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Introduction: Several population-based clinical studies suggest that increased
Pulse Wave Velocity (PWV) is highly associated with increased cardiovascular
disease (CVD) mortality, which is one of the leading causes of death worldwide.
Current methods for CVD detection are invasive, expensive, and contact
methods, which are not friendly for skin-sensitive patients.

Methods: In this study, we investigated the use of remote photoplethysmography
(rPPG) on the neck region using a high-speed camera (2000 frames per second
(fps)) to resolve the drawbacks of CVD detection and overcome the limitations of
current PWV measurement techniques. Pearson correlation and cross-
correlation were used for signal processing and generating the projection
map of potential major vessels. A reference signal is selected for the region of
interest based on peak value and modulation depth variation. The signal distance
and pulse transit time (PPT) between the local and reference signals were
calculated using the cross-correlation method and then fitted into a linear
regression model for PWV calculation.

Results: The results revealed areas on the neck that positively and negatively
correlated with the selected reference signals, potentially representing the
distribution of the main neck vessels - carotid artery and jugular vein- and,
consequently, the upstream and downstream blood circulation directions.

Discussion: This research implies the feasibility of touchless estimation of local
PWV using a high-speed camera, expanding the potential applications of remote
photoplethysmography in aiding the diagnosis of CVD.
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1 Introduction

Cardiovascular disease (CVD) is one of the leading causes of death worldwide (Gaidai
et al., 2023). It encompasses a range of conditions that affect the heart and blood vessels,
including coronary artery disease (Tang et al., 2020), cerebrovascular disease (Sobieszczyk
and Beckman, 2006), aortic atherosclerosis (Burton et al., 2023; Ahn, 2013; Barbagini et al.,
2022), and peripheral artery disease (Criqui et al., 2008). CVD represents a significant global
health challenge, marked by its increasing prevalence and substantial impact on mortality,
disability, and economic costs (Amini et al., 2021). Current diagnostic tests play a significant
role but have limitations in predicting future cardiovascular risk. Early detection based on
multi-parameters of the pathological condition is the key to patient survival (Wu et al., 2004;
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Umaña Perea et al., 2015). Several studies have focused on
identifying biomarkers for predicting CVD, such as blood
pressure, arterial stiffness, and pulse wave velocity (PWV)
(Fagundes et al., 2020).

PWV, the speed of the pressure wave originating from the
heartbeat, is a critical indicator of arterial wall elasticity (Mitchell
et al., 2010). PWV increases with arterial stiffness increases, making
it a valuable tool in assessing vascular health. Numerous studies have
identified PWV as one of the most reliable measures of arterial
stiffness, linking it directly to cardiovascular risk. Its role as a
predictor of CVD has gained recognition, with various measures
of arterial stiffness and wave reflection being proposed as strong
markers for assessing long-term cardiovascular risk (Mitchell et al.,
2010; Tillin et al., 2007). In addition, cardiovascular risk factors,
including diabetes mellitus, hyperlipidemia, smoking, and increased
body mass index, contribute to arterial stiffness and elevated PWV
(Nyhan et al., 2011; Yamashina et al., 2003; Kim, 2006; Spronck
et al., 2021). Consequently, PWV has been established as a reliable
prognostic marker for cardiovascular morbidity and mortality
(Ghosh et al., 2019; Lim and Lip, 2008).

PWV can be measured noninvasively by several techniques such
as echo-tracking Ultrasound (Tang et al., 2020; Zhang and Greenleaf,
2006), Doppler Ultrasound (Eriksson et al., 2002; Jiang et al., 2008),
Ultrasound elastography, Magnetic Resonance Imaging (MRI) (van
der Meer et al., 2007), and Contact Photoplethysmography (cPPG)
(Byfield et al., 2022; Nabeel et al., 2017).

Ultrasound with ECG synchronization has been used widely for
PWV verification. As pressure waves propagate through the vessels,
the ultrasound captures the dynamic changes in arterial diameter,
such as the heartbeat. At the same time, ECG signals provide a
timing reference to determine specific phases of the cardiac cycle.
Synchronizing ultrasound measurements with ECG ensures precise
timing when recording arterial diameter changes at two different
points. The time delay between these waveforms can be used to
calculate parameters like PWV (Zhang and Greenleaf, 2006).
However, this method relies heavily on the quality of both
ultrasound and ECG signals, making it susceptible to errors from
noise or artifacts. Moreover, this operator-dependent procedure
requires significant skill for accurate probe placement and
alignment. Challenges arise in imaging small or deeply situated
vessels due to limited ultrasound resolution. Additionally, the
procedure is time-intensive, and patient movement can
compromise measurement accuracy, making it less practical in
high-volume settings (Counseller and Aboelkassem, 2023;
Nurmohamed et al., 2024).

