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Abstract—Background: Wave separation analysis (WSA)
performed at the common carotid artery (CCA) reveals in-
sights into cerebral vascular pathophysiology; however,
the conventional WSA (WSAREF) necessitates the availabil-
ity of both pressure and flow waveforms measured from
the same arterial site. Objective: We propose a method
for performing WSA at CCA using a single pulse wave-
form (WSAm-RAY), by modelling the shape of the CCA flow
using multi-Rayleigh curves. The WSAm-RAY reduces the
measurement complexity, by modelling the flow waveform
shape, targeted at scenarios with limited resources, where
comprehensive equipment, specialized personnel and hos-
pital settings are often lacking. The modelled flow was
compared with the measured flow for accuracy in mod-
elling the flow morphology. The performance of WSAm-RAY

was evaluated by comparing the reflection quantification
indices derived from WSAREF and WSAm-RAY. Methods:
WSAm-RAY employs weighted and shifted multi-Rayleigh
functions, time-optimized for characteristic flow peaks in
the early and late systolic phase of the CCA flow waveform.
The reliability of the modelled flow and performance of
WSAm-RAY were validated on 70 (28 female) participants
(age: 20 to 51 years). Continuous recording of CCA flow
velocity and diameter waveforms were recorded from the
participants. Results: The root-mean-squared-error in for-
ward and backward pressure waves was 2.18 ± 0.97 mmHg
(∼ 2.5% of the average mean arterial pressure of the study
participants). A statistically significant and strong corre-
lation (r > 0.76, p < 0.001) was observed among reflec-
tion quantification indices from WSAREF and WSAm-RAY.
Conclusion: WSAm-RAY potentially expands the scope of
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vascular screenings using a single pulse measurement tar-
geting resource constrained settings.

Index Terms—Arterial pressure, blood flow, carotid, re-
flection magnitude, wave separation analysis.

I. INTRODUCTION

THE common carotid artery (CCA) is one the widely pre-
ferred sites for recording non-invasive pulse waves due

to its easily accessible location, proximity to the aorta, and
superficial nature. These advantages make it a convenient site for
non-invasive measurement of large artery stiffness and central
blood pressure (BP) [1]. The carotid pressure has been used
as a surrogate for ascending aortic pressure for studies related
to vascular ageing, pregnancy-associated hypertension [2], and
therapeutic goals for anti-hypertension treatments [3].

At any arterial site, the measured pulse waves com-
prise forward-traveling waves and their reflections (and re-
reflections). The pulse wave reflection is a natural phenomenon
resulting from the mismatch in impedances encountered by the
forward-traveling wave due to the inherent heterogeneity of the
vasculature [4]. However, increased or abnormal wave reflec-
tions are observed to be associated with the pathophysiology of
increased systolic BP and altered ventricular dynamics, which
results in increased cardiac afterload [5] and end-organ damage
[6].

Separation of forward and reflected waves is essential to
quantify the pulse wave reflection and is accomplished by tech-
niques such as wave separation analysis (WSA) [7] and wave
intensity analysis (WIA) [8]. Both of which requires pressure
along with flow waveform measured from the aorta. However,
the simultaneous measurement of pressure along with the flow
is practically challenging, which requires special arrangements
on ultrasound or Magnetic Resonance Imaging systems with
integrated pressure sensors. The WSA can also be evaluated di-
rectly from diameter waveform [9], [10], [11], without additional
conversion to pressure waveform, thus eliminating uncertainty
due to the pressure calibration. Nevertheless, both the approach
requires additional flow measured from the same arterial site to
perform WSA, which limits the applicability of WSA only to
hospital settings. Subsequently, independent researchers intro-
duced pressure-only WSA or WSA using single pulse waveform.
These approaches use carotid pressure waves obtained through
tonometry-calibrated or diameter-calibrated pulse waveforms or
modelled pressure waves through generalized transfer functions
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as substitutes for aortic pressure. Additionally, they assume a
flow shape model for aortic flow [12], [13], [14], [15], [16],
[17] to implement aortic WSA. These approaches are proven to
reduce the measurement complexity without compromising the
clinical utility of WSA.

In contrast to aortic WSA, recent cross-sectional and prospec-
tive studies [18], [19], [20], [21], [22] suggest a potential link
between upper body arterial phenotype and cerebral microvascu-
lar diseases leading to Alzheimer’s disease, vascular dementia,
and normal pressure hydrocephalus [23]. The underlying vas-
cular pathophysiology behind these conditions is related to the
strength of the pulse waves induced in the craniospinal cavity
by the upper body vasculature [23]. Notably, the upper body
flow waveforms are inherently different from those observed in
ascending aorta or lower body arteries. The CCA flow waveform
is triphasic, with distinguishable peaks in early, late systolic,
and diastolic phases, which are absent in the aortic flow [22].
Recent studies that perform WSA on carotid pressure and flow
waveforms were able to anticipate the onset of mild cognitive
impairment over a decade before clinical diagnosis [24]. Simi-
larly, age-related changes in carotid artery flow waveforms were
quantified and were observed to have possible implications with
cerebral microvascular diseases [21], [22].

