize
imaging are costly and require expertise, limiting their use in
routine healthcare assessments. Moreover, techniques like
global pulse wave velocity (PWV) measurements lack the
precision to capture specific variations related to plaque
presence and stiffness differences, particularly in detecting
asymmetries and localized stiffness variations. To address these
limitations, a novel bilateral carotid PWV measurement system
is introduced, designed to overcome synchronization challenges
and anatomical discrepancies by ensuring optimal probe
placement and thereby reducing reliance on operator skill. A
preliminary in-vivo study involving 40 subjects demonstrated
promising results, with beat-to-beat PWYV coefficient of
variation on the left and right carotid arteries below 7% and
9%, respectively. Further exploration in larger clinical settings
is warranted to fully assess the potential of bilateral PWV
measurement in stroke prevention

Keywords—Vascular aging, arterial stiffness, bilateral PWV,
photoplethysmography.

1. INTRODUCTION

Stroke, a devastating neurological event often initiated by
the formation of blood clots in cerebral arteries, remains a
significant global health concern. It frequently stems from a
particular type of unstable plaque termed vulnerable plaque
[1]. This plaque accumulates silently in the carotid arteries,
crucial vessels that supply blood to the brain [2].

The rupture of vulnerable plaque sets off the formation of
blood clots, which obstruct blood flow to the brain, leading
to neurological impairment [3]. Hence, early identification
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and management of vulnerable plaque are pivotal in stroke
prevention.

Symptoms such as transient ischemic attacks and strokes
serve as warning signs of impending stroke risk, whereas
asymptomatic plaque does not manifest noticeable symptoms
or clinical signs [4]. They may be incidentally detected during
medical imaging studies like CT scans, MRIs, or ultrasounds.
Nonetheless, they still pose a stroke risk if they result in
vessel narrowing or blockage over time or if they rupture,
causing a thrombus or embolus to develop, remaining silent
until provoked by specific factors [2]. This underscores the
necessity for vigilant monitoring and risk assessment of the
cardiovascular system.

The current state of technology encompasses various
approaches for assessing cardiovascular health. Approaches
like Carotid Artery Intravascular Ultrasound (IVUS) involve
inserting a catheter with a miniaturized ultrasound probe into
the artery, which is invasive and not feasible for initial
screening [5]. Conversely, other modalities like MRI and
Computed Tomographic Angiography (CTA) are costly and
may not be available in smaller healthcare facilities [6].
Computerized recognition, segmentation and detection
mechanisms have become the cornerstone of imaging based
diagnostics applications [7-9]. While High-Resolution
Ultrasound (HRUS) provides excellent, noninvasive images
of the carotid arteries for plaque detection, its high cost and
requirement for skilled technicians limit its use in primary
care and small healthcare facilities [10-13]. On the other
hand, global Pulse Wave Velocity (PWV) assessments may
indicate plaque accumulation but lack specificity for carotid
arteries [14]. Additionally, they do not give information on
which side of plaque is present, as measuring it on one side
may not necessarily reflect plaque presence on the other [15-
16]. Consequently, a user-friendly, localized PWV device
tailored for the carotids would serve as a valuable tool for
identifying individuals at stroke risk due to plaque
accumulation on either side, thereby enabling -early
intervention in primary care settings.

In response to this demand, we have developed a bilateral
PWYV measurement designed to comprehensively evaluate
arterial health. By measuring PWYV in both carotid arteries, it
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Fig. 1. Measurement system block diagram comprising of the hardware and software architecture

adeptly identifies potential disparities or localized
vulnerabilities in arterial rigidity between the left and right
sides [17]. While this device does not singularly pinpoint
plaque presence, it flags the irregularities within the arteries.
Our main objective with this device is to provide an initial
assessment that is noninvasive and relatively straightforward,
capable of detecting notable discrepancies in PWV between
the left and right carotid arteries. Such variances may hint at
conditions like stenosis on one side, potentially linked with
precarious plaque [15]. This device can thus serve as a
screening instrument to pinpoint individuals at elevated risk.
Subsequent evaluation can be done utilizing specific plaque
characterization techniques such as Carotid Artery
Intravascular Ultrasound (IVUS) or MRI. The developed
device incorporates a custom-designed sensor system to
measure pulse signals from both sides of the carotid artery
along with ECG readings. To accommodate anatomical
variations and ensure accurate probe placement, meticulous
attention was given to the ergonomic design of the device,
thus reducing the dependency on operator expertise. This
study primarily focuses on the repeatability of the system and
its in-vivo feasibility. Section II provides an intricate
overview of the instrumentation, encompassing both
hardware and software architecture. The detailed in-vivo
assessment protocol is outlined in Section III, while Section
IV presents the corresponding results, concluding with a
delineation of future research directions.

