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Phonocardiography based pulse
wave velocity system for
non-occlusive assessment of
arterial stiffness

T. Corina Margain’, Emily Powell', Alexandra Clark® and
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'Biomedical Engineering Department, Translational Cardiovascular Imaging Group, The University of
Texas at Austin, Austin, TX, United States, 2Mechanisms Underlying Neurocognitive Aging Laboratory,
Department of Psychology, The University of Texas at Austin, Austin, TX, United States

Arterial stiffness is strongly associated with vascular aging and pathology and can
be assessed in many ways. Existing devices for measuring central arterial
stiffness, such as carotid-femoral pulse wave velocity (PWV), are limited by
high costs and the need for specialized expertise, limiting widespread clinical
adoption. This study introduces a semi- and non-occlusive PWV measurement
system using phonocardiography (PCG) and plethysmography (PPG) and a
single femoral pressure cuff, aiming to address these limitations. We
conducted a study comparing a semi-occlusive (carotid-femoral PWV) and a
non-occlusive (carotid-toe PWV) PCG-based PWV measurements across a
cohort of 63 volunteers, as compared to literature reference PWV values.
Results demonstrated strong correlations between our PCG-based PWV
measures (PWVcgrotid—femoral: 842 +3.99 m/s vs. PWV arotid—toe: 10.62 + 3.86
m/s) with age as a significant predictor (PWVsrotid—femoral: r? = 0.45; PWVearotid—toe.
r* = 0.28, p<0.05). Ultrasound measured distensibility assessments confirmed
the reliability of our PCG approach in reflecting central arterial stiffness
dynamics, particularly at the aortic level. Test-retest reliability analyses
yielded high intraclass correlation coefficients (0.75 <ICC <90), indicating
robust repeatability of our method. This study highlights the feasibility and
accuracy of our low-cost, semi and non-occlusive PWV measurement
systems to enhance accessibility in arterial stiffness assessments, potentially
easing cardiovascular risk stratification.

KEYWORDS

arterial stiffness, pulse wave velocity, phonocardiography, plethysmography,
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1 Introduction
1.1 Physiology of arterial stiffness

Arterial stiffness refers to the reduced ability of arterial walls to deform under pressure,
a process influenced by aging and pathologic conditions like hypertension, atherosclerosis,
and nephropathy (1-5). Many studies have shown that increased arterial stiffness is
associated with poor outcomes and several have proposed and used arterial stiffening as
a predictive biomarker of disease (6-11).

Arterial stiffening can occur throughout the arterial tree and can be measured in many
ways. Measurement techniques can be separated into those that measure a small, localized
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site and those that provide spatial averaged measures across long
arterial segments (12). The most widely used metrics of arterial
stiffness are those that measure arterial stiffening over a vessel
length by quantifying the pulse wave velocity (PWV).

1.2 Pulse wave velocity

The PWV represents the speed of wave propagation along a
vessel of interest and can be related to the mechanical stiffness of
the flowing medium, in this case the blood and arterial wall, by
the Moens-Korteweg equation (Equation 1) (13-15) where PWV
is the pulse wave velocity, p is the blood density, Ej,. is the vessel
wall incremental elastic modulus also interpreted as the wall’s
distensibility (APR/AR) (16), AP is change in blood pressure, A
is the wall thickness of the vessel, R is vessel radius.

Einch
2Rp

PWV =

(1)

In early age, the highest large artery wall distensibility is found
in the proximal aorta and decreases distally across the arterial tree.
Aortic stiffness is strongly linked to various systemic vascular
diseases (1); however, it can only be accurately assessed through
direct measurement of aortic or central PWV, which typically
requires invasive techniques or costly imaging modalities (MRI)
that are not widely accessible (17, 18).

Indirect central PWV measures, such as carotid-femoral PWV
(PWVcf), have emerged as feasible alternatives. PWVcf, which
measures pulse speed between the carotid and femoral arteries,
closely mirrors direct techniques and is predictive of
cardiovascular outcomes, making it the clinical standard for

assessing arterial stiffness (19).

1.3 Distensibility

Arterial stiffness can also be measured locally by the
distensibility of blood vessels, which refers to their ability to
stretch in response to a change in pressure (20). Both aortic and
carotid artery distensibility are commonly used as non-invasive
methods to assess arterial stiffness, as determined by Equation 1.
However, few studies have compared direct measurements of
local distensibility and systemic assessments like carotid-femoral
PWV (PWVcf) (21, 22). Furthermore, the extent to which
distensibility measurements at different sites align with systemic
arterial stiffness assessments like PWV is seldom addressed.

1.4 Existing techniques and limitations of
central PWV

PWVcf is typically measured using tonometry at the carotid
and femoral arteries or a pressure cuff on the thigh. Tonometry
detects pressure changes by flattening the artery, while cuff
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measurements fully occlude the artery to measure pressure
changes (23-25). Other forms of indirect central PWV such as
brachial-ankle (26), finger-toe (27) and heart-wrist (28) do not
accurately reflect central PWV (29).