In addition to carotid WSA, the WIA on carotid pressure
and flow waveforms has paved the way for various physiologic
perturbation studies in healthy and diseased populations relating
to cardiac and cerebral hemodynamics [10], [11], [25]. The
WIA applied to the carotid artery has identified intensity peaks
associated with the pathophysiology of the cerebral vasculature
and depicts peaks in the mid-systolic phase that are generally
absent in the WIA obtained from ascending aorta [26]. Con-
sequently, assessing carotid wave reflections would potentially
provide clinical usefulness to the changes in cerebral vasculature
and ventriculoarterial interaction. However, due to the tri-phasic
nature of the CCA flow waveform, which is inherently different
from the aorta, a direct adaptation of existing pressure-only
WSA methods [12], [13], [14], [15], [16], [17], which assume
an ideal aortic flow waveform, is hindered. Therefore, there is
a need for modelling the CCA artery flow waveform physio-
logically as close to the measured flow, such that it reduces the
measurement complexity for applying WSA at CCA.

In this work, we propose a simplified pressure-only WSA for
CCA. The method involves modelling the shape of CCA flow
waveform using weighted and shifted multi-Rayleigh functions
that mimic the characteristic peaks of CCA flow. The required
characteristics of the CCA flow shape are identified using pulse
wave analysis of the CCA pressure waveform. The WSA using
the multi-Rayleigh flow model (WSAm-RAY) is implemented us-
ing the measured/derived pressure waveform and modelled flow
shape to quantify the magnitude of wave reflection and its arrival
time. The validation strategy involves comparing the modelled
flow with the measured flow for its accuracy and correspondence
of the flow shape in both time domain and frequency domain
matrices and evaluating the performance of the WSAm-RAY by
comparing the reflection quantification indices with those from
conventional WSA (WSAREF, which uses measured flow). An
in-vivo study was conducted on 70 healthy human participants

aged 20–51 years to validate the study objectives. The following
section of the manuscript describes the construction of the
flow morphology and the theory of WSAm-RAY, followed by
the study design, data collection and statistical analysis. The
subsequent sections discuss the major observations, limitations,
and future research directions.

II. MATERIALS AND METHODS

A. Construction of Multi-Rayleigh Flow Shape
Approximation for CCA Flow

The triphasic CCA flow includes the early systolic flow peak,
late systolic flow peak and diastolic flow peak, with a non-zero
end-diastolic flow rate. However, for WSA, the systolic phase
of the flow, with its pulsatile amplitude, is more relevant than
the diastolic phase and the end-diastolic flow. Therefore, the
modelling of flow shape using the multi-Rayleigh functions is
limited only to the systolic phase of the pulse waveform. An
illustration of the features of the CCA flow waveform is depicted
in the supplementary Fig. 1.

The Rayleigh functions are a skewed form of Gaussian
functions, with only one model parameter (σ). The Rayleigh
functions offer the flexibility to modulate the steepness of its
upslope and downslope using a single parameter, as opposed to
multiple parameters while using Gaussians [27] and Log-normal
[15]. The Rayleigh functions also offer a smoother morphology
than triangular approximations [12]. The construction of the
flow model assumes that any effect of pulse wave reflection
on the flow morphology, would manifest in the pressure, due to
their close coupling, therefore, derived features from pressure
waveform – healthy or disease are used to construct the flow
shape model. The steep upslope and gradual downslope of a
Rayleigh function have similarities with the morphology of CCA
flow waveforms. This feature of Rayleigh functions was ex-
plored as a basis for modelling flow waveforms. Fig. 1 describes
the construction of the multi-Rayleigh flow waveform using
pulse waveform analysis of the pressure waveform. The pressure
waveform can be obtained non-invasively as a tonometry pulse
waveform linearly calibrated with brachial BP or a diameter
waveform non-linearly scaled to pressure and calibrated with
brachial BP.

The shape of the flow waveform is modelled as a sum of
weighted and shifted Rayleigh functions for the early systolic
phase and late systolic phase as described in (1) and (2).

Qm−RAY (t) |ES =

M∑

i=1

t

σ2
i

e(−t2/2σ2
i ); 0 ≤ t ≤ tSBP (1)

Qm−RAY (t) |LS =

N∑

j=1

t

σ2
j

e(−t2/2σ2
j ); tSBP ≤ t ≤ tED (2)

Where, Qm−RAY(t)|ES is the modelled flow waveform shape
for the early systolic phase and Qm−RAY(t)|LS is the modelled
flow waveform shape for the late systolic phase, σi, σj are the
model design parameters obtained by optimization of objective
functions F1 and F2 as described in (3) and (4). The tSBP is the
time instant at which the pressure reaches systolic blood pressure
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Fig. 1. Construction of multi-rayleigh flow model Qm-RAY(t) (a) carotid
pressure waveform P(t), with its fiducial points identified, from which
modelled flow shape waveform is constructed, (b) second derivative
of pressure waveform used for the pulse wave analysis to identify the
fiducial points (c) modelled multi-rayleigh flow waveform.

(SBP), and tED is the ejection duration of the pulse wave. The
ejection duration is the time taken from the opening of the aortic
valve to the closing of the valve. M and N are the maximum
number of Rayleigh functions used for optimization.

The objective functions F1 and F2 obtain the model design
parameters (σi, σj), such that it minimizes the error between
the estimated and modelled time instants of the early and late
systolic peaks of the CCA flow waveform. The estimated time
instants (tES) and (tLS) are obtained from the zero-crossings of
the 2nd derivative of pressure waveform, as illustrated in Fig. 1.