II. MEASUREMENT SYSTEM

A. Design of the transducer

The developed bilateral PWV device comprises the
photoplethysmography (PPG) based sensor module to
capture signals from both the carotid artery and an ECG
module. ECG signals were captured using an Analog Front
End (ADS8232), renowned for its high Common Mode
Rejection Ratio (CMRR) and signal gain. The PPG sensing
module uses a quad-LED configuration. The choice of a
Quad-LED configuration aimed at maximizing the surface
area and optimizing light penetration angles to enhance the
understanding of the effect of blood volume changes in the
signal [18]. This approach sought to improve the fidelity of
the captured pulse waveform, offering more accurate
information about pulsatile dynamics. The strategic

placement of multiple LEDs aimed to mitigate specificity
issues by averaging signals across different illumination
pathways, preventing potential interference from specific
structures or vessels [18]. Employing a Quad-LED setup was
aimed at maximizing surface area and optimizing light
penetration angles to better understand blood volume
fluctuations, enhancing pulse waveform fidelity for precise
pulsatile dynamic analysis. The arrangement of LEDs aimed
to address specificity concerns by averaging signals across
varied illumination pathways, thus mitigating potential
interference from specific structures or vessels.

The photodetector (PD) selected has a broad spectral
range, encompassing the infrared region, and with an active
surface area of 7.5mm?. The decision on the PD's surface area
was made by carefully balancing considerations that
increasing the surface area of the photodetector (PD) may
hinder the detection of the AC component of the PPG signal
while reducing PD size could diminish the magnitude of the
reflected signal. The LED and the detector were spaced 6 mm
apart, with a black isolator to prevent direct coupling. The
probe incorporates a custom PCB housing the LED and
detector, with a silicone sealant ensuring skin coupling.
Electrical connectivity was facilitated via a 3-core shielded
cable from the analog front end.

The developed sensor module was housed in a custom-
designed neckband with three adjustable compartments on
each side, accommodating different neck sizes. The analog
front end processed photoplethysmography signals by
subtracting DC components and amplifying AC components,
ensuring reliable acquisition of pulse signals.

B. Acquisition Hardware

Photoplethysmography signals typically encompass AC
components reflecting arterial blood volume and flow
changes alongside DC components representing total blood
volume in the measurement area [17-19]. Given that the AC
component is less than 0.2% of the DC amplitude, it is
essential to subtract the DC component and amplify the AC
component [19]. A custom-made analog front end was
employed to ensure the reliable acquisition of pulse signals.
The photodiode, responsive to light intensity, generates a
current signal, which is then converted into a voltage signal
through a trans-impedance amplifier. A first-order RC filter
with a cutoff frequency of 0.2 Hz was utilized to extract DC
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Fig 2 (a) Beat to Beat PTT and PWV obtained from left side of the artery (b) Beat to Beat PTT and PWV obtained from right side of the artery

components from the PPG signal [20]. The DC signal was
subtracted and the AC signal was amplified at a gain of 50dB.

A preamplifier was used for ECG signals, followed by
DC filtering and amplification. The resultant signal was then
level-shifted to range from 0 to 3.3V. All voltage signals,
including ECG and carotid pulse waveforms from the analog
front end, were acquired using a National Instruments (NI)
6218 Data Acquisition (DAQ) system at a high sampling rate
of 10 kHz.

C. Acquisition software

A customized LabVIEW program was developed to
facilitate the simultaneous recording of electrocardiogram
(ECG) and bilateral carotid pulse waveforms. The acquired
raw signals were stored in a database for subsequent analysis.
The processing software systematically handled the
concurrent ECG and bilateral carotid pulse signals.

To enhance the quality of carotid signals, a 4™-order
Butterworth low-pass filter with a cutoff frequency of 10 Hz
was applied. Since the expected range of blood pulse signal
frequency in humans is from 0.7 Hz to 3 Hz, the low-pass
filter was realized with 10 Hz cutoff frequency, thus allowing
the fundamental and at least two harmonics while eliminating
the out-of-band noise. Similarly, ECG signals underwent
digital filtering with a 4th-order Butterworth low-pass filter
featuring a cutoff frequency of 40 Hz. Following filtering, the
acquired cycles underwent normalization and Dbaseline
wandering removal. Using an ECG-based reference,
individual cycles were extracted through a cycle-cutting
technique. The software evaluated each cycle's quality by
assessing the repeatability of distinctive morphologies within
the cycle and analyzing upward and downward slopes
(ranging from 0 to 100). Key points in the carotid waveform
were identified using the intersecting tangent method [21].