Unlike the traditional 2D ultrasound that uses the echo-tracker
that follows the movement of arterial walls, Doppler Ultrasound
tracks the displacement of arterial walls caused by the propagation of
the pulse wave. It does not require synchronizing ECG devices.
Instead, it measures multiple positions almost simultaneously to
track arterial wall motion along the artery and detect the short delays
between arrival times at adjacent segments (Eriksson et al., 2002).
However, with this Doppler Ultrasound method, in addition to
being a contact method and requiring specialized operators, it also
requires precise measurement of the distance and exact time delay
between adjacent segments, and the sensitivity can be greatly
affected due to arterial wall motion artifacts (Vallée et al., 2020;
Scarsini et al., 2023).

Ultrasound elastography employs ultrafast ultrasound pulses to
indirectly measure arterial stiffness by assessing the arterial wall’s
mechanical properties (Schaafs et al., 2019; Marais et al., 2019).
However, contact methods and complex post-processing algorithms
are needed to relate arterial stiffness to PWV, and it has limited
availability of the devices (Schaafs et al., 2019).

As a non-invasive, non-contact, and highly accurate method for
measuring artificial stiffness and cardiovascular health, MRI
measures blood flow velocity changes along arteries by encoding
flow-related phase shifts into the MR signal. By capturing time-
resolved images of blood flow at two arterial locations, the transit
time of the pulse wave can be calculated, allowing PWV to be
determined as the distance between measurement sites divided by
the transit time. However, the cost of MRI is high, and it has limited
accessibility to the public as it is used in specialized centers.
Moreover, scanning is time-intensive, requiring patient
cooperation to minimize motion artifacts. Furthermore, its
resolution may be less effective for assessing small or deeply
located arteries than other modalities (El Khouli et al., 2009;
Bryant et al., 2012).

cPPG uses light to detect changes in blood volume in the
microvascular bed of tissue. It can be synchronized with ECG to
enhance the accuracy of PWV measurements, especially in
peripheral arteries (Mejía-Mejía et al., 2021; Charlton and
Marozas, 2021). cPPG is a contact-based optical technique using
an optical sensor placed on the skin that operates on the principle of
light interaction with biological tissue, where the amount of
absorbed or reflected light varies based on the blood flow
dynamics. This method estimates the time delay between arterial
pulse waveforms recorded at two points along an artery. It calculates
PWV by dividing the distance between these two-point pixels by the
time delay of their corresponding signals. This can result in great
variations of the measures PWV at a local area with different point
pixel pairs. Moreover, the pressure exerted by the contact sensor can
alter arterial behavior, affecting the reliability of PWV
measurements.

As a result, the non-contact, robust, and easy-to-use Remote
Photoplethysmography (rPPG) has emerged as a superior alternative
(Moco et al., 2018; Zieff et al., 2023). rPPG is a technique that extends
reflection mode photoplethysmography (PPG) to a contactless mode
using a camera placed at a distance from the patient. This approach
eliminates the need for direct skin contact, simplifies clinical
workflow, and benefits patients with sensitive or damaged skin,
avoiding applying any pressure on the blood vessels and affecting
blood circulation. Unlike cPPG, rPPG can simultaneously collect
signals from larger skin areas, enabling mapping analysis of
spatiotemporal characteristics, including PWV, and creating a
tissue health index map (Burton et al., 2023; Cao et al., 2023).
Recent studies show that rPPG can measure the local or average
PWV across the body (Nakano et al., 2018; Moco et al., 2018). These
studies have demonstrated imaging of pulse transit time across the
head and in the inferior and superior limbs. However, the estimation
of PWV inmore localized peripheral vessels, such as the carotid artery
and jugular vein, remains relatively unexplored.

This study aimed to study the PWV of the vessels on the neck,
where the carotid artery and jugular vein are located close to the
skin’s surface. As such, this area is promising for clinical use and
monitoring due to the accessibility of these vessels. A color camera is
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used for the rPPG signals capturing from neck vessels using RGB
channels Lapitan and Andrey, 2019; Burton et al., 2023).

According to Rabben et al. (Rabben et al., 2004), the local carotid
artery PWV for healthy subjects ranges from 4 m/s to 9 m/s. To
capture the signal of a pulse wave traveling at 4 m/s between two
points 1 cm apart, a minimum frame rate of 400 fps is required.
Therefore, the camera’s frame rate should be greater than 400 fps,
which is essential to achieve the goal in this study.

This study extends the signal processing approach developed in
the previous work (Cao et al., 2023) to predict the distribution of
certain major vessels around the neck, which can be a practical
alternative to traditional methods. The novelty of this work is the use
of the quality indicators for signal selection and local reference
signals to identify the major vessels on the neck and to calculate the
local PWV for each of them. This work not only consolidates the
findings of our previous work but also paves the way for the use of
rPPG for local PWVmeasurement and potentially as a tool for early
CVD screening, detection and diagnosis.