Commercial devices like SphygmoCor and Complior are
validated but expensive and inaccessible for routine use,
particularly in resource-limited setting (30-34). Furthermore,
both cuff and tonometry methods can cause discomfort and
distort readings by altering pulse wave travel time (35, 36).
These limitations have restricted the use of PWV equipment in
clinical settings (37).

To overcome the limitations of existing central PWV
approaches, plethysmography (PPG) and phonocardiography
(PCG) based PWV measurements have been introduced. PPG
has been used to measure PWV, but it has been applied to
stiffness measurements from arterial extremities such as fingers
and toes which are not representative of central arterial stiffness
(38-41). Alternatively, PCG methods have been used to measure
heart sounds captured at the ear, to replace the ECG as the
heart-trigger reference, and at the femoral and carotid arteries for
PWVcf measurements (42-44). However, these studies were
limited by small sample sizes, narrow age ranges, and not
compared to reference PWV values.

Therefore, the goal of this work was to develop an easy to use,
non-occlusive, low-cost alternative to traditional PWV assays using
the following approach.

2 Materials and equipment

Our PWV measurement system consisted of the following:
A Biopac (Biopac Systems, Goleta, CA) MP36 DAQ system that
acquired synchronized biosignals, including electrocardiogram
(SS2LB) and leads, PCG (SS17LA) at the carotid, PPG (SS4LA)
at the toe, and pressure cuff (SS19LB) data on the thigh (34).

Additional equipment included an Omron Digital Blood
Pressure monitor (OMRON Corporation, Shiokoji Horikawa,
Kyoto), a handheld point of care ultrasound system (POCUS)
Butterfly IQ+ (Butterfly Network, Inc, Burlington, MA), and
Apple smartphone (Apple Inc. Cupertino, CA) for image derived
distensibility measurements. Software tools for signal processing
and statistical analysis included Matlab (Mathworks, Natick, MA)
and JMP 16 (JMP Statistical Discovery LLC, Cary, NC).

3 Methods
3.1 Study protocol and pre-test instructions

All studies were conducted following the University of Texas at
Austin Institutional Review Board approval, ensuring compliance
with ethical standards for human research. Informed consent was
obtained from all participants before enrollment, and subjects
were fully briefed on the study objectives, procedures, and their
right to withdraw at any time without penalty.
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We enrolled a cohort of 63 volunteers (78% female), spanning
an age range of 18-83 years, with a mean age of 51 +21 years.
Subjects were recruited voluntarily during the recruitment phase
and were not compensated for participation. To protect
participant privacy, all data were de-identified using acrostic
subject IDs. The de-identified data were securely stored and
accessible only to authorized investigators. Additionally, data
handling adhered to institutional and federal guidelines to ensure
confidentiality and mitigate risks.

Subjects were prepared by resting in a supine position for at
least 5 min before the study (45). Data on age, height, weight,
gender, and blood pressure (BP) were collected for each subject
(Table 1). The study was completed in less than 10 min.

The main study consisted of measuring PWV from
probes/cuffs positioned at the right carotid artery, at the right
toe and on the upper right thigh. The cohort was divided into
two substudies:

Substudy #1: Assessment of aortic and carotid artery distensibility
Substudy #2: Evaluation of the reproducibility and repeatability of
the PCG-based PWV method.

Figure 1 provides a pictorial representation of the setup and
acquired biosignals.

3.2 Quality control and inclusion/exclusion
criteria

We applied quality control measures and inclusion/exclusion
criteria to ensure the reliability and validity of our findings.
Instances where the Biopac data acquisition comprised fewer
than ten cardiac cycles or where biosignals were compromised by
artifacts such as abnormal ECG QRS complexes, movement, or
speech during examination were excluded. Additionally, data
from participants who showed intolerance to the inflated femoral
cuff were excluded. POCUS data with suboptimal spatial
resolution or motion artifacts were also excluded.

Subjects with hypertension, defined as systolic blood pressure
exceeding 135/80 mmHg for individuals under 65 years-old and
150/80 mmHg for those over 65 years old, were also excluded
(46, 47). A total
were excluded.

of ten participants with hypertension

Beyond hypertension, we did not implement other exclusion

criteria to exclude arterial obstructions or explicitly screen for
subjects with cardiac valvular disease or murmurs.

TABLE 1 Demographic overview (mean + sd) of study volunteers (n = 63).

Age (years) (n=63) 51+21
Sex (Male/Female) 49/14
Height (cm) 160.27 +£15.84
Weight (kg) 73.11+20.75
Systolic Blood Pressure (mmHg) 122.36 + 16.86
Diastolic Blood Pressure (mmHg) 75.86 +9.98
Mean Arterial Pressure (MAP, mmHg) 91.37 +11.58
PWVct (m/s) 10.67 + 3.87
PWVcf (m/s) 8.42+4.03
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3.3 Pulse wave velocity (PWV)
measurements

All measurement signals were recorded and synchronized
using a Student Biopac MP 36 system and Biopac transducers
with sampling rate of 2,000 Hz. Pulse wave velocity was
calculated as (31):

PWV(m /s) = distance
~ pulse delay time

In this
approaches: semi-occlusive and non-occlusive PWV assessments.

study, we employed two PWYV measurement

Semi-occlusive measurements involve partial restriction of blood
flow using a pressure cuff (e.g., carotid-femoral PWV), whereas
non-occlusive measurements do not involve any occlusion (e.g.,
carotid-toe PWV). This distinction underpins the methods used
in the following PWVct and PWVcf sections.