For each cardiac cycle, the software calculated the Pulse
Transit Time (PTT) between the R peak of the ECG and the
intersecting point in the carotid pulse signal. The software
computed the average PTT over 10 cycles. The distance from
the heart to the carotid arteries was determined by placing the
phonocardiogram on the chest and identifying the point with
the highest amplitude of sound signals as the heart's location.
From there, the distance to the sternal notch was calculated
without direct contact. Furthermore, the distances to the left
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TABLE I DESCRIPTIVE STATISTICS
Parameters Number/ Mean
+SD
Subjects (male/female) 49 (29/11)
Age (years) 24-29
Body mass index (kg/m?) 22.70 £4.13
Brachial Ps (mmHg) 108.5+18.5
Brachial Pd (mmHg) 71.9+9.1
PWYV measured on left side 3.82+09
PTT measured on left side (ms) 41+1
PWYV measured on right side (m/s) 4.6+13
PTT measured on right side (ms) 35+9

and right carotid arteries were measured from the sternal
notch and added to the calculated distance.

The PWV was calculated as the ratio of the distance
between the heart and the carotid to the PTT. The saving the
results for future analysis

III. IN-VIVO ASSESSMENT

An in-vivo study was conducted involving 40 healthy
volunteers (age: 24 £ 5.2 years; gender: 29 males and 11
females; BMI: 22.70 + 4.13 kg/m2), all free from
cardiovascular diseases, to assess the repeatability and
cardiovascular diseases Participants were opportunistically
recruited, and written informed consent was obtained. The
study adhered to protocols outlined in the Helsinki
Declaration of 2003, and ethical approval was granted by the
institutional review board at the Indian Institute of
Technology, Madras ((IEC/2021-01/JJ/07)..

The participants were instructed to avoid strenuous
physical activity for 12 hours, caffeine, and tobacco before 2
hours of the study. The examination involved interviewer-
administered questionnaires to collect demographic data,
medical history, and lifestyle information. The study was
conducted in a quiet, temperature-controlled room. Upon
entering the study room, participants were fitted with three
lead electrodes and instructed to lie in the supine position for
5 minutes. Anthropometric measurements were recorded, and
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brachial blood pressure (BP) was measured using the
SunTech 721 BP  monitor. Subsequently, a
photoplethysmography (PPG) sensor was positioned on the

carotid artery. Once high-fidelity signals were obtained, the
software calculated the PWV on both the left and right carotid
arteries.

Statistical Analysis

All variables were expressed as mean and standard
deviation, while the coefficient of variation, calculated as the
ratio of the mean to the standard deviation, served as an
indicator of beat-to-beat precision. Linear regression and
Bland-Altman analysis were employed to compare
measurements between the left and right sides. Statistical
significance of any differences in measurements was assessed
using a paired t-test, with the results presented in terms of p-
values. A significance level of a = 0.05 was applied to all
tests, where a p-value < 0.05 indicated rejection of the null
hypothesis and confirmed statistical significance. For data
analysis, SAS® OnDemand for Academics was utilized,
providing a robust platform for conducting the necessary
statistical assessments and ensuring the reliability of the
results.

IV. RESULTS AND DISCUSSIONS

A. Subject Characteristics

PWYV measurements were successfully conducted for all
80 trials, involving 40 participants with two trials each. Table
I provides a comprehensive overview of the recruited cohort's
descriptive characteristics, encompassing anthropometric
measurements, blood pressure data, and aortic stiffness
information.

B. Reliability of the signals

The entire procedure, from patient data entry to report
generation, was efficiently completed by the operator within
5 minutes. The device demonstrated the capability to acquire
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high-fidelity cycles from both the left and right sides of the
carotid artery, exhibiting signal-to-noise ratios (SNR) of
30dB and 32dB, respectively. These SNR values are adequate
for ensuring reliable PWV measurements.

The beat-to-beat PWV obtained from a specific participant
(age: 23 years, body mass index (BMI): 24.86 kg/m2,
SBP/DBP: 123/85, HR: 82 bpm) is illustrated for both the left
and right sides of the artery in Fig. 2. This visualization
further underscores the device's capability to capture and
analyze arterial stiffness with precision and consistency.