2 Materials and methods

2.1 Experimental setup

The experimental setup for this study can be referred to in an
earlier publication (Cao et al., 2023). As Figure 1 shows, the subject
sits straight with back and head support, facing one of the lights.
Their chin tilted for approximately 45° to fully expose the left neck.
The distance between the left neck and the camera is about 85 ±
2.5 cm due to the variation in body thickness of different subjects,
and the area of the neck detected will be around 10 ± 2 cm and 19 ±
2 cm for width and height, respectively. To ensure a uniform light
distribution in the neck area, this study utilizes two 232 × 200 mm
light panels with 600 LEDs per panel (NEEWER LED Video Light,
Shenzhen, China), a fast-speed Mikrotron EoSense 1.1CPX2 camera
(Mikrotron, Unterschleißheim, Germany), and a Canon EF 50 mm
f/2.5 STM lens (Canon, Tokyo, Japan). The camera was placed on a
60-inch lightweight tripod (Amazone Basis, Seattle, United States).
Based on the literature, the green, blue, and red light is well balanced
at the light temperature of 4600K. To avoid underexposure under a
high-speed camera, the light intensity used was 100%. The LED
intensity and the RGB quantum efficiency data are plotted in
Figure 2. The imaging frequency used in this study is
2000 frames per second (fps). This camera has a maximum
frequency offset of 15 parts per million. A 10s video is collected
for each subject with a frame size of 512 × 312 pixels using
GR8 format (Cao et al., 2023). This study had 10 fair-skin
participants between 18 and 60 years old with no known
cardiovascular-related diseases. This study was approved by the
Toronto Metropolitan University Research Ethical Board.

2.2 Methodology

The signal processing pipeline is illustrated in Figure 3. It
consists of two major steps: pre-processing and signal processing.
The data acquisition and pre-signal processing steps are described in
our previous paper, where the effectiveness of signal filtering and
frequency domain selection in producing clear pulse signals are
validated (Cao et al., 2023).

FIGURE 1
Experimental setup. (A) The physical position of the subject and ROI were selected from the left neck for video signal analysis. (B) Schematic of the
rPPG imaging system (Cao et al., 2023).

FIGURE 2
LED light intensity and the quantum efficiency of the camera
sensor. The light intensity was measured by Aurora
4000 Spectrometer (Changchun New Industries Optoelectronics
Technology, Changchun, China), and the camera’s quantum
efficiency data was obtained from themanufacturer) (Cao et al., 2023).
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During the data acquisition phase, videos in the “.npy” format
were transformed into a 4D dataset encompassing frame height,
width, color channels, and time. Utilizing MATLAB 2022b, the
images were first decoded into accurate RGB color images using
MATLAB’s “demosaic” function with the “grbg” Bayer pattern.
Subsequently, a Gaussian blur filter was applied to all images
with a 5 × 5 pixel kernel and a standard deviation of 0.5 to
diminish minor pixel noise.

All raw images were denoised in the pre-processing stage using
the Gaussian blur filter. Gaussian blur is used to reduce the noise
using a Gaussian function to smoothen the image (Misra and Wu,
2020). It filters the high-amplitude map with the Gaussian kernel
that preserves the low spatial frequency and reduces noise and
negligible details in an image. Moreover, a region of interest (ROI)
was manually selected for each subject in the central neck region,
avoiding hairy areas for males.

In the signal processing stage, the green channel was used for
PPG signal analysis due to its stronger signal strength than the blue
channel and greater stability than the red channel (Tuttolomondo
et al., 2010). These advantages may be attributed to the strong blood
absorption in the green range of the spectrum and the fact that half
of the Bayer pattern camera sensor consists of green channels,

enhancing its intensity and sensitivity (Tuttolomondo et al.,
2010). Additionally, green light penetrates deeper into the skin
than blue light, where blood vessels are more evenly distributed,
which may contribute to a larger modulation depth (Giannarelli
et al., 2012) and resistance to motion artifacts (Chen et al., 2017).
The Butterworth filter, coupled withMATLAB’s “findpeak”method,
facilitates an objective method of assessing signal quality and
ensuring that all crests and troughs are accurately located, which
can be referred to in a previous publication (Cao et al., 2023). We
apply MATLAB’s second-order Butterworth filter within a
0.5–3.5 Hz frequency range to keep the subtle variations of the
rPPG waveform, followed by “filtfilt” to mitigate phase delay.
Compared to other MATLAB methods, this approach is superior
in retaining the signal’s pulsatility while attenuating high-frequency
noise and minimizing amplitude distortion.