3.3.1 Carotid-toe pulse wave velocity (PWVct)

Carotid-Toe Pulse Wave Velocity (PWVct) measurements were
performed with a Biopac PCG (SS17LA) at the carotid and PPG
(SS4LA) at the big toe. These PWVct measurements were
therefore entirely non-occlusive (Figure 1A).

For analysis, the S1 heart sound on the carotid was detected
using an automated peak-detection algorithm to find the first
largest change in the signal’s amplitude (42, 43). The foot of the
PPG signal at the toe was detected via a foot-detection algorithm
described elsewhere (45). The difference between the average of
at least five detected PCG and PPG signals and the peak R-wave
of the ECG signal was used to determine the pulse delay time for
each measurement site (Figure 1C). The straight-line distance,
between the carotid and toe measurement site was divided by the
pulse delay time to calculate PWVct.

3.3.2 Carotid-femoral pulse wave velocity (PWVcf)

Carotid-Femoral Pulse Wave Velocity measurements were
performed with a Biopac PCG (SS17LA) at the carotid and
Biopac pressure cuff (SS19LB). These PWVcf measurements were
therefore semi-occlusive due to use of a thigh cuff.

For acquisition, the carotid PCG heart sounds were recorded,
while the blood pressure cuff was briefly inflated to 10 mmHg
above the participant’s systolic pressure, which was estimated
based on the brachial blood pressure while the participant was in
a supine position. This estimation assumes a similar pressure
gradient between the brachial and femoral arteries in this
position. The brief inflation of the cuff was enough to
temporarily restrict blood flow without fully occluding the
femoral artery, allowing us to record the femoral pulse wave
(Figure 1C). Approximately 10 cardiac cycles were recorded
before the cuff was deflated.

For analysis, the foot of the pressure pulse was detected with
the same foot-detection algorithm from the PPG used in PWVct
measurements, and the time delay between the ECG R-wave and
the pressure pulse was calculated. The average of the pulse delay
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Pictorial representation of our stiffness assay set-up to capture central arterial stiffness. (A) Location of the probes for PWV and distensibility index
evaluation. Highlighting our semi-occlusive carotid-femoral PWVcf and our non-occlusive carotid-toe PWVct. (B) Point-of-Care Ultrasound
(POCUS) images and ROI selected for carotid artery (left) and abdominal aorta (right) (C) BIOPAC biosignals and automated foot finding algorithm
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times across a minimum of five cardiac cycles was used for analysis.
Finally, the straight-line distance between the carotid and femoral
measurement sites was divided by the pulse transit time and
multiplied by 0.8 to calculate PWVcf (31).

3.3.3 Comparison with reference PWVcf data

To compare our PCG-based PWV with reference PWVcf
values obtained using validated devices [Sphygmocor (44-49),
Vicorder (48-51), Pulse Pen (52) and Complior (53, 54)], we
utilized data from studies that reported PWVcf for 1911 healthy
subjects (ages 18-91, mean age 49+ 18). These studies were
selected because they used a validated device and included a
healthy population with a similar age range to our study. We
digitized the image data from scatter plots in these studies using
an online tool (55).

All processing was performed using in-house, automated
Matlab scripts created for this purpose.

Frontiers in Cardiovascular Medicine

3.4 Substudy 1: distensibility Index
measurements

To determine the agreement between separate measures of
arterial stiffness between modalities, we also assessed carotid and
abdominal aortic distensibility index in a subset of the study
population. Where instead of calculating distensibility (AArea)
(Areagiasolic X pulse pressure) we calculated the distensibility
index to provide a stiffness metric that is independent of changes
in blood pressure, and we used the formula (22, 56, 57):

Distensibility Inde 1 strain

1 11 X = _

Y stiffness index(3) In SBP
DBP

where SBP and DBP (systolic and diastolic blood pressure) was
taken at the arm and strain was calculated from the ratio of
change in systolic cross-sectional area over diastolic cross-
sectional area (7, 57-59). Ultrasound exams were performed on
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the same day and during the same session as PWVcf and
PWVct measurements.

Ultrasound examinations were performed in supine position
using a Butterfly IQ+ point of care ultrasound system (POCUS)
in B-mode carotid and abdominal settings (60). Ten to twenty
second recordings of the right common carotid and abdominal
aorta in a transverse plane were measured and processed using
manual edge detection (Figure 1B). Systolic and diastolic
areas were calculated and the average across at least 3 cardiac
cycles was used to determine the abdominal aorta (AAo
Dist) and common carotid artery (CCA Dist) distensibility
index (58, 59).

3.5 Substudy 2: test—retest

We evaluated the reproducibility of our PWV assay in ten
participants. PWVct and PWVcf were measured twice, with a
2-min interval (intrasession) and after 7 days (intersession)
(61-63). Intraclass correlation coefficients (ICCs) were calculated
to assess reliability (p <0.05).