F1 = min ||T(Qm−RAY (t) |ES Peak)− tES|| (3)

F2 = min ||T(Qm−RAY (t) |LS Peak)− tLS|| (4)

where, T(Qm−RAY(t)|ES Peak) is the time instant of the early
systolic flow peak andT(Qm−RAY(t)|ES Peak) is the time instant
of the late systolic flow peak from the modelled flow. The
error threshold for F1 and F2 to converge the optimization is
rationally set to 2 ms (∼0.25% of the average heart rate of the
study population) or reaching the maximum number of Rayleigh
functions to be used as in M and N of (1) and (2). They are set to
a limit of 5, as in most cases, the convergence was obtained well
within the maximum range. The amplitude ratio (ALS/AES) of

modelled flow is obtained from the statistical regression model,
derived from its association with the augmentation index of
pressure waveform [22]. The details of the statistical model are
described in the supplementary section. The augmentation index
is computed using pulse wave analysis from the higher derivative
waveforms of the pressure waveform [28]. The amplitude of the
modelled flow shape is normalized to 1 A.U. (Arbitrary Unit),
as illustrated in Fig. 1. However, for the computation of charac-
teristic impedance, the amplitude of modelled flow is scaled to
measured peak flow magnitude. This scaling to measured flow
peak serves only for graphical illustration purpose and in no
means a necessary step for WSA.

B. Wave Separation Analysis

The WSA combines the pressure-flow relationship from water
hammer theory with transmission line circuit analogy to obtain
expressions for forward and backward pressure waveforms as in
(5) and (6) [7].

PF (t) =
1

2
(P (t) + ZC ×Q(t)) (5)

PB (t) =
1

2
(P (t)− ZC ×Q(t)) (6)

where, PF(t) and PB(t) are the forward and backward pressure
waveform, respectively, and Q(t) is the flow waveform, mea-
sured or modelled. P(t) is the measured or calibrated pressure
waveform. The ZC is the characteristic impedance of the arterial
segment from which P(t) and Q(t) are obtained. For WSA, based
on the (5) and (6), the product ZC ×Q(t) becomes ratio metric,
i.e., ZC assumes an arbitrary unit, for a normalized Q(t), however
the productZC ×Q(t) gets preserved. This enables to model the
shape of the flow waveform and use it as a substitute of measured
flow to perform WSA.

The reflection quantification indices calculated from PF(t) and
PB(t) includes – pulse pressure of forward and backward wave
in mmHg (ΔPF, ΔPB), mean values (mean PF, mean PB) their
ratio (mean PB/mean PF) as %, Reflection Magnitude (RM) as
a ratio of ΔPB to ΔPF, Reflection Index (RI) as a ratio of ΔPB

to sum of ΔPF and ΔPB, as %, and Reflection Wave Transit
Time (RWTT), as the temporal difference between forward and
backward wave, defined as in [30].

C. Instruments Used for Data Collection

Any pulse waveform recording modality – diameter from
ultrasound scans, tonometry, photoplethysmogram can be used
to obtain the required arterial pulse waveform from CCA. In this
study, the pressure waveform required for performing the WSA
and for deriving the modelled flow was obtained non-invasively
from the CCA diameter waveform, which is scaled non-linearly
and calibrated with mean arterial pressure (MAP) and diastolic
blood pressure (DBP) obtained from brachial artery [33]. The
required diameter waveforms from CCA were recorded using
an in-house developed ARTSENS device [31]. The ARTSENS
consists of a custom-made focused ultrasound transducer probe
(center frequency: 5 MHz, diameter: 5 mm, spatial angle<1.3o),
acquisition hardware and recording software. Details on the
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Fig. 2. Software architecture illustrating the major algorithms and signal processing steps involved as part of the data processing and analysis. .

hardware and software architecture of ARTSENS are referred
elsewhere [31] and to Supplementary Section. The recorded
ultrasound A-mode echo signals from the vessel walls of the
left CCA were identified and tracked frame-to-frame using pre-
viously validated algorithms [32] to derive continuous diameter
waveforms (frame rate: 500 Hz, tracking resolution: 10 µm).

The measured flow required to implement the WSAREF was
obtained from Doppler ultrasonography-based blood flow veloc-
ity waveforms recorded using a clinical-grade ultrasound imag-
ing system (Sonix Touch+, BK Medical). The imaging system
consists of a linear array probe (center frequency: 10 MHz, pitch:
0.3 mm, depth: 4 cm). The duplex mode (frame rate: 60 Hz) with
pulsed wave Doppler was utilized to record continuous flow
velocity waveforms as a video file. The required measured flow
is obtained by combining the diameter waveform information
obtained from ARTSENS with flow velocity obtained from the
Doppler sonography.

D. Study Design and Protocol

A cross-sectional study was conducted on 70 healthy human
participants (28 females) aged from 20 years to 51 years. The
study protocol was approved by the institute ethics committee
of the Indian Institute of Technology Madras, Chennai, India
(IEC/2021-01/JJ/07). The participants were informed of the
study objectives. A written consent form was collected from the
participants on their voluntary participation. The study protocol
and data collection adhere to the latest principles and guidelines
of the Declaration of Helsinki for medical research involving
human subjects, as revised in 2013.