2.2.1 Reference signal selection
According to our experimental setup, for a PWV at 10 m/s (van

der Vliet et al., 2020), a minimum detectable resolution for every
1 cm physically is every 40 pixels on the image. MATLAB’s “find
peaks” function was used to select signal peaks, accommodating
pulse rates between 50 and 110 beats per minute (bpm). Reference

FIGURE 3
Flowchart for data processing. There are two steps for data processing. Step 1 pre-processing returns the images into true color images with the
Demosaicmethod inMATLAB and denoises the image using the standard Gaussian blurringmethod inMATLAB. ROI was selected in step 1. Step 2 focuses
on signal processing for the reference signal and local signals.
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signal selection is based on the periodicity of the PPG signal, which
shouldmatch the cardiac cycle for reliable analysis (Kim et al., 2011),
ensuring waveform peaks are consistent for reliable signal analysis.
In this case, the reference signal is chosen from the averaged signals
of 40 × 40-pixel clusters within the ROI. The signal’s quality is
gauged by the OS index, which integrates the peak amplitude
variation (σA) (Cao et al., 2023) and modulation depth variation
(σmd) (Cao et al., 2023). σA is the variance of detected peak
amplitudes, and σmd is the modulation depth variance across
pulses. The OS index, summing σA and σmd, measures signal
uniformity and distortion; a lower index signifies a superior PPG
signal with greater stability and less variability in peak and trough
pixel intensities. Therefore, the signal measured with the lowest OS
index is selected as the reference signal.

2.2.2 Create correlation map
After the reference signal is determined, the signals in ROI are

also downsampled by averaging every 5 × 5 pixels to improve signal
quality. This signal is referred to as a local signal. Pearson correlation
was applied between all local and reference signals to identify the
positively and negatively correlated areas. The Pearson correlation
between the local signal Sij at the position of [i, j] on the ROI and
the reference signal (R) is calculated as Equation 1.

rij �
∑N
k�1

Sij k( ) − Sij( ) R k( ) − �R( )��������������∑N
k�1

Sij k( ) − Sij( )2√ ������������∑N
1

R k( ) − �R( )2√ (1)

where k is the k − th sample in each signal Sij(k) and R(k), and N is
the total number of samples. Sij is the mean of Sij(k), which is
1
N∑N

k�1(Sij(k)). �R is the mean of R(k), which is equal to 1
N∑N

k�1(R).
In this case, N represents the total number of samples, calculated by
multiplying the frame rate (2000 fps) by the total recording time
(10 s), resulting in 20,000 samples.

2.2.3 Find local reference signal for negatively
correlated area

While the reference signal effectively represents signals in the
positively correlated area due to their similarity, it may not represent
the phase characteristics of the signals in the negatively correlated
area well. Additionally, these two distinct regions in the correlation
map may correspond to different vascular structures. To better
understand the negatively correlated region, a secondary reference
signal was selected based on the smallest correlation coefficient
within the negative region of the correlation map. This approach
ensures that the phase characteristics of the most representative
signals in both the positively and negatively correlated regions are
identified. Furthermore, the reference signal for the negatively
correlated area will be utilized in the PWV calculation specific to
this region.

2.2.4 Determine projected vessels
In the positive and negatively correlated areas, we selected the

highly correlated and low-correlated areas based on the top and
bottom 10% of correlation scores, which were also used as signal
quality and quantity selection methods for all subjects in this study.
The pulse transit time (PTT) is measured as the time the pressure

wave takes to travel from the heart to peripheral vessels (Pitson et al.,
1995). The selected signals from positively and negatively correlated
areas were averaged to determine the projected vessels. Cross-
correlation was then applied to these averaged signals to analyze
their temporal relationship. A positive PTT sign from the cross-
correlation indicates that the positively correlated area is projecting
the carotid artery. This step ensures the identification of vascular
projections accurately by leveraging the correlation characteristics
between signal regions.

2.2.5 Calculate PWV
The selected top and bottom 10% of signals are cross-correlated

with their corresponding reference signals to determine PTT at each
correlated region. Therefore, we can obtain the relationship between
the distance and PTT of each local signal in the selected 10%
threshold and the reference signal, which generates a linear
relationship between the vertical distance and the PTT of two
signals, where PWV is the slope of the trendline.

For an artery pulse wave, assuming the pulse wave goes vertically
up while the subject is sitting straight up. As it propagates from an
inferior location A at [xA, yA] to its superior location, B, at [xB, yB],
the distance of the pulse wave traveled - dS can be calculated as
Equation 2.

dS � yB − yA (2)
The PTT is calculated by applying the MATLAB cross-

correlation function –“xcorr (A, B)” (where A, B represent the
signals at designated locations), which calculates a positive PTT
for a pulse wave that goes from A to B. The 10% of the signal with
the highest positive values and 10% of the signals with the lowest
correlation coefficient values are selected to calculate the PTT
with their corresponding reference signal. The distance between
the local and reference signals was calculated based on the
difference in their y-axis positions within the ROI, measured
perpendicular to the ground. Considering the varying location of
local signals, linear regression was applied to the scatter plot with
PTT on the y-axis and dS on the x-axis. Per the definition of
PWV, i.e., the ratio of dS over PTT, the inverse of the regression
slope represents the PWV over the identified area. The PWV is
calculated as Equation 3.

PWV � dS

PTT
(3)

where dS represents a set of vertical distances between the reference
signal and the corresponding local signals, and PTT denotes the
associated time shifts between them.