To determine the influence of occlusion type and confirm that
the PCG time-delay corresponds to a pulse detected from the local
vessel wall contraction, rather than sound traveling from the heart
to the PCG probe at various anatomical locations, we compared
PCG derived time-to-foot (TTF) delays at the heart, carotid, and
femoral arteries in 5 subjects. The PCG sensor was placed
directly on the femoral pulse near the groin. Femoral pulse
detection techniques included: cuff occlusion-derived pressure
signal, direct auscultation with an unoccluded PCG, and
auscultation with PCG under distal cuff occlusion. The peak
R-wave ECG signal served as the reference, and PCG sensors
measured pulse travel times from the heart and carotid sites.

We calculated the mean differences in TTF delays from the
ECG R-peak to signals detected at the heart, carotid, and femoral
arteries (Supplemental Material).

3.6 Statistical methods

All statistical analyses were performed using JMP 2022, with o
levels set to 0.05.

For the PCG PWVcf and PWVct measurements, statistical tests
included linear regressions, as well as univariate followed by
multivariate analyses to examine the relationship between our
PWV methods, age, height, weight, gender, and brachial blood
pressure. A Bland-Altman analysis was performed to evaluate
the agreement and bias between the non-occlusive (PWVct) and
semi-occlusive (PWVcf) PCG-based methods.

To compare our PCG-based PWVcf to reference PWVcf
measurements (Sphygmocor, Vicorder, Pulse Pen and Complior),
multiple linear regression models were applied to the historical
data with the PCG-based PWVcf and PWVct. Interaction terms
were included in the models to evaluate whether the relationship
between PWV and age differed across PCG-based and validated
devices. Additionally, since the sample size of the historical data
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was larger than our study’s sample size, we normalized the
reference data by randomly subsampling the historical data to
match our study’s sample size (n=63) and we performed the
same linear regression models on the re-sampled data. Random
sampling without replacement ensured equal, unbiased sample
sizes, and averages of R® and p-values were computed from 100
iterations (64). Agreement between each reference device was
also assessed using this approach.

For the distensibility index study, univariate analyses and linear
regressions were conducted to assess the relationship between
distensibility index, PWV, and age. Results were considered
statistically significant at p < 0.05.

For the test-retest data, test-retest reliability was assessed using
a Test of Equivalence (TOST) with a difference threshold of
<1.5m/s. A Tukey test was used for pairwise comparison of TTF
means to determine statistical differences, with significance set at
Pp<0.05 (31) (Supplementary Figure 1).

4 Results
4.1 General study results

Among the 63 volunteers, the mean PWVcdf was
8.42+3.99 m/s, while PWVct was 10.62 +3.86 m/s. Univariate
analyses revealed significant associations between age and PWV
(PWVcf r*=0.45 and PWVct r*=0.28, p<0.0001) (Figure 2).
Other parameters associated with PWVcf and PWVcet on
univariate analysis included mean arterial pressure (PWVcf
r*=0.13, p=0.003 and PWVct r*=0.10, p=0.013), systolic
blood pressure (PWVcf 2 =0.14, p=0.003 and PWVct 2 =0.09,
p=0.016), and diastolic blood pressure (PWVcf 2 =0.10,
p=0.01 and PWVct r>=0.08 p =0.023).

Upon multivariate analyses age was the principal predictor for
both PWVcf (F Ratio=182.66, r*=0.62, p=3.4x10"%) and
PWVct (F Ratio = 89.90, r*> = 0.45, p=5.6 x 10'°).

A Bland-Altman analysis comparing PCG-based semi-
PWVcf PWVct  methods
demonstrated strong agreement (p=0.73), with age exerting

occlusive and non-occlusive
[mean
Bias=—2.21+3.47 m/s, p<0.0001, Limits of agreement (—9.01,
4.60)], particularly among older subjects (>50 vyears old)
(Figure 3). (Bias for <50 subjects=—2.86 +2.42 m/s, p <0.0001,

p =0.65, and bias for >50 —1.69 +4.26 m/s, p =0.02, p = 0.48.).

a notable influence on the observed bias

4.1.1 PCG-based PWVcf vs. reference PWVcf
devices

To provide evidence of the agreement of our approach to four
historical SphygmorCor, Complior, Pulse Pen, and Vicorder data,
(mean PWVcf of 7.92 +2.37 m/s) (48-54, 65-70), we performed
multiple linear regressions of age vs. PWV with interaction
The models
included age, study type (current vs. historical), and their
interaction as predictors. Although PWVcf current and PWVcf
historical were correlated with age (r*=0.44, p <0.0001), there

correction for current or historical measures.

was no statistical difference between study type (r>=0.46,
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FIGURE 2
PCG-based PWV vs. age (Mean age = 51 + 21): (top) PWVcf vs. age.
r’=045 p<0.001, n=63 Mean PWVcf=8424+3.99m/s.
(bottom) PWVct vs. age r°=0.28, p<0.0001, n=63 Mean
PWVct = 10.62 + 3.86 m/s. PWV was strongly predicted by age on
univariate and multivariate analysis in agreement with literature.

p =0.42). However, the interaction between age and study type was
statistically significant (p = 0.0005) (Figure 4).