The study was conducted in a temperature-regulated room
(∼ 25 oC), where the participants were asked to lie supine
for twenty minutes. After five minutes of the rest phase in
the supine posture, brachial cuffs were wound on the left arm,
followed by brachial BP measurement using an oscillometery
device (Model:247, SunTech Medical, USA). The brachial BP
measurements were recorded three times, and an average BP
was used for further analysis. For the CCA flow velocity mea-
surements, the linear array probe of the ultrasound imaging
system was positioned and oriented on the neck region of the

participants to obtain a clear image of the CCA in the longi-
tudinal section. Appropriate gate width (∼ 1/3rd of the lumen
diameter) was configured to measure the Doppler flow velocity
of the blood flow. The Duplex mode of the imaging system
records the flow velocity waveforms for thirty seconds as a video
file.

For measurements using ARTSENS, the neck region was
palpated to identify the artery’s location. The A-mode ultrasound
probe was positioned around the identified region and oriented
until strong echo amplitudes from the CCA artery walls were
obtained. Continuous echo signals obtained from the vessel
wall were recorded for thirty seconds and saved for further
offline processing. Multiple measurements of thirty seconds
were obtained to select the best-quality waveforms for analysis.
Both the measurements were obtained in a sequential manner.
Refer to supplementary Fig. 2 for study photos.

E. Data Processing

Fig. 2 illustrates an overview of the algorithm and signal
processing steps involved with the data processing. The digitized
ultrasound echo signals obtained from the CCA were processed
to identify the vessel walls, and tracked frame to frame using pre-
viously validated algorithms [32] to obtain the diameter wave-
form in mm. The diameter waveform was scaled non-linearly
based on the exponential pressure-diameter relationships and
calibrated with brachial DBP and MAP to obtain carotid pressure
waveform P(t) in mmHg as in (7).

P (t) = DBP× e
β
(

D(t)
DD

−1
)

(7)

where, D(t) is the diameter waveform, DD is the end-diastolic
diameter, β is the stiffness index, which is iteratively optimized,
such that the mean value of P(t) becomes equal to brachial MAP
[33].

The Duplex mode video files with flow velocity waveforms
(in cm/s) were processed using open-sourced software written
in MATLAB [34]. The obtained time series waveform was
calibrated with the on-screen axis to equivalent units in pix-
els. The measured flow waveform in ml/s was obtained as a
product of flow velocity waveform with the cross-sectional area
waveform of the CCA. Ten continuous cycles were used to
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TABLE I
STUDY PARTICIPANTS DEMOGRAPHY

obtain a time-averaged mean pulse waveform for pressure and
measured flow for WSA. Both the waveforms were time-aligned
with respect to dicrotic notch of pressure waveform and ejection
duration of the measured flow.

The calibrated pressure waveform and measured flow were
filtered using a zero-phase Butterworth low pass filter (order:
2, cut-off frequency: 15 Hz). The study participants were clas-
sified into Type-A, Type-B and Type-C waveforms based on
the augmentation index calculated from the higher derivatives
of the pressure waveform [28]. Estimated time instants of early
systolic peak and late systolic peak were calculated from the
zero-crossing of 2nd derivative waveform, as illustrated in Fig. 1.
For WSAREF, the pressure waveform and measured flow were
converted into their frequency domain equivalent to compute
the input impedance spectrum as P(jω)/QREF(jω), and ZC was
estimated as an average from 4th to 10th harmonics of the input
impedance spectrum [29]. The same procedure was applied to
WSAm-RAY. Respective PF(t) and PB(t) from WSAREF and
WSAm-RAY were evaluated using (5) and (6).

F. Statistical Analysis

The accuracy of the modelled flow waveform, derived PF(t),
PB(t) and the error in defining the time instants of the char-
acteristic peaks of the flow waveform were reported as the
root-mean-square-error (RMSE). The group average values of
reflection quantification indices were reported as their mean ±
standard deviation. The agreement among the reflection quan-
tification indices obtained from WSAREF and WSAm-RAY were
evaluated using linear regression, Pearson’s correlation, and
Bland-Altman Analysis. The Pearson correlation coefficient was
reported as r-value, and the level of significance (α) of 0.05 was
applied to all parametric tests. A p-valve < 0.05 was considered
statistically significant for all the parametric tests. All statistical
analyses were performed using Graph Pad Prism 9 statistical
software package.

III. RESULTS

A. Participants Demography

A detailed description of the participant’s demography is
highlighted in Table I. The Body Mass Index (BMI) of the par-
ticipants ranged from 15.6 kg/m2 to 36.4 kg/m2. The participants
with age>40 had higher values of BMI, higher brachial SBP and
DBP, and higher central SBP and DBP (p < 0.05). All women

participants were premenopausal and non-pregnant. None of the
participants were under any prescribed medications during the
study period.

B. Reliability of the Signals

The ultrasound signal echoes from CCA obtained from the
ARTSENS had a Signal-to-Noise ratio of 20 dB, with a dis-
tension tracking resolution of 10 µm. The diameter waveform
was obtained at a frame rate of 500 Hz. The mean end-diastolic
diameter (DD) was 5.53 ± 0.90 mm, and the mean distention
(ΔD) was 0.56 ± 0.14 mm among the study participants.