2.2.6 Compare maps generated from FFT
For the major vessels on the neck, blood propagates vertically

either upward (from heart to head) for the carotid artery or the
opposite for the jugular vein (Grefkes et al., 2020; Volz et al., 2016).
Also, as the pressure wave propagates through the blood vessels, the
speed, amplitude, and phase of the PWV are influenced not only by
the location within the vascular system but also by the biological
properties of the vessels, such as stiffness, elasticity, and wall
thickness. This study analyzed these differences by comparing
phase shifts and the highest power, calculated using Fast Fourier
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Transformation (FFT) (Cerna and Harvey, 2000), to generate the
phase shift and power spectrum amplitude maps.

In this study, the phase shift of the rPPG signal was computed at
the primary frequency, which is the maximum amplitude of the
frequency between [0.7, 2] Hz and converted into degrees.

These phase shifts and the highest power calculated from FFT
were converted into 2D heat maps and then used for result
comparisons at the end of this study. At the final stage of this
study, the correlation map drawn between the reference signal and
local signals was also compared with the power spectrum amplitude
map and phase shift map, providing an integrative view of the signal
processing and analysis outcomes.

2.3 System evaluation

The PPG signal enhancement process begins with local signal
filtering, leveraging an 18% gray card to measure system noise and
adopting a 5 × 5 pixel binning strategy for optimal noise reduction
and detail preservation, shown in Figure 4. This method effectively

averages the central signal with 24 adjacent signals, smoothing out
the physiological signal and diminishing noise and artifacts. With
increasing the number of pixels for averaging, the square grid size
increases, and the average standard deviation across the whole ROI
decreases with increased grid size, as shown in Figure 5. From
Figure 5, an optimal grid size of 5 × 5 will be used to downsampling
the signals with the best balance of signal quality and the averaging
number of signals for the next step analysis in this study.

2.4 Cross-correlation

Cross-correlation assesses the similarity between two signals across
different time lags (Derrick and Thomas, 2004; Zucker, 2003). It
measures the strength and alignment of the signals by sliding one
signal over the other at different time shifts and computing the
correlation coefficient at each shift. This analysis reveals the presence
of any delayed or shifted similarities between the al and reference signals.
The highest value in the cross-correlation function at a specific time lag
indicates the alignment and synchronization of the two signals. This
information is particularly useful for identifying signal delays or
disturbances, which may impact the accuracy of local PPG signal lag
measurements. Equation 4 shows the cross-correlation calculation
between the reference signal (R(k)) and the local signal (Sij(k)):

Cij τ( ) � ∑N
k�1

R k( )pSij k + τ( ) (4)

where Cij(τ) is the cross-correlation value between the reference
signal R(k) and the local signal Sij(k) that has a lag τ. Sij(k + τ) is
the (k + τ )-th sample of the local signal Sij shifted by τ. N is the total
number of samples in the signal, and τ is the lag at which the
calculation is performed, which ranges from -N+1 to N-1. In this
study, each local signal will be cross-correlated with the reference
signal step by step across the whole signal length, generating a time
lag for the x-axis with twice the signal length, from -N to N. The
highest C-value represents the highest similarity between the
reference and local signals at certain step shifts. The
corresponding time shift of the local signal represents the PTT
for the signal propagation between the location of the local signal
and the reference signal. In this study, a positive lag calculated
indicates a leading reference signal appearing before the local signal,
and the local signal is lagged.

3 Results

A recap from the previously published result shown in Figure 6,
where a reference signal was selected with a clear pulse,
demonstrates the effectiveness of the reference signal selection
process. Figure 7 shows the correlation and cross-correlation
results between the down-sampled local signals and the reference
signal and the two distinct areas found in the correlation and cross-
correlation maps. To better understand the signals in the positively
and negatively correlated areas, we selected the top 10% of the
positively correlated and 10% of the most negatively correlated
signals. They are presented in Figures 7B, C, and their
corresponding averaged signals are plotted in Figure 8A. The

FIGURE 4
Grid with square size of 5 × 5 across the region of interest for 18%
gray card.

FIGURE 5
The average standard deviation of the whole area of interest.
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time shifts between these two averaged signals are calculated in
Table 1. The average absolute time shift between the average signals
in Figure 8A is 341.5 ms.

Figure 8B shows the previously selected reference signal and the
local reference signal for the negatively correlated area. In this study,
8 out of 10 subjects exhibited positively and negatively correlated
areas on their necks. This may be influenced by the location of the
reference measurement and the spatial relationship between the
carotid artery and the jugular vein. The box plot in Figure 9 shows
the mean pulse wave velocity for the carotid artery and jugular vein
are 2.07 ± 1.81 m/s and 1.99 ± 3.39 m/s, respectively.