To determine the unbiased effect size of the interaction of study
type and age, we matched the sample sizes between our PCG
PWVcf data (n=63) and historical data by randomly re-
data. We
regressions as described above for 100 iterations. The average

sampling the historical performed resampled
p-values and combined r* were calculated and showed that age
remained strongly correlated with PWVcf (> =0.44 +0.02,
p<0.0001). The study type (p=0.58) and the interaction
between study and age (r*=0.46+0.03, p=0.12) were not

statistically significant in this analysis (Figure 4).

4.1.1.1 Device specific comparisons

Device-specific comparisons to our PCG-based PWVcf device
showed a significant difference in PWVcf for SphygmoCor
(p=0.01), Vicorder (p=0.04) and Pulse Pen (p=0.02), but not
for Complior (p=0.16). The interaction between device and age
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FIGURE 3
Bland—Altman comparison of PWVct and PWVct. Mean Bias: —2.21
(p<0.0001); 95% Confidence Interval: [-3.08, —1.36], p=0.73,
Limits of Agreement: [-9.01, 4.60]. Closed Circles for subjects
older than fifty years old. Showing good agreement between non-
occlusive and semi-occlusive PWV methods. The observed bias
likely reflects the divergence in central and peripheral arterial
stiffness, with central PWV increasing more significantly with age
than peripheral PWV.

was also statistically significant for all devices (p <0.05) except
for Pulse Pen (p=0.10) (Figure 5).

We also re-sampled each device data set to normalize to our
study sample size. Since the Pulse Pen had a sample size
comparable to ours (n=70) it was not re-sampled for the
analysis. Device-specific comparisons using resampled datasets
showed no significant difference in PWVcf between our PCG-
based values and SphygmoCor (p =0.19), Complior (p =0.67), or
Vicorder (p=0.35). For the Pulse Pen (not resampled), a
significant difference in PWVcf was observed (p=0.02). The
interaction between device and age was significant for Vicorder
(r*=0.43, p=0.04), while it was not significant for Complior
(r*>=0.41, p=0.15), SphygmoCor (r*=0.51, p=0.15), Pulse Pen
(r*=0.57, p=0.10) (Figure 5).

4.1.2 PCG-based PWVct vs. reference PWVcf
devices

We also compared the PCG-based PWVct and PWVcf
historical and there was a correlation with age (r2 =0.42,
p<0.001) and a statistically significant difference between study
type (p <0.001) (Figure 6). However, the interaction between age
and study type was not significant (+* = 0.45, p = 0.29).

Similarly to the analysis for PWVcf, we normalized the
historical data to match our PWVct sample size as described in
section 4.1.1. The correlation between age and study type
remained significant (r*=0.31£0.02, p<0.0001), and the
interaction term between age and study type was also not
significant (r* = 0.44 + 0.04, p = 0.56) (Figure 6).
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Age vs. PWVcf
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FIGURE 4

PWV vs. Age validation against data obtained from previous studies
that utilized a SphygmoCor, Complior, Pulse Pen, or Vicorder
device for PWVcf. Our current method and the historical data have
the same relationship between age and PWV (p>0.05) with no
statistically significant interaction between slope and current vs.
historical measurement type (top). Similarly, (bottom) we
compared our semi-occlusive PWVcf to a resampled historical
PWVcf data that used the same validated devices (SphygmoCor,
Complior, Pulse Pen, or Vicorder) and found that the slopes of the
linear fits were the same (p > 0.05)

4.2 Substudy 1 results: arterial distensibility
index

Within a subset of 32 participants (age 39 + 21, 78% female), the
distensibility indices were also calculated. The AAo Dis averaged
1.49+0.63, while the common CCA Dis was 0.94+0.32.
Univariate analysis revealed significant negative correlations
between age and arterial distensibility index measured at the AAo
(r=—047, r*=022, p=001), and at the CCA (r=-0.36,
r*=0.13, p=0.04) (Figure 7). Our PCG-based PWVcf and AAo
Dis (r=-0.45, 2 =0.20, p=0.01) measurements were correlated,
but not with CCA Dis (r=—0.06, > =0.003, p=0.76) (Figure 8).
For PWVct, significant correlations were found with AAo Dis
(r=-0.50, 2 =0.25, p=0.003), but not with CCA Dis (r=-0.11,
*=0.01, p=0.56) (Figure 9).

Multivariate analysis identified age as the main predictor for
both AAo (F Ratio=23.36, p=4.37 % 10°, »= 0.21) and CCA
(F Ratio=15.93, p=0.0002, = 0.23) distensibility index.
Additionally, sex (F Ratio = 14.2, p=0.001, *=0.40) and weight
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(F Ratio=5.73, p=0.02, r2:0.50) were found to be significant
predictors for AAo distensibility index.

