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Abstract— Objective: This study demonstrates a novel method 

for pulse arrival time (PAT) segmentation into cardiac 

isovolumic contraction (IVC) and vascular pulse transit time to 

approximate central pulse wave velocity (PWV). Methods: 10 

subjects (38±10 years, 121±12 mmHg SBP) ranging from 

normotension to hypertension were repeatedly measured at rest 

and with induced changes in blood pressure (BP), and thus PWV. 

ECG was recorded simultaneously with ultrasound-based carotid 

distension waveforms, a photoplethysmography-based peripheral 

waveform, noninvasive continuous and intermittent cuff BP. 

Central PAT was segmented into cardiac and vascular time 

intervals using a fiducial point in the carotid distension waveform 

that reflects the IVC onset. Central and peripheral PWVs were 

computed from (segmented) intervals and estimated arterial path 

lengths. Correlations with Bramwell-Hill PWV, systolic and 

diastolic BP (SBP/DBP) were analyzed by linear regression. 

Results: Central PWV explained more than twice the variability 

(R2) in Bramwell-Hill PWV compared to peripheral PWV (0.56 

vs. 0.27). SBP estimated from central PWV undercuts the IEEE 

mean absolute deviation threshold of 5 mmHg, significantly 

lower than peripheral PWV or PAT (4.2 vs. 7.1 vs. 10.1 mmHg). 

Conclusion: Cardiac IVC onset signaled in carotid distension 

waveforms enables PAT segmentation to obtain unbiased 

vascular pulse transit time. Corresponding PWV estimates 

provide the basis for single-site assessment of central arterial 

stiffness, confirmed by significant correlations with Bramwell-

Hill PWV and SBP. Significance: In a small-scale cohort, we 

present proof-of-concept for a novel method to estimate central 

PWV and BP, bearing potential to improve the practicality of 

cardiovascular risk assessment in clinical routines. 

 
Index Terms— Algorithms, Biomarkers, Biomedical signal 

processing, Biomedical transducers, Electrocardiography, 

Patient monitoring, Sensor fusion, Ultrasonography. 

 INTRODUCTION 

A. Pulse Wave Velocity – An Independent Cardiovascular 

Risk Marker, Depending on Blood Pressure  

Increased arterial stiffness is a recognized risk marker in 

addition to elevated blood pressure (BP), and even considered 
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as crucial precursor of hypertension [1]. Arterial stiffness can 

be assessed by measuring the arterial pulse wave velocity 

(PWV), which has been shown to be an independent predictor 

of cardiovascular disease, all-cause mortality and treatment 

prognosis [2], [3] as well as incident hypertension [4].  

The biomechanical relation between PWV and arterial 

stiffness may be expressed by the equations of Moens-

Korteweg [5], linking PWV to Young’s elastic modulus, or 

Bramwell-Hill (Eq.1) [6], linking PWV to blood density  and 

wall distensibility, i.e. the relative change in volume V (or 

cross-sectional area A) per change in pressure P.  

  

𝑃𝑊𝑉 = √
𝑉𝑑𝑃

𝜌𝑑𝑉
= √

𝐴𝑑𝑃

𝜌𝑑𝐴
(1) 

 

Due to the nonlinear pressure-volume relation of the arterial 

wall, PWV inherently depends on BP and may therefore be 

used for its estimation. Wall stiffness increases exponentially 

from diastolic (DBP) to systolic BP (SBP), as wall stress is 

transferred from elastic to stiffer structural components [7]. 

Human arteries exhibit heterogenous properties from central 

elastic conduit to peripheral muscular arteries, the latter whose 

stiffness is not only intrinsically higher but also modulated by 

vascular smooth muscle tone [8], [9]. 