The video files of blood flow velocity waveforms from CCA
obtained using the pulsed wave Doppler were converted to time
series waveforms and up sampled to 500 Hz. The flow velocity
waveforms have reliably captured the early systolic and late
systolic peaks of the CCA blood flow waveform. The mean
peak systolic flow velocity and flow rate values were 56.76
± 13.93 cm/s and 14.02 ± 5.60 ml/s, respectively. Refer to
supplementary Fig. 3 for sample waveforms of diameter and
measured flow.

C. Accuracy of the Modelled Flow Shape and
Agreement in Characteristic Impedance

Fig. 3(a)–(c) compares the modelled flow with measured flow
waveform. The RMSE in the morphology of modelled flow with
the measured flow was 0.20 A.U. The RMSE in estimation of
the amplitude ratio was 0.09 A.U, which is the error associated
with the shape of late systolic flow peak. The early systolic
flow peak is always scaled to 1. The RMSE in the time instants
of the early systolic peak was 16.75 ms (∼ 2% of the average
cardiac cycle length of the study participants), and of the late
systolic peak was 26.76 ms (∼ 3.3% of the average cardiac
cycle length of the study participants). In frequency domain
analysis, the correspondence between the magnitude spectrum
harmonics of the modelled flow and measured flow up to 15 Hz
has a statistically significant and strong correlation of (mean r =
0.95, p < 0.001), highlighting the agreement between modelled
and measured flow. The ZC estimated using Qm-RAY(jω) and
QREF(jω) reveals a statistically significant strong correlation
(r = 0.90, p < 0.001) as depicted in Fig. 4(a). Bland-Altman
Analysis reveals insignificant bias and a dispersed plot, as shown
in Fig. 4(d), highlighting no systematic progression of errors.

D. Forward-Backward Pressure Wave Separation

Fig. 3(d)–(f) illustrates PF(t) and PB(t) derived from WSAREF

and WSAm-RAY for Type-A, Type-B and Type-C participants.
The RMSE in PF(t) and PB(t) was 2.18 ± 0.97 mmHg
(∼ 2.5% of the average MAP of the study participants).
The group average ΔPF REF, and ΔPF m-RAY were 25.61
± 5.04 mmHg and 25.27 ± 5.35 mmHg, respectively. Sim-
ilarly, the group average ΔPB REF, and ΔPB m-RAY were
12.05 ± 3.16 mmHg and 12.97 ± 3.22 mmHg, respec-
tively. Fig. 4(b)–(c) and (e)–(f) depicts the regression and
Bland-Altman analysis for ΔPF, ΔPB obtained from WSAREF

and WSAm-RAY. Statistically significant and strong correlations
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Fig. 3. Comparison of multi-rayleigh modelled flow-shape waveform with the reference waveform, both normalized to 1 (a) for a type-A waveform,
(b) for a type-B waveform, (c) for a Type-C waveform. Comparison of forward and backward pressure waveform obtained from WSAREF and
WSAm-RAY (d) for a type-A waveform, (e) for a type-B waveform, (f) for a type-C waveform.

Fig. 4. (a)–(c) Regression analysis of ZC, ΔPF, ΔPB obtained from WSAREF and WSAm-RAY with their respective pearson correlation
coefficient, (d)–(f) bland altman analysis of ZC, ΔPF, ΔPB obtained from WSAREF and WSAm-RAY with their respective bias and limits of
agreement.

were observed between ΔPF REF, and ΔPF m-RAY (r = 0.90,
p < 0.001) and between ΔPB REF, and ΔPB m-RAY (r = 0.82,
p < 0.001). The bias between ΔPF REF, and ΔPF m-RAY was
0.33 ± 2.37 mmHg (p = 0.35), and between ΔPB REF, and
ΔPB m-RAY was -0.91 ± 1.97 mmHg (p = 0.04).

Fig. 5(a)–(b) and (d)–(e) depicts the regression and Bland-
Altman analysis for mean PF and mean PB obtained from
WSAREF and WSAm-RAY. Similar to the results of pulse pres-
sures, a statistically significant and strong correlations were
observed between mean PF REF, and mean PF m-RAY (r = 0.99,

Authorized licensed use limited to: Norges Teknisk-Naturvitenskapelige Universitet. Downloaded on April 29,2025 at 09:46:09 UTC from IEEE Xplore.  Restrictions apply. 



MANOJ et al.: CAROTID PRESSURE WAVE SEPARATION ANALYSIS USING MULTI-RAYLEIGH FLOW MODEL 1631

Fig. 5. (a)–(c) Regression analysis of mean PF, mean PB, mean PB/mean PF obtained from WSAREF and WSAm-RAY with their respective
Pearson correlation coefficient, (d)–(f) bland altman analysis of mean PF, mean PB, mean PB/mean PF obtained from WSAREF and WSAm-RAY.

p < 0.001) and between mean PB REF, and mean PB m-RAY (r
= 0.79, p < 0.001). The bias between mean PF REF, and mean
PF m-RAY was 0.11 ± 0.79 mmHg and between mean PB REF,
and mean PB m-RAY was -0.41 brk ± 0.70 mmHg.