4.3 Substudy 2 results: test—retest and PCG
time-to-foot validation

To assess the repeatability and reproducibility of our PCG-
based PWV we evaluated the intersession and intrasession ICC.
Paired t-tests showed no statistical significance (p > 0.05) between
intrasession PWVct (p=0.93) and intersession PWVct
(p=0.77), as well as intrasession PWVcf (p=0.99) and
intersession PWVcf (p=0.98). Our two PCG-based PWV
methods demonstrated good reliability and repeatability
(0.75 <ICC <£90) (Table 2) (31, 63, 71). Intraclass correlation
coefficients (ICCs) were used to determine statistical significance
for test-retest reliability [p<0.05 using a Test of Equivalence
(TOST) with a difference threshold <1.5 m/s] (31).

5 Discussion

This demonstrates the feasibility of a low-cost,

phonocardiography-based system for assessing central arterial

study

stiffness. By leveraging PCG and PPG sensors, we have developed a
method that is low cost and removes occlusive procedures, patient
discomfort, and the need for specialized expertise.

5.1 PWVcf and PWVct vs. age

Both PWVcf and PWVct showed a strong correlation with age,
with multivariate analysis confirming age as the primary predictor
for both measures. These findings align with the well-established
relationship  between aging and (72).
Furthermore, our results demonstrate that PCG-based PWVcf
closely mirrors validated devices (SphygmoCor, Vicorder, Pulse

arterial  stiffness

Pen, and Complior) in capturing the age-related progression of
arterial stiffness, particularly when historical data were resampled
to match our study’s sample size.

In contrast, PCG-based PWVct was less consistent. While
PWVct correlated with age, significant differences between study
types and the absence of a significant interaction between age
and study type suggest reduced reliability compared to PWVcf.
Normalizing sample sizes did not improve the alignment, further
indicating that PWVct is a fundamentally different measure than
PWVcf and lacks the sensitivity needed for robust comparisons
across devices, particularly in population-based studies.

The Bland-Altman analysis highlights a notable bias between
PWVcf and PWVct, particularly in older participants (>50
years), where the arterial stiffness gradient between central and
peripheral arteries becomes more pronounced. This bias
underscores the limitations of using PWVct to reliably infer
central arterial stiffness in older populations.

Clinically, central PWVcf is a well-established biomarker for

cardiovascular risk, strongly linked to adverse outcomes through
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We compared our cuffless PWVct to a the historical PWVcf data that
used validated devices (sphygmoCor, complior, pulse Pen, or
vicorder) and found that the slopes of the linear fits were the same
(p>0.05). However, there was a statistically significant interaction
with intercept (F Ratio = 76.72, p<0.001) demonstrating the bias
between historical PWV measurements and PWVct of this study.
This suggests the age vs. PWV relationship is reliably captured with
our two low-cost PWV methods. However, PWVct will result in
population wide biased measurements.

its assessment of central arterial stiffness. While PWVct offers a
non-occlusive and accessible alternative, its reduced sensitivity to
age-related changes limits its value as a direct surrogate for
PWVcf, especially in older individuals. Future use of PWVct
should acknowledge these
complementary measure rather than a replacement for central
PWYV. Further PWVct
methodologies, improve its alignment with PWVcf, and evaluate

limitations and consider it a

studies are needed to refine

its clinical relevance across diverse populations.

5.2 Agreement between PCG-based PWV
and reference PWVcf devices

PWVcf measurements from PCG-based methods were broadly
comparable to those from historical datasets, with no significant
differences observed in the overall analysis. However, interaction
effects between age and study type suggested subtle differences in
how devices measure These effects

age-related changes.
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FIGURE 7
Correlation plots showing relationship between arterial distensibility
index decreasing with age. Measured with POCUS at the aortic artery
(AA0), correlation coefficient = —0.47, p = 0.007, r?> = 0.22, (top) and
at the common carotid artery (CCA), correlation coefficient = —=0.36,
p = 0.045, r? = 0.13. (bottom)

diminished when historical data were resampled to match our
study size, indicating that differences were influenced by unequal
sample sizes.

Device-specific comparisons revealed baseline differences
between PCG-based PWVcf and reference devices, including
SphygmoCor, Vicorder, and Pulse Pen, but not Complior.
Interaction effects between age and study type were also observed
for most devices, reflecting variability in how different devices
capture the age-PWVcf relationship. After resampling, baseline
differences for most devices were no longer evident, except for
Pulse Pen, which continued to show significant differences.
Among the resampled devices, Vicorder exhibited a more
pronounced interaction effect, suggesting it may differ more
substantially in its age-PWVcf measurements compared to
PCG-based methods.