 

B. State of the Art Pulse Wave Velocity Measures 

The clinical gold-standard is the carotid-femoral PWV, 

calculated as 

𝑃𝑊𝑉 =
𝐿

𝑃𝑇𝑇
 (2) 

 

from an estimated distance L between the respective arterial 

sites and the pulse transit time (PTT) elapsing between 

fiducial markers of the local pressure waveforms (Fig. 1). The 

carotid-femoral PWV was recently re-evaluated and found 

superior in estimating central aortic stiffness compared to 

methods involving peripheral arterial pathways or cuffs with 

population based transfer functions [10]. However, in spite of 

its predictive utility, the recommended use of PWV in 

hypertension management guidelines was downgraded for 

reasons of impracticality in clinical routines [11], [12].  
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Local PWV measures come with different challenges, e.g. 

they require invasive or less accessible imaging modalities to 

compute local distensibility and are susceptible to complex 

wave reflections [13], [14]. In contrast, Eq.2 laid the 

foundation for the more simplistic pulse arrival time (PAT) 

based approaches, which have been a subject of broad 

scientific interest for BP estimation throughout the past decade 

[15]–[19]. While PTT commonly refers to the actual vascular 

transit time, pulse arrival time (PAT) refers to the interval 

between the electrocardiogram (ECG) R-peak and the systolic 

foot (SF) identified in a peripheral pressure waveform (Fig. 1), 

typically acquired by photoplethysmography (PPG). 

 

C. Strengths & Drawbacks of Pulse Arrival Time 

On the one hand, PAT-based approaches allow for cheap 

and user-friendly integration in wearables or portable devices 

such as smartphone, patch or weighing scale [20]–[22] and 

offer significant correlations with BP, irrespective of simple 

regression techniques or machine learning approaches with 

secondary predictors [19]. On the other hand, PAT-based 

approaches suffer from three decisive drawbacks in view of 

their fundamental relation with PWV and hence BP.  

Firstly, they mostly involve peripheral arterial pathways of 

heterogeneous and locally modulated stiffness, hence 

confounding the PWV estimated from PAT. Intra-subject 

changes in arterial stiffness are known to occur frequently and 

affect the PAT-BP relation, such that intermittent cuff 

calibrations are required for proper BP estimation, even for 

invasive PAT measurements from the radial artery [23]. 

Secondly, the prevailing PPG sensors yield quasi-

volumetric waveforms, which are subject to local 

microvascular perfusion and may lead to biased fiducial points 

signaling the wave arrival. In contrast, ultrasound imaging 

would allow for deeper tissue penetration and enable spatial 

resolution to monitor actual arterial distension, particularly in 

miniaturized devices [24]. However, a comparative 

performance evaluation between central ultrasound-based and 

peripheral PPG waveforms in PAT-based approaches has not 

yet been performed.  

Thirdly, unlike PTT, PAT is significantly biased by the 

cardiac pre-ejection period (PEP) prior to the aortic valve 

opening. The PEP comprises an electromechanical delay 

(EMD) between early depolarization, marked by the ECG Q-

wave, and the subsequent isovolumic contraction (IVC) of the 

left ventricle (Fig. 1), such that 

 
𝑃𝐴𝑇 = 𝑃𝐸𝑃 + 𝑃𝑇𝑇 = 𝐸𝑀𝐷 + 𝐼𝑉𝐶 + 𝑃𝑇𝑇.  (3) 

 

With EMD assumed constant at 30-40 ms within subjects 

and insensitive to physiological states [25], PEP is largely 

determined by IVC, expected to be 40 ms on average and 

highly sensitive to sympathetic activity and pressure-

dependent cardiac regulation [26], [27]. Since the role of PAT 

as an inadequate marker of PTT for BP estimation was 

established by invasive studies [28], [29], more recent 

research aimed at measuring PEP noninvasively by means of 

impedance cardiography [22], [30], ballistocardiography [31], 

seismocardiography [21] or on-body radar [32], [33]. These 

approaches, however, require additional sensing modalities 

with varying accuracy for PEP [34]. 

Interestingly, IVC was also found to be evident in central 

ultrasound distension waveforms, manifested as a minor 

pressure perturbation attributed to mechanic cardiac-aortic 

coupling [35], [36], whose preceding inflection is commonly 

referred to as start of the IVC (SIC) [26]. However, this 

fiducial point has never been utilized for segmentation of PAT 

to obtain more accurate estimations of PWV and BP.  