E. Performance Evaluation Based on Reflection
Quantification

The group average values for RMm-RAY, RIm-RAY and
RWTTm-RAY were 0.54 ± 0.14, 34.86 ± 5.89%, and 75.54 ±
11.31 ms respectively. Whereas the group average values for
RMREF, RIREF and RWTTREF were 0.50 ± 0.13, 31.99 ±
5.69%, and 67.70 ± 15.54 ms respectively. Fig. 6 depicts the
regression and Bland-Altman analysis between reflection quan-
tification indices (RM, RI and RWTT) obtained from WSAREF

and WSAm-RAY. A moderately strong and statistically signif-
icant correlation between RMm-RAY and RMREF (r = 0.81,
p < 0.001), RIm-RAY and RIREF (r = 0.80, p < 0.001), and
RWTTm-RAY and RWTTREF (r = 0.76, p < 0.001) was ob-
served. Fig. 5(c) and (f) reveals the correlation and bland-Altman
analysis for the ratio of mean PB to mean PF obtained from
WSAREF and WSAm-RAY. Statistically significant correlation
(r = 0.81, p < 0.001) with bias of -0.5% was observed. Bland-
Altman analysis for all the reflection quantification indices
revealed a scattered plot, indicative of no systematic progression
of errors.

IV. DISCUSSION

The CCA flow waveform consists of more than one flow peak
in the systolic phase, one peak in the diastolic phase, and a

non-zero flow after the ejection duration. The CCA flow is dis-
tinguishably different from the ascending aortic flow waveform.
The tri-phasic nature of CCA flow is mainly attributed to the
pulse wave reflections from the cerebral vasculature and reflec-
tion waves from the lower body. The early systolic flow peak
is predominantly influenced by wave reflections from cerebral
circulation, and the late systolic flow peak is influenced by wave
reflections from the lower body [22].

Recent studies [18], [19], [20], [21], [22] have indicated a
possible connection between the arterial phenotypes of the upper
body and the development of cerebral microvascular diseases.
The underlying vascular pathophysiology behind cerebral mi-
crovascular diseases is related to the strength of the pulse waves
induced in the craniospinal cavity by the upper body vascula-
ture [23]. Increased wave reflections from cerebral circulation
increase the pulse pressure in the carotid artery and decrease
the flow into the brain [4]. Therefore, it is essential to model
the early and late systolic flow peaks for reliable quantification
of wave reflection using WSA at CCA. Although there have
been several attempts to develop simplified approaches to WSA
[12], [13], [14], [15], [16], [17], all of them were limited to
the aortic site alone. The distinguishable differences in the
flow waveform morphology between the aorta and CCA limit
the applicability of the above approaches for carotid WSA.
The proposed approach enables simplified WSA using a single
pulse waveform measurement such as diameter scaled pressure
waveform or tonometer pulse-scaled pressure waveform from
easily accessible measurement sites without the requirement of
additional flow measurement.

In our approach, we derive the characteristics of the CCA flow
waveform from higher derivative fiducial points of the pressure
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Fig. 6. (a)–(c) Regression analysis of RM, RI and RWTT obtained from WSAREF and WSAm-RAY with their respective pearson correlation
coefficient, (d)-(f) bland altman analysis of RM, RI and RWTT obtained from WSAREF and WSAm-RAY with their respective bias and limits of
agreement.

waveform. The pulse wave analysis is a reliable approach for
the identification of fiducial points of the pressure waveform
through its derivatives that have an association with the flow
waveform and pulse wave reflections. The pressure and flow
are coupled inherently through impedance, and any mismatch
in the impedance of the arterial network would simultaneously
have effects on both the wave shape of pressure and flow. This
coupling between pressure and flow is advantageous for devel-
oping simplified models of flow for WSA. The amplitude ratio
of the flow peaks (ALS/AES) in the systolic phase of CCA flow is
strongly correlated and associated with the augmentation index
of the pressure waveform [22]. From our supplementary analysis
(refer to supplementary Fig. 4) performed on 4374 in-silico
virtual subjects [35], it was observed that the ALS/AES exhibited
an exponential relationship with augmentation index and with
a statistically significant and strong correlation (r = 0.70, p <
0.001), consistent with the observations previously reported for
286 in-vivo study participants [22]. The pressure augmentation
index is calculated from the carotid pressure waveform based
on the identification of inflection or shoulder point from higher
derivatives [28], [30]. Accordingly, the waveform is classified
as Type-A, Type-B or Type-C. The virtual subjects dataset used
to arrive at the exponential model consists of the age group 25 to
75 years, with a proportional spread of all types of waveforms.
Additionally, we observed the time instants of zero-crossing
of the second derivative waveform of pressure waveform, as
illustrated in Fig. 1, were associated with the time instants of the
flow waveform peaks. The construction of the modelled flow
involves estimating the time instants of early systolic flow peak

and late systolic flow peak from the pulse contours of the pres-
sure waveform. These estimations serve as indirect substitutes
for the actual measurements. To validate these estimates derived
from the 2nd derivative waveform of pressure waveform, we
compared them with the actual measurements of time instants
of flow peaks using on 4374 in-silico virtual subjects [35] and
the results are depicted in the Supplementary Section (refer to
supplementary Fig. 5). The absolute difference in mean values
between the true time instant of the early systolic flow peak
(0.0593 s) and estimated time instant (0.0599 s) was < 1%
(p = 0.002). Similarly, the difference in mean values between
the true time instant of the late systolic flow peak (0.194 s)
and estimated time instant (0.180 s) was < 7.5% (p < 0.001).
Given the significance of the early systolic peak in WSA, the low
absolute error and overall agreement in the range of values and
mean differences support using these derived estimates for flow
modelling. Our approach for flow shape modelling is grounded
in the underlying relationship between the pulse contours of
actual carotid flow and the pressure waveform, explored as the
amplitude ratio (ALS/AES) and estimated time instants (tLS and
tES).