The observed discrepancies between devices likely arise from
variations in methodology and calibration protocols. For
instance, the SphygmoCor uses applanation tonometry at the
carotid artery and a pressure cuff at the femoral artery to
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FIGURE 8
Correlation plots showing relationship between arterial stiffness
measured with PWVcf and arterial distensibility index measured
with  POCUS at the aortic artery (AAo), correlation
coefficient = —=0.45, p =0.012, r? = 0.12(top), and at the common
carotid artery (CCA), correlation coefficient=-0.06, p=0.77,
r? =0.003 (bottom).

calculate pulse transit time via the foot-to-foot method (44-49).
This method requires skilled operators to ensure accurate
arterial compression and waveform acquisition. In contrast,
the Vicorder uses oscillometric cuffs at the carotid and
femoral sites to capture pressure waveforms (48-51). While
this approach is non-invasive and operator-friendly, it may
smooth finer details of arterial waveforms, particularly in older
individuals with increased arterial stiffening. The Pulse Pen
also employs tonometry but captures waveforms sequentially
from the carotid and femoral arteries, which, combined with
its reliance on proprietary algorithms for waveform processing
and operator technique for arterial site compression, may
introduce additional variability (52). The Complior, which
uses automated pressure waveform analysis with piezoelectric
sensors at arterial sites, reduces operator dependency and
standardized distance calculation in its

incorporates a

software, using a factor of 0.8 to estimate arterial distance (34,
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Correlation plots showing relationship between arterial stiffness
measured with PWVct and arterial distensibility index measured
with  POCUS at the aortic artery (AAo) correlation
coefficient = —=0.50, p = 0.003, r*=0.25, (top) and at the common
carotid artery (CCA) (bottom), correlation coefficient=-0.11,
p =056, r>=0.01 indicating that PWVct can detect central arterial
stiffness as measured with localized AAo distensibility index,
whereas local CCA distensibility index is not representative of
central stiffness.

10

53, 54). This standardization may explain its closer alignment
with PCG-based measurements.

The observed differences between devices may be due to the
proprietary algorithms and signal filtering techniques used to
calculate pulse transit time, which can introduce variability
across methods. Additionally, differences in waveform acquisition
—whether from tonometry, PPG, or oscillometric cuffs—may
capture distinct features of the arterial waveform, further
amplifying these variations. In contrast, our PPG-based system
avoids hidden filters or proprietary algorithms, using automated
ECG peak-to-pressure waveform foot timing to determine transit
delays. These findings underscore the need for standardized
methodologies and algorithms across devices to enhance inter-
device comparability and reliability in future studies.
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TABLE 2 Test-retest results for intrasession and intersession PWV (n =10). Showing good (0.75 < ICC < 90) reproducibility and repeatability for both
PWVcf and PWVct with 95% confidence intervals.

‘ Day 1-1  Day1- 2 Day 2 1 Day2-2 | Intrasession ICC [95% CI] | Intersession ICC [95% ClI]

PWV, (m/s) + SD 59+ 1.4 58+1.0 59+12 58+12 0.79*** [0.31, 0.97] 0.90*** [0.45, 0.98)
PWV (m/s) + SD 95+15 94+18 9.6+2.5 9.8+2.9 0.75* [0.15, 0.96] 0.89* [0.34, 0.97]

n=10; *p < 0.05. **p < 0.0005.

5.3 Distensibility index vs. age and 5.6 Continuous monitoring potential
relationship with PWV

The continuous nature of our PWV measurements offers the
potential for real-time monitoring of arterial stiffness, which could
aortic and carotid arteries. Significant correlations were found ~ Provide additional insights into vascular health (74). While this

between PWV and aortic distensibility index (AAo Dis), but not capability might help detect transient changes in arterial stiffness that
carotid distensibility index (CCA Dis). Specifically, AAo Dis could be missed by intermittent measurements, the clinical utility of
showed a negative correlation with both PWVcf PWVct. This is ~ continuous PWV' monitoring  remains uncertain. Confounding
consistent with the understanding that PWV is a measure of factors can influence short-term PWYV variations, making it
aortic or central arterial stiffness. The lack of correlation with ~ challenging to apply in practice. Further research is needed to
CCA Dis suggests that local carotid and aortic mechanics are explore its potential benefits in managing patients with fluctuating
distinct and cannot be used interchangeably. Age was also a cardiovascular conditions or during acute physiological changes.

significant predictor of AAo Dis, further supporting the role of

In Substudy #1, we assessed arterial distensibility indices at the

aging in reducing central arterial elasticity. This finding 57 Capturing peripheral arterial stiffness

emphasizes that as individuals age, their aortic arteries become

less elastic, contributing to increased arterial stiffness (73).
8 73) There may also be additional value in combined PWVcf and

PWVct measurements, which is feasible with our approach.
A Bland-Altman analysis comparing PWVcf and PWVct
revealed an increasing bias with age, reflecting the marked
5.4 Test-retest increase in central arterial stiffness relative to the more stable
stiffness of peripheral arteries. This indicates that PWVct may be

Both the semi-occlusive and non-occlusive PWV methods a less reliable surrogate for central PWV in older populations.

displayed good repeatability. The reliability of PCG in detecting However, recent studies have highlighted the importance of