The time shifts and phase shifts between the average signals
from the 10% most positively correlated and most negatively
correlated areas are calculated in degrees and shown in Table 1.
The average absolute time shift and phase difference are 341.5 ±
106.4 ms and 195.2° ± 48.75°, respectively. The t-test shows that the
phase difference calculated among the 10 subjects comes from a
distribution with a mean equal to 195.2° at a 0.05 significance level.

Interestingly, with an average pulse rate of 78 beats per minute, both
values correspond to approximately 51%–55% of a full pulse cycle.
Moreover, the sign of the time shift in Table 1 reflects the leading
status of the signal in the corresponding region. Since these two
distinct areas correspond to different vessels, there is an inherent
time shift between their signals. In the case of the carotid artery,
where blood flows from the heart to the brain, the signal in this vessel
should appear first. When cross-correlating the average signals from
the positively and negatively correlated areas, a positive time shift
indicates that the average signal in the positively correlated area
precedes the one in the negatively correlated area. This suggests that
the PWV calculated in the positively correlated area corresponds to
the carotid artery. In Table 1, a positive time shift indicates that the
average signal in the positively correlated area leads, potentially
representing the carotid artery. In this case, the calculated PWV in
the positively correlated area corresponds to the carotid artery PWV.

To test the sensitivity in blood vessel reflection, we compared
our results with two other methods: the power spectrum amplitude

FIGURE 6
Reference signal selected with the lowest overall evaluation index from the overall evaluation score (OS) map (Cao et al., 2023).

FIGURE 7
(A) The overlap image between ROI and correlationmap. (B) The 10%most positively correlated signals in (A). (C) The 10%most negatively correlated
signals in (A). (D) The time shift map is calculated using all local and reference signals in ms (Cao et al., 2023).
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map and the time shift map from FFT. The highest power in a power
spectrum corresponds to the dominant frequency component of a
signal, which not only corresponds to the dominant periodic activity
of the heart but also reflects the primary oscillatory pattern of the
arterial pulse. Meanwhile, the time shift map shows phase
information for signals in the frequency domain. Figures 10B, C

are created by obtaining the peak power spectrum amplitude and the
phase shift information for down-sampled signals with the same
frequency selection range of [0.7, 2] Hz, respectively. These two
maps are compared with Figure 10A, which is the correlation map in
Figure 7A, for neck vessel projection. As shown in Figure 10, two
distinct areas were observed in the time shift map but not the power
spectrum amplitude map. This indicates that the time shift map may
have higher sensitivity in detecting neck vessel distributions.

4 Discussion

In this study, 8 out of 10 subjects show distinct positively and
negatively correlated areas in the correlation maps. Specifically, the
correlation maps for all female subjects displayed a distinct pattern
of positive and negative correlated areas, while the findings were less
clear for some male subjects. These discrepancies may be attributed
to the stronger muscular system in the male neck, particularly the
sternocleidomastoid muscle, and the deeper location of the larger
vessels, which potentially attenuates the signal originating from the
carotid artery and jugular vein pulse. The discrepancy in ROI
selection and individual anatomy differences can also cause
inconsistent correlation results. Umaña et al. (2015) found that
about 41.1% of the observations show that the internal jugular vein
was significantly overlapped with a carotid artery on the left side of
the neck. The lateral position of the internal jugular vein was
approximately 26.5% on the left side of the neck (Umaña et al.,
2015). On the other hand, the small sample size for male participants

FIGURE 8
Average and reference signals for positively and negatively correlated areas. (A) The average signals for Figures 7B, C. (B) The reference signals for the
positively and negatively correlated areas.

TABLE 1 The time shift between the average signal from the high-correlated and the low-correlated area and the phase difference between the average
signal from the top 10% of the positively correlated and bottom 10% of the negatively correlated area.

Participant 1 2 3 4 5 6 7 8 9 10

Timeshift [ms] 421 −508 −218 277 −501 296 −199 −327 351 −320

Phase difference 190° 217° −157° 168° −276° 164° 256° 206° 220° −117°

Phase difference conversion 190° 217° 203° 168° 84° 164° 256° 206° 220° 243°

FIGURE 9
Box plot for pulse wave velocity calculated from the slope of the
scatter plot (not shown here) for the projected artery and vein on the
neck across ten subjects.
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(n = 5) limits the reliability of the observed correlation map patterns,
as the presence of two desirable results may be due to chance.
Increasing the sample size for male and female participants in future
studies would help mitigate the influence of individual cases and
provide a more robust validation of these findings.