In WSA, the product ZC ×Q(t) becomes ratio metric, i.e.,
ZC assumes an arbitrary unit, for a normalized Q(t), preserving
the product ZC ×Q(t). This property allows for techniques to
model the flow waveform shape, which can then serve as a
substitute for measured flow data in WSA and obtain forward
and backward pressure waveforms. The WSAm-RAY reduces
the measurement complexity by modelling the flow wave-
form shape, targeted at scenarios with limited resources, where
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comprehensive equipment and specialized personnel are often
lacking, especially serves its purpose outside of a hospital set-
ting.

In this in-vivo study, the performance of WSAm-RAY was
evaluated by comparing the correlation coefficient between re-
flection quantification indices (ΔPF, ΔPB, mean PF, mean PB

RM, RI, RWTT) derived from WSAREF and WSAm-RAY (r >
0.76, p< 0.001). The PF(t) and PB(t) obtained from WSAm-RAY

yielded a RMSE of 2.18 ± 0.97 mmHg. The simplified aortic
WSA methods based on physiologic flow modelling and Wind-
kessel flow models yielded RMSE in a similar range, whereas
triangular flow modelling has reported RMSE up to 7.35 mmHg
[14] for PF(t) and PB(t). The triangular approach to model
the flow waveform often was observed to produce spikes in
the PF(t) and PB(t) [13], [16], which was absent in the WSA
performed using measured flow, averaged flow model [13], and
personalized flow model [16], [17]. The WSAm-RAY also did not
exhibit any spikes in the PF(t) and PB(t). The values of ΔPF and
ΔPB for an age group of 20–50 years were reported [12], [13],
[14], [15], [16], [17] in the range of 21 mmHg to 35 mmHg for
ΔPF and 10 mmHg to 18 mmHg forΔPB among in-vivo studies
and were in range to the values obtained using WSAm-RAY and
WSAREF in the current study.

The mean values of RM, RI and RWTT observed for sim-
plified WSA methods adopted for aortic flow were in the range
of 0.63 ± 0.1 to 0.72 ± 0.07, 38.0 ± 4.0% to 48.03 ± 1.55%
and 70.0 ± 10.0 ms to 80.4 ± 15.8 ms respectively. Although
not directly comparable, the values obtained in this study for
both WSAm-RAY and WSAREF are also in similar ranges [12],
[13], [14], [15], [16], [17]. The WSAREF performed on carotid
artery reports RM with a mean value of 0.68 ± 0.10 to 0.76
± 0.10 and RI with a mean value of 40.0 ± 4.0% to 43.0 ±
3.0% from in-vivo study with an average age of 49 ± 17 years
[36]. Whereas, in the current study, with an average age of 26
± 7 years, the mean values of RM and RI were observed to be
lower than those reported with a higher mean age. The only other
simplified pressure-only WSA on CCA was our previous work
using multi-Gaussian decomposition [27] of pressure waveform
performed on an in-silico database, which revealed values of
RM, RI, RWTT in the ranges of 0.79 ± 0.08, 44.23 ± 2.58%
and 45.50± 5.56 ms respectively for mean age of 45± 10 years.
These observations were concurrent with the group average
values observed in this study after accounting for the lower mean
age.

As a supplementary analysis, we have compared the perfor-
mance of multi-Gaussian, multi-Rayleigh and triangular-shape
(WSATF) for modelling flow shape and perform WSA on the
same in-vivo dataset and a comparative performance is tabu-
lated in the supplementary section (Supplementary Tables I and
II). For WSATF and WSAMGD the mean values of reflection
quantification indices - ΔPF, ΔPB, RM, RI are comparable
ranges for the in-vivo study population, the RWTT has deviated
by 30.3 ms and 11 ms respectively. It may be noted that the
multi-Gaussian approach [27] depends on ∼ 20% of the dataset
with measured or reference flow waveform as a training set
for designing the model parameters. Therefore, the reflection
quantification may perform better on the dataset on which the

model was trained. In comparison, the proposed multi-Rayleigh
approach does not depend on any dataset, is computationally less
intensive (fewer parameters to optimize) and can be applied to
any pulse waveforms recorded from CCA. The Rayleigh func-
tions enable modulation of upslope and downslope steepness
with just one parameter, streamlining adjustments compared to
the multiple parameters needed for Gaussian and Log-normal
functions. Furthermore, Rayleigh functions provide a smoother
profile than triangular approximations.

The performance of WSAm-RAY, (or any similar approaches)
depends on the reliability of the flow shape modelling. It was
observed that the modelled flow has reliably captured the rel-
ative time instants of early and late systolic flow peaks and
their amplitude ratio with an RMSE of 0.09 A.U. The sys-
tolic phase accounts for nearly 95 percentile of the energy
content of the flow waveform, and therefore, the proposed
modelling approach was confined to the systolic phase of the
flow waveform [37]. The accuracy of the modelled flow was
supplemented by the agreement of ZC (r = 0.90, p < 0.001)
between the modelled and measured flow. The time domain
agreement between modelled and measured flow in terms of
low RMSE for waveform morphology, time instants of flow
peaks and ejection duration demonstrates the accuracy of flow
modelling for WSA. The RMSE for modelled flow was observed
to be at par with modelling approaches used for aortic flow for
in-vivo and in-silico data [12], [13], [14], [15], [16], [17]. The
frequency domain agreement between modelled and measured
flow was determined through the high correlation coefficient
between the amplitudes of the magnitude spectrum and the
strong correlation among ZC. The multi-Gaussian approach for
CCA flow modelling [27] was limited in modelling to the early
systolic peak. The accuracy of multi-Rayleigh modelled ZC (as
% error in bias with respect to ZC REF) was observed to be
improved in comparison to multi-Gaussian ZC (2.11% vs. 4.5%)
[38] for CCA.