I 1 del i ical sites, 1 i . . . . . . .
pulse wave travel delays at various anatomical sites, coupled with assessing peripheral arterial stiffness alongside aortic stiffness

the reproducibility and repeatability of our setup, makes it a (55-57). Therefore, our system’s ability to also capture peripheral

viable alternative to current more expensive devices. These arterial stiffness changes may provide important insights into

reproducibility results are comparable to existing commercial arterial remodeling and its relationship with age or disease.
devices like Complior and PulsePen, which are considered

dependable for clinical use (31, 63, 71).
5.8 Clinical integration

The PCG-based system’s non-invasive design, affordability,
5.5 Enhanced comfort, accessibility and and ease of use hold promise for eventual integration into
reduced costs clinical workflows. In primary care, it could serve as a
convenient screening tool for arterial stiffness during routine
Our findings demonstrate that the PCG-based system offers  visits, offering both precise central stiffness measurements
significant advantages over traditional tonometric devices. = (PWVcf) and a quick, comfortable option (PWVct) for broader
Traditional devices like SphygmoCor and Vicorder are expensive  population assessments. However, additional validation is
and require specialized training, limiting their use in routine  necessary to ensure its reliability and effectiveness.
clinical practice and resource-limited settings. Additionally, In specialty clinics (e.g, hypertension or diabetes
tonometry can be intrusive and uncomfortable, especially when  management), the system may facilitate regular tracking of
assessed at the femoral arterial site. Some groups have even  arterial stiffness, helping clinicians detect early changes and
suggested that the applied pressure from tonometry may initiate timely interventions such as lifestyle modifications or
influence the measurement (35, 36). We did not observe this in  pharmacotherapies (75). Its ability to measure both central and
our small substudy although there was non-statistically significant ~ peripheral stiffness also provides more comprehensive
trend. In contrast, our system’s low cost, comfort, and ease of  monitoring of arterial remodeling over time. Nonetheless, further
use could facilitate more accessible and widespread screening for  research is warranted to confirm its clinical utility across a wider
arterial stiffness and related cardiovascular risks. range of patient populations.
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Finally, incorporating PWV into existing cardiovascular risk
models (e.g., Framingham Risk Score, ASCVD risk) could
improve risk stratification (76). By combining standard metrics
(e.g., blood pressure and cholesterol) with PWV data, clinicians
may gain deeper insights into a patient’s cardiovascular risk
profile (77, 78). Future studies should focus on validating the
PCG-based PWYV approach populations
determining its impact on clinical decision-making and outcomes.

in diverse and

5.9 Future research implications and
limitations

Our approach reduces the barriers to conducting large-scale
studies on arterial stiffness. By eliminating the need for expensive
and complex equipment, our system enables more researchers to
participate in this field of study. This democratization of
technology may accelerate the pace of discovery and improve our
understanding of cardiovascular health across diverse populations.

One significant limitation of our study is the small sample size of
63 participants, with a predominance of female participants (78%).
This imbalance may introduce bias, as arterial stiffness parameters
can differ between sexes due to physiological and hormonal
differences (79, 80) This bias could limit the generalizability of our
findings to broader populations, particularly male cohorts. Future
studies should involve larger and more demographically diverse
populations to validate the findings and assess the reproducibility
of the PCG-based system across various subgroups.

Additionally, we did not validate PWV against commercially
available devices (31). Therefore, we are unable to assess how
accurate and precise our methods are on the individual level.
Additionally, our study primarily involved healthy volunteers,
excluding those with hypertension and other conditions. Further
studies should explore the agreement of PCG-based approaches
in patient populations with known disease.

We also recognize that our non-occlusive PWVct method
incorporates peripheral arteries, which may introduce variability,
particularly in older populations where peripheral arterial stiffness
increases. The observed bias in PWVct with increasing age
suggests the need for caution when interpreting peripheral PWV
as a surrogate for central PWV in older adults. This limitation
highlights that while PWVct offers a non-occlusive, low-cost
alternative, it may be less dependable in aging populations.

Moreover, our study used brachial blood pressure as a
surrogate for central pulse pressure in calculating the inverted
stiffness index. While this approach is non-invasive and
commonly used, it introduces potential bias due to pulse
pressure amplification effects. Pulse pressure amplification
decreases with age, leading to different biases in distensibility
calculations depending on the age group. In younger subjects,
non-invasive brachial blood pressure tends to overestimate true
diastolic pressure in the abdominal aorta (72). Additionally,
vessel area measurements were performed using manual edge
detection, which is less reliable than automated wall detection
algorithms. This introduces variability and may impact the
accuracy of the distensibility and stiffness indices, particularly
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when assessing central arterial stiffness. These methodological
limitations should be considered when interpreting our findings.

An additional consideration is the accuracy of PWV
measurements when performed by medical staff with limited
methodological expertise. Although our device is designed to be
easy to use, there is a risk of potential errors if the operator is
unaware of sources of error or confounding factors. Future
research should focus on streamlining the use of these devices
for inexperienced operators, validating cuffless and semi-cuffless
approaches in diverse and clinical populations, and improving
patient comfort to enhance usability.

Despite these limitations, the strengths of our system—cost-
effectiveness, ease of use, and comfort—position it as a valuable
complementary tool to established tonometric methods to assess PWV.

5.10 Summary and importance

The of PWV
measurement system represents a major step forward in the field

availability a low-cost, non-occlusive
of cardiovascular health monitoring. By making this technology
accessible to a wider population, we can enhance screening and

monitoring capabilities, leading to better health outcomes.
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