 

D. Objective & Hypotheses 

Key objective is to demonstrate the approximation of PWV 

by segmenting PAT into cardiac IVC and vascular PTT and, 

subsequently, to compute PWV via estimated arterial path 

lengths. Segmentation of PAT was done by exploiting carotid 

distension waveforms from ultrasound, carrying information 

on IVC. To provide benchmarking evidence, conventional 

peripheral PAT from ECG and PPG was obtained 

simultaneously. We hypothesized that central PTT-based 

Fig. 1. Concepts of pulse wave propagation. Cardiac, left ventricular, central-, and peripheral vascular time intervals (in sequence from left to right). 

Illustration of pulse arrival time, pulse transit time and corresponding arterial path length for pulse wave velocity computation. Grey slice highlighting 
incremental pressure-volume changes for local pulse wave velocity computation. Note that for illustration purposes time axis is not consistent. 

AAo = ascending aorta / aortic (subscript); c = central (prefix); DBP = diastolic blood pressure; ECG = electrocardiogram; EMD = electromechanical delay; 

IVC = isovolumic contraction; L = arterial segment length; LV = left ventricle / ventricular (subscript); p = peripheral (prefix); P = pressure; PAT = pulse 

arrival time; PEP = pre-ejection period; PTT = pulse transit time; PWV = pulse wave velocity; SF = systolic foot; SBP = systolic blood pressure; SIC = start of 
isovolumic contraction; V = volume. 
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PWV is a better estimator of Bramwell-Hill PWV than PAT-

based PWV, either central or peripheral.  

In addition, we hypothesized that central PWV estimates, 

yield superior correlations with BP, contrasting the PAT-BP 

relation with its several dependencies. The study was designed 

to take into account both inter- and intra-subject variation, 

including normotensive and hypertensive subjects, while 

inducing changes in BP, and hence PWV, in repeated sessions. 

 METHODS 

A. Data Collection  

Data was acquired from 10 human subjects (7 male, 3 

female, 38±10 years), ranging from normotension to stage 2 

hypertension with mean SBP of 121±12 mmHg. All subjects 

gave their written informed consent. The study was reviewed 

by the institutional review board of the Máxima MC Hospital 

(Eindhoven, NL) and procedures were performed in line with 

good clinical practice guidelines wherever applicable in 

compliance with the declaration of Helsinki [37]. 

Fig. 2a introduces the experimental setup. Carotid artery B-

mode ultrasound was recorded using a Verasonics Vantage64 

(Verasonics Inc., USA) with an L11-5v linear array transducer 

(fc = 7.8 MHz), acquiring a custom plane wave acquisition 

sequence (fs = 500 Hz, lateral window = 19.2 mm). ECG was 

recorded in lead II configuration and peripheral PPG 

waveforms were recorded at 660 nm wavelength using the 

transmissive Nonin8000J probe (Nonin Medical Inc., USA) on 

the left index finger. The Finapres NOVA (Finapres Medical 

Systems B.V., NL) measured continuous BP via the volume-

clamp technique on the left middle finger and intermittent BP 

via an oscillometric upper arm cuff. In this way, a clinically 

validated algorithm is deployed to reconstruct peripheral 

finger arterial pressure to (more central) brachial waveforms 

[38]. ECG, PPG and BP fed into the Biopac MP-160 base 

module (fs = 500 Hz), respectively via specific modules 

ECG100C and PPG100C, and analog inputs (Biopac Systems 

Inc., USA). Verasonics and Biopac recordings were 

synchronized by an external trigger signal. 

Fig. 2b shows a timeline of the experimental protocol. Data 

was collected in three repeated measurement sessions, spread 

over three weeks, to account for physiological intra-subject 

variability as well as technical measurement bias, e.g. due to 

sensor reattachment and probe repositioning. Demographics 

(gender, age, height, weight) were obtained and 

anthropometric distances were measured to estimate the 

central (LC) and peripheral (LP) arterial path lengths (LC: 

sternal notch to common carotid artery halfway along the 

neck; LP: sternal notch to left index finger). All data was 

recorded at constant room temperature (22C), in supine 

position to eliminate the hydrostatic BP component, and with 

an initial resting phase of 10 minutes to bring hemodynamics 

and vasomotor tone as close as possible to baseline [39]. Each 

session, in turn, comprised three interventions. First, 2 minutes 

in resting condition were recorded for best inter-subject 

comparability. Second, the subject was asked to perform 2 

minutes of paced breathing to induce cyclic BP variation at 7.5 

cycles per minute, guided by an acoustic reference signal. 

Third, to induce a short-term gradual BP increase, the subject 

was asked to perform a hand grip dynamometer exercise with 

the sensor free hand for 1 minute at maximal voluntary 

contraction, followed by 1 minute of recovery. Continuous BP 

was obtained throughout the interventions for detailed 

investigation of relative changes and intermittent cuff BP as 

gold standard measure pre-, and post resting and hand grip. 

 

B. Data Processing & Statistical Analysis 

Fig. 2c shows a flow diagram of the post-processing and 

analysis conducted in Matlab 2018a (Mathworks Inc., USA). 

 

1) Beamforming & Arterial Wall Tracking 

Initially, the raw ultrasound radio frequency (RF) data 

matrix (x = 64 scanlines = 19.2 mm, y = 1024 depth samples = 

24.6 mm, z = 5000 frames = 10 s, per block) was delay-and-

sum beamformed using the Matlab Phased Array System 

Toolbox 2018a (Mathworks Inc., USA) specified for the L11-

5v transducer characteristics [40]. The beamformed and size-

preserved RF matrix was further processed by an ECG-gated 

wall tracking algorithm to obtain arterial distension timeseries 

signals [41]. In more detail, the wall tracking algorithm 

comprises an automated wall position detection triggered by 

the ECG R-peak [42]. Starting from the detected wall position, 

wall motion is tracked throughout the cardiac cycle, via 

complex cross-correlation of a Hilbert-transformed, depth-, 

and time-shifted submatrix (kernel: x = 2 scanlines = 0.6 mm, 

y = 50 depth samples = 1.2 mm, z = 5 frames = 10 ms). 

Differential motion of the anterior and posterior arterial wall 

eventually yielded a total of 32 distension waveforms as 

motion was averaged per 2 adjacent scanlines. 

 

2) Feature Extraction & Qualification 

From the filtered ECG signal, R-peaks were detected using 

Matlab function findpeaks. All pulse waveform signals (BP, 

distension and PPG) were passed through a second-order low-

pass filter with cut-off frequency 40 Hz for high-frequency 

noise removal. To obtain the first derivative (dt), the signals 

were passed through a simple derivative filter (kernel: [1 -1]). 

For the second derivative (d2t), Matlab function filtfilt was 

used to pass the signals through a cascaded first-order high-

pass filter with 80 Hz cut-off (remote to low-pass cut-off to 

avoid transition band interference), in forward and reverse 

direction for zero phase delay. 

Subsequently, rule-based algorithms were applied to the 

pulse waveforms’ peaks (from Matlab function findpeaks) and 

zero-crossings to detect the relevant fiducials shown in Fig. 2d 

for an exemplary cardiac cycle phase. Briefly, starting from 

the ECG R-peak, the maximum in the first derivative was 

detected, indicating the pulse upstroke. Its adjacent zero-

crossings were defined as diastolic and systolic pressures and 

diameters in the BP and distension waveform, respectively. 

The local maximum in the second derivative preceding the 

upstroke was defined as systolic foot of the distension (SFD) 

and PPG (SFPPG) waveforms [13]. In turn, the first maximum 

in the second derivative preceding SFD was defined as start of 

the isovolumic contraction SIC, here propagated to the carotid 

artery [26], [36]. All fiducial markers involving peak detection 

were enhanced by quadratic peak interpolation to achieve 

subsample temporal accuracy at tenfold resolution, i.e. 200 s. 
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Fig. 2d shows the interval features computed from fiducial 

point timestamps (t). The distension-based central PAT was 

calculated as time difference between R-peak and SFD, while 

accounting for the electromechanical delay (assumed constant 

at 40 ms and corrected by a factor 0.5 as partially comprised in 

the ECG Q-R interval), i.e. 

 

𝑐𝑃𝐴𝑇 = (𝑡𝑆𝐹𝐷
− 𝑡𝑅-𝑝𝑒𝑎𝑘) − 0.5 𝐸𝑀𝐷. (4) 

 

The corresponding cPAT-based PWV was computed as  

 

𝑐𝑃𝑊𝑉𝑃𝐴𝑇 =
2.5 𝐿𝐶

𝑐𝑃𝐴𝑇
(5) 

 

with LC corrected by a factor 2.5, devised from a 3D human 

model (Biodigital Inc., USA) to account for the 

underestimation of the actual arterial path length from left 

ventricle to common carotid artery (~0.5 in ventral and ~2 in 

cranial direction).  

Rearranging Eq.3 for PTT yields 

 
𝑃𝑇𝑇 = 𝑃𝐴𝑇 − 𝐼𝑉𝐶 − 𝐸𝑀𝐷. (6) 

 

Fig. 2. Overview of methods. (a) Experimental setup with human subject in supine position. Utilities, sensors, and anthropometric distances indicated. (b) 

Experimental protocol timeline spanning three sessions over three weeks. Circle and triangle markers indicate continuous and intermittent data samples, 

respectively, and correspond to scatterplot markers in Figure 5. (c) Flow diagram for processing and analysis, separated by data and processes. (d) Exemplary 
cardiac cycle phase with signals, fiducials and intervals. Red markers indicate fiducial detection with transparent markers projecting to other signals. Isovolumic 

contraction highlighted as actual interval (IVC*) manifesting in aortic pressure waveform, and as propagated to carotid distension waveform (IVC) used for pulse 

arrival time segmentation. Central pulse transit time is indicated as the defined segment from the central pulse arrival time interval. Circled numbers mapping 
signal origin to the respective anatomic location. 

c = central (prefix); (D|S)BP = (diastolic | systolic) blood pressure; d2t = second derivative; D = distension; ECG = electrocardiogram; EMD = 

electromechanical delay; HR = heart rate; IVC = isovolumic contraction; LC = central arterial path length; LP = peripheral arterial path length; MAD = mean 
absolute deviation; p = peripheral (prefix); P = pressure; PAT = pulse arrival time; PEP = pre-ejection period; PP = pulse pressure; PTT = pulse transit time; PPG 

= photoplethysmogram; PWV(BH) = (Bramwell-Hill) pulse wave velocity; r = correlation coefficient; R2 = coefficient of determination; RF = radio frequency;  
SBP = systolic blood pressure; SF = systolic foot; SIC = start of isovolumic contraction; US = ultrasound; * = actual interval. 
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The IVC manifestation in the ultrasound-based distension 

waveform was calculated as time difference between SIC and 

SFD, respectively signaling the IVC onset and the aortic valve 

opening, i.e. 

 
𝐼𝑉𝐶 = 𝑡𝑆𝐹𝐷

− 𝑡𝑆𝐼𝐶 . (7) 

 

Combining Eq. 4, 6 and 7, we obtain the distension-based 

central PTT 

 

𝑐𝑃𝑇𝑇 = (𝑡𝑆𝐹𝐷
− 𝑡𝑅-𝑝𝑒𝑎𝑘) − (𝑡𝑆𝐹𝐷

− 𝑡𝑆𝐼𝐶) − 0.5 𝐸𝑀𝐷

=  (𝑡𝑆𝐼𝐶 − 𝑡𝑅-𝑝𝑒𝑎𝑘) − 0.5 𝐸𝑀𝐷 (8)
 

 

and corresponding cPTT-based PWV 

 

𝑐𝑃𝑊𝑉𝑃𝑇𝑇 =
2.5 𝐿𝐶

𝑐𝑃𝑇𝑇
. (9) 

 

Similarly, we obtain the PPG-based peripheral PAT  

 

𝑝𝑃𝐴𝑇 = (𝑡𝑆𝐹𝑃𝑃𝐺
− 𝑡𝑅-𝑝𝑒𝑎𝑘) − 0.5 𝐸𝑀𝐷 (10) 

 

with corresponding pPAT-based PWV 

 

𝑝𝑃𝑊𝑉𝑃𝐴𝑇 =
𝐿𝑃

𝑝𝑃𝐴𝑇
. (11) 

 

Heart rate (HR) was computed from R-R intervals and the 

Bramwell-Hill PWV (PWVBH) from Eq.1 with pulse pressure 

(PP = SBP-DBP), substituting dP. 

Features were qualified based on objective quality 

indicators. Initially, the features must comply with absolute 

and beat-to-beat variability thresholds to ensure that their 

values are within the physiologically valid range (Table 

provided as supplementary material). Accordingly, distension-

based features must be valid for at least half the number of 

scanlines per cardiac cycle, with the final feature value being 

computed as mean of those valid.  Regarding cumulative data, 

all features must be valid for at least half the number of 

cardiac cycles per intervention to be valid.  

 

3) Statistical & Sensitivity Analysis 

 

Table I provides an overview of all features entering the 

analyses. Continuous samples were defined as mean feature 

value per subject, session and intervention. Recovery after 

hand grip was excluded to avoid hysteresis of vascular 

compliance [43]. Similarly, intermittent samples 

corresponding to cuff BP were defined as mean of the 15 

qualified cardiac cycles pre-, and post resting and hand grip. 

These samples entered a set of least squares linear regression 

analyses with SBP, DBP, PP, HR and PWVBH as dependent 

variables y, and central and peripheral PAT, PTT and PWV 

quantities as independent variables x, respectively of the form 

y = x + . Outcomes were the Pearson correlation coefficient 

(r), the coefficient of determination (R2), the F-statistic for 

correlation significance, and the mean absolute deviation 

(MAD, i.e. mean of absolute residual errors). The MAD has a 

more balanced weighting than the conventional root mean 

squared error and furthermore serves as error metric in the 

IEEE BP validation standard (MAD  5 mmHg receives grade 

A and MAD  7 mmHg grade D) [44]. However, this merely 

concerns the error, while full standard compliance has more 

stringent requirements on the subject population and reference 

BP. To test MAD differences between predictors, paired-

sample t-tests for mean equality were conducted. 

In addition, a sensitivity analysis was conducted to simulate 

inaccuracies in arterial path length estimation, both alone and 

combined with simulated fiducial point detection noise. For 

this purpose, uniform white noise of 1 cm and 5 cm was added 

around the manually assessed distances LC (9.5±1.5 cm) and 

LP (87.4±7.6 cm), respectively simulating approximately 10% 

and 5% variability in path length. Likewise, noise of 5 ms was 

added around the fiducials to simulate misdetections up to 

twice the sampling interval. Noise was added simultaneously 

to all subjects in 100 variations, yet randomly per subject. 

 RESULTS 

A. Qualification & Overview 

Overall, fiducial detection and feature extraction showed a 

good reproducibility. After qualification, 87% of the data was 

preserved, corresponding to 78 of 90 continuous and 104 of 

120 intermittent samples. Disqualified data consisted of one 

subject systematically exhibiting a high degree of lateral 

carotid artery displacement, making SIC unidentifiable, and 

random datapoints among the remainders, respectively 

accounting for 10% and 3% of the discarded data. 

TABLE I 

OVERVIEW OF FEATURES  

Feature 
Sensing 

modality 
Brief description Equation 

cPAT, s 
ECG  

& US 

Interval from electromechanical 

cardiac onset to central vascular 
pulse wave (biased by IVC) 

(4) 

cPWVPAT, m/s  cPAT converted to PWV over LC