The simplified pressure-only WSA methods, as elucidated in
this article, pave the way for executing large-scale field studies
in resource-constrained environments. Furthermore, to compute
the reflection quantification indices, WSA can be evaluated
directly from diameter waveform, without requiring to convert
to pressure waveform, thus eliminating additional uncertainty
due to the pressure calibration [9], [10], [11]. This evaluation
is particularly pertinent for scenarios with limited resources,
where comprehensive equipment and specialized personnel are
often lacking. Especially such methods aid in conducting large-
scale resource constrained filed studies bypassing the need
for a hospital setting for measurements. This can be achieved
using a tonometer, single element ultrasound transducers or
a photoplethysmogram sensor to acquire non-invasive pulse
waveforms from the CCA, which can be scaled to pressure
waveform. The ARTSENS is only an example of such use-cases,
and the applicability of the proposed method – WSAm-RAY

is in no way limited to ARTSENS. The utility of the method
can be achieved using any non-invasive instrument capable of
deriving an arterial pulse waveform such as carotid tonometry,
photoplethysmogram or diameter waveform from ultrasound
scans.
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V. LIMITATIONS AND FUTURE SCOPE

The in-vivo study was conducted on an age group limited
to 51 years, and the percentage of female participants was 40%.
The WSAm-RAY has been validated only on a healthy population
aged between 20 to 51, with no other pathologies and BMI lower
than 30 kg/m2. The WSAm-RAY depends on high-fidelity pulse
waveforms to ensure accurate identification of fiducial points
from higher derivative waveform. Filtering methods of pulse
waveforms and derivatives may introduce temporal shifts on the
fiducial points. Therefore, employing signal processing algo-
rithms immune to such temporal shifts can significantly enhance
the accuracy and precision of WSAm-RAY. The amplitude ratio
(ALS/AES) used in this study is based on a statistical model from
a healthy virtual population. Learning-based algorithms may im-
prove this model, enabling a more comprehensive representation
that encompasses both diseased and healthy populations. The
WSAm-RAY assumes an absence of retrograde flow in CCA as it
was not prevalent in the healthy population. Further research is in
progress to enhance the WSAm-RAY for other peripheral arterial
sites by including retrograde flow modelling. In the proposed
method, we have achieved comparable accuracies and agree-
ment for the flow waveform shape modelling and estimation
of ZC, which are critical for performing WSA. The waveform
shape approximation without considering the diastolic phase
becomes more relevant for peripheral arteries, where retrograde
flow is also more significant. As the relationship between the
amplitude ratio of systolic phase flow peaks to augmentation
index of the pressure waveform was used in the modelling; Such
a relationship connecting the third flow peak in diastolic phase
warrants further investigation to be able to use for modeling the
flow. The modelling of the third flow peak was not attempted in
the current study, as comparable accuracies and strong correla-
tion with reference method was obtained for the characteristic
impedance and derived forward-backward pressure waveforms
by only considering the flow modelling in the systolic phase.
From a measurement’s perspective, although usage of tonometry
or single element ultrasound transducers warrants training of
the operator to acquire better quality signals. The usage of
such noninvasive technologies bypasses the hospital settings,
enabling large-scale filed studies for cardiovascular screening
under resource constraints. Additional epidemiological trials
would also explore the clinical significance of reflection quan-
tification indices as potential prognostic markers for central and
cerebral pathophysiology.

VI. CONCLUSION

The CCA flow waveform was modelled, preserving the char-
acteristic flow peaks in the early and late systolic phases using
weighted and shifted multi-Rayleigh functions. The modelled
flow and pressure waveform from the CCA served as the basis
for performing WSAm-RAY. The accuracy of the modelled flow
waveform and the performance of WSAm-RAY were evaluated
from an in-vivo study conducted on 70 participants (28 female,
aged 20 to 51 years). The comparable accuracies in forward and
backward pulse waves obtained from WSAREF and WSAm-RAY

prove the usability of modelled flow shape for performing WSA
at the carotid artery. Furthermore, statistically significant and
strong correlation (r > 0.76, p < 0.001) was observed between
reflection quantification indices (ΔPF, ΔPB, mean PF, mean
PB, RM, RI, RWTT) from WSAREF and WSAm-RAY. The
proposed approach therefore enables simplified WSA using
a single pulse waveform measurement from easily accessible
arterial measurement sites without the requirement of additional
flow measurement. The WSAm-RAY has the potential to expand
the scope of clinical investigations, offering valuable insights
into both central and cerebral pathophysiology. The usage of
such noninvasive technologies bypasses the need for a hospi-
tal setting, enabling large-scale filed studies for cardiovascular
screening.
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