For the correlation map, the degree of correlation, whether
positive or negative, can give insights into the distribution and
behavior of various biological signs of those from blood vessels. This
correlation reflects the distribution and behavior of various
biological signals associated with blood vessels. Areas exhibiting
high positive correlation suggest that the signals from these regions
strongly align with the reference, indicating similar physiological
factors or mechanisms likely influence them. Such areas may
represent blood vessels experiencing uniform biological
conditions, such as consistent blood flow or pressure patterns.
Conversely, negatively correlated areas reflect regions where the
signals deviate in opposite directions from the reference, suggesting
the influence of distinct biological factors. These areas might
correspond to vessels subjected to contrasting physiological states
or external influences, highlighting the heterogeneity in vascular
behavior and its relationship to the surrounding biological
environment. In addition, given that the pressure wave
propagates on the same vessel and counts for the maximum
physical distance of the neck measured in this study, which is
12 cm. Assuming a lower bond of carotid artery PWV of
5.25 m/s (Wang et al., 2015), the PTT for a pressure wave travel
along the neck should not exceed 23 ms. In our study, the average
time shift between low and high-correlated areas is approximately
341.5 ± 106.4 ms, which is much larger than the time for the same

pulse wave travel in the same vessel on the neck area. Given that the
selected ROI in this study has a maximum physical distance of
12 cm, it is unlikely that the positively and negatively correlated
areas correspond to the same pulse wave. This finding further
supports the idea that the negatively correlated area represents a
distinct vessel rather than the same arterial structure. Moreover,
when the pulse wave propagates through the same vessel, the time
shift remains small, and signals within the same vessel exhibit strong
positive correlations. In contrast, signals from different vessels
display opposite correlation patterns. As a result, regions of high
correlation correspond to areas with minimal time shift differences.
This pattern is consistent with the time shift map, where the local
signal and the reference signal in the same distinct area of Figure 7D
show a much smaller time shift difference.

In this study, the mean carotid pulse wave is recalculated as
2.07 ± 1.81 m/s, which is lower than the suggested value that local
carotid artery PWV is approximately 4–5 m/s measured with
ultrasound during the pilot studies (Li et al., 2013; Ramnarine
et al., 2003; Germanoska et al., 2018) or a population-based
clinical study that utilizes ultrasound (Yin et al., 2021). However,
the lower calculated PWV, the large variation in pulse wave
velocities (std = 1.81 m/s), and the exceedingly low linear
correlation coefficient (r2 < 0.1) may be due to signal distortion
caused by mechanical wave interference between the carotid artery
and the jugular vein. Prior studies suggested that more than 40% of
the time, the carotid artery and jugular vein beats are overlapped
(Pereira et al., 2015; Umaña et al., 2015). Moreover, it is worth to
mention that the chosen ROI can sometimes affect the reference
signal location significantly, which further affects the appearance of

FIGURE 10
Correlation map between all local signals on ROI with the selected reference signal (A). The phase shift map was calculated from FFT (B). Power
spectrum amplitude map with frequency domain of [0.7 2] Hz (C). This figure compares the sensitivity of 3 methods used for neck vessel detection.
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the correlation map and the selection of signals for PWV calculation.
However, as long as the chosen signal is of sufficient quality, the
results should remain consistent regardless of the exact reference
location. This highlights the method’s robustness and its potential
for generalizability across different signal source locations.

Additionally, the distance between the subject and the camera is
manually measured, and individual variations in body thickness and
hair coverage can impact the available ROI and the signals used for
analysis. These factors contribute to variability in the results across
subjects. Increasing the frame rate could help mitigate these
differences by reducing the required ROI size, allowing for a
more standardized selection across subjects, minimizing noise,
and improving overall measurement reliability.

Although the cross-correlation method used in PTT calculation
demonstrates a high sensitivity of 96.21%, it is also highly susceptible
to signal quality issues, such as artifacts and morphological
distortions (Karlen et al., 2012). This susceptibility can introduce
significant variability in PWV calculations derived from PTT,
resulting in a high standard deviation, as observed in Figure 9.
Moreover, as the pressure wave propagates from the heart to the
brain via the carotid artery and is returned to the heart via the
jugular vein, the pulse wave characteristics may differ even within
the same vessels. These differences arise due to variations in vascular
structure and pulsatile pressure flow, which can influence the
accuracy of PTT calculations.

The average jugular vein pulse wave velocity was calculated as
1.99 ± 3.39 m/s. Although this value is slightly higher than the
PWV range of 1.28 ± 0.42 m/s to 1.82 ± 0.72 m/s reported by
George et al. (George et al., 2023a), who used cPPG with threshold
and cross-correlation methods, our study exhibits a significantly
larger standard deviation. One possible reason for this increased
variability is the difference in measurement techniques, as George
et al. also reported a jugular vein PWV of 1.13 ± 0.30 m/s using
dual A-mode ultrasound (George et al., 2023b). Despite this
variation, both results consistently indicate that the jugular
vein PWV is lower than the widely accepted carotid artery
PWV (Yin et al., 2021). This finding suggests that rPPG can be
effectively used for jugular vein PWV measurement, even with a
lower frame rate.