C. Repeatability of bilateral PWV measurement

The repeatability of Pulse Wave Velocity (PWV)
measurements between the two trials on the left and right
carotid artery wasto be excellent. The coefficient of variation
was less than 7% for the left side and 9% for the right side.
Figs 3 (a) and 3 (b) illustrate the correlation between the two
trials of measurement on left and right side arteries,
respectively. The intra-class correlation coefficient (ICC) for
left side was 0.85 (p < 0.05) and right side was 0.92 (p <
0.05), indicating excellent repeatability. The system
demonstrates strong repeatability, as indicated by comparison
with existing literature, even though measurements were
conducted for cfPWV[22][23][24]. The obtained
repeatability values align well with those of other PWV
measurement like cfPWV. The Bland—Altman analysis in
Figs 3 (c) and Figs 3 (d) indicated that the confidence
intervals comparing between two trials of PWV ranged from
1.3 to -1.13 m/s with a mean bias of 0.12 m/s for left side and
from 1.23 to -1.2 m/s with a mean bias of 0.007 for right side.
The ergonomic design of the transducer enhances carotid
pulse measurement repeatability by ensuring consistent
placement, stabilizing the device, and minimizing external
interference. Providing standardized pressure and reducing
soft tissue artifact, it improves signal quality and user
compliance. This approach, maintaining a stable sensor-to-
skin contact, fosters reliable pulse wave signals, contributing
to repeatable measurements.

D. Left and right carotid measurement

The study focused on analyzing the variations of PWV
between the left and right sides. The results highlight a
significant difference in PWYV values between the right and
left carotid arteries (Left: 3.82 + 0.9 m/s; Right: 4.6 + 1.3 m/s;
P > 0.001), with the right carotid artery showing higher
values. Further, the pulse transit time (PTT) of the left and
right sides were 41 = 11 ms and 35 + 9 ms, respectively. The
Blant-Altman analysis conducted indicated a mean bias of 0.5
m/s, with a confidence interval ranging from -0.6 m/s to 1.6
m/s.

The observed difference in pulse wave velocity (PWV) of
0.5 m/s is consistent with what is typically considered normal
for healthy individuals, as indicated by existing literature
[25]. Differences less than 0.5 m/s is likely within the
expected range of variation, while increased discrepancies
should be subject to further investigation, particularly when
accompanied by other cardiovascular risk factors. Minor
variations in PWV between the left and right carotid arteries
are generally deemed normal, attributed to anatomical
differences. Nevertheless, larger differences may serve as
indicators of potential issues such as plaque buildup, artery
twisting, or measurement variations. The results demonstrate

that the device effectively captures the expected PWV
patterns in line with existing literatures.

V. LIMITATIONS

This preliminary study aimed to assess the feasibility and
repeatability of the developed device and to see the difference
between left and right carotid Pulse Wave Velocity (PWV).
However, it is crucial to acknowledge the study's limitations,
primarily focusing on its exclusive inclusion of healthy
participants. The decision to use a healthy cohort was
deliberate, serving the purpose of investigating the feasibility
of measuring bilateral PWV with the developed device and
ensuring repeatability.

While the study successfully demonstrated the
repeatability and consistency of obtained normal values with
existing literature, caution must be exercised in generalizing
these findings to the broader population, particularly those
with underlying health conditions. Recognizing the
importance of extending this research to diverse populations,
a future large-scale study is warranted. Such an undertaking
would provide a more comprehensive understanding of the
device's performance across various health states, enabling
the validation of its effectiveness in clinical settings.

VI. CONCLUSION

The bilateral PWV device was developed and the
measurement feasibility and repeatability was tested on 40
participants. The results show good beat to beat repeatability
between trials. The right side shows higher PWV than the left
side. The average difference between the right and the left
carotid was 0.7 m/s. The study conducted in this work
demonstrated the reliability of the device, as it performed
highly (ICC > 0.85). However, while the study successfully
demonstrated repeatability and consistency of obtained
normal values with existing literature, caution must be
exercised when generalizing these findings to the broader
population, particularly those with underlying health
conditions. Recognizing the importance of extending this
research to diverse populations, a future large-scale study is
warranted. Such an undertaking would provide a more
comprehensive understanding of the device's performance
across various health states, enabling the validation of its
effectiveness in clinical settings.
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