When the heart pumps, a pressure wave propagates along the
carotid artery to the brain, delivering blood. Upon reaching the
brain, this wave reflects toward the heart through various vascular
pathways, including the jugular vein. This reflection generates
secondary pulse waves that interact with the primary wave. These
waves travel through distinct vessels with unique properties,
resulting in speed, amplitude, and phase variations. Therefore,
the methodology of finding reference signal for the correlation
map was juxtaposed with the amplitude map from the power
spectrum, possessing a frequency band cut-off between 0.7 Hz
and 2 Hz, and the time shift map calculated from FFT. As
shown in Figure 10C, the power spectrum amplitude map
demonstrates its ability to distinguish the distribution of neck
vessels, aligning with the areas identified in our study. However,
since Figure 10C focuses on areas with the highest amplitude of
signal power distribution, further analysis is required to understand
these regions and their corresponding vessels fully. Moreover, the
phase shift map yields less consistent results than the correlation and
power spectrum maps. While it reveals vessel distribution in some

participants, its sensitivity is notably lower than the other
two methods.

The average heart rate in this study ranged from 60 to 95 bpm
across the 10 subjects, with a mean of 78 bpm, equivalent to
1.3 pulses per second (Hz). The average full wave period is
approximately 769 ms. In this study, the average absolute phase
shift in Table 1 is 195.2° ± 48.75°, and it represents approximately
54.2% of the full pulse period at an average pulse rate of 78 bpm,
which represents a time difference between the two pressure waves
of 415 ± 104 ms. Compared to the time shift in Table 1, where the
average time difference between the two averaged signals is 341.5 ±
106.4 ms, it represents 44.4% of an average full-cycle heat rate. The
difference between the two calculations is about 9.8%. This
difference may be caused by how they are calculated and the
method’s sensitivity to the signal quality. The results also suggest
the existence of a threshold phase difference between the positively
and negatively correlated areas. If these areas represent the carotid
artery and jugular vein, this threshold phase shift could be a
potential marker for predicting blood flow status during pulse
wave propagation between the two vessels. A phase shift within
the threshold range may indicate normal pulse wave propagation,
while a shift beyond this threshold could signal abnormal blood
flow dynamics.

5 Limitations and future work

The selection of the reference signal based on signal peak
variation may pose limitations for patients experiencing
premature ventricular contractions (PVC), a cardiac arrhythmia
characterized by irregular heartbeats originating from the ventricles
that have a prevalence of 40%–70% of the population in a Holter
study (Ahn, 2013). These abnormal electrical impulses trigger
premature contractions or depolarizations that disrupt the
regular heartbeat cycle. Consequently, these PVCs manifest as
skipped heartbeats accompanied by delayed and high-amplitude
pulses, rendering the reference signal based on peak variation less
effective for such patients. The distance between two signals was
calculated with vertical distance, which increases distance variation
when vessels do not travel vertically. Moreover, the work distance
between the neck and camera was manually measured, which
increases the uncertainty of the distance used for PWV calculation.

Future work needs to overcome the overlap of PPG and ECG
signals for pulse wave validation. Ultrasound with Doppler
Anemometry will be needed to validate the positions and PWV
of vessels under selected areas and help study the distorted signals
and correlation map. As for Figure 7A, even though the areas with
positive and negative correlations are successfully detected, the
correlation gradient—the rate at which the correlation values
change between these areas—is hardly recognizable. This
limitation arises from the resolution of the signal, which is
constrained by the current frame rate. A higher frame rate might
improve the resolution and allow for better visualization of the time
shift change, making distinguishing the transitions between areas of
varying correlation easier. Moreover, a higher frame rate, such as
3000–5000 fps, can improve signal detection within a much shorter
pulse transit distance, create a pulse transit timemap, allow a smaller
ROI for all subjects, and increase data collection and analysis
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robustness. The results can also be improved with better signal-to-
noise ratio and signal quality, such as by analyzing the signal’s
spectral entropy or applying the dynamic time wrapping method to
extract each pulse that matches a running template for signal quality
assessment (Pereira et al., 2020).

It is a preliminary study, requiring further experiments with
more participants. A more rigorous and objective approach to ROI
selection is required. It can be based, for example, on referencing
some anatomical features (e.g., earlobe).

6 Conclusion

This study developed a non-contact method that detects pulse wave
velocity distribution in the neck vessel using the rPPG method with a
high-speed camera. The proposed approach can benefit clinical
screening by identifying individuals at high risk of developing CVD.
It is a novel method tomonitor the neck area to detect the carotid artery
and jugular vein, which shows promising potential for simultaneous
PWV estimation for the neck vessels. This study successfully developed
an rPPG system for pulse wave detection and PWV calculation. The
results show that the rPPG technique can be used to visualize the major
neck vessel distribution and potentially for carotid artery PWV
calculation. However, the local PWV found in this study for the
carotid artery is lower than previously published local carotid
PWV measurements. Hence, the sensitivity and accuracy of the
current method need to be verified and validated using cPPG and
US. This non-contact method enhances patient comfort and holds
promise for wider clinical use. Over time, remotely estimating
PWV through rPPG could play a crucial role in the early detection
and risk assessment of cardiovascular disease (CVD), offering a
more accessible and preventative approach to managing long-term
cardiovascular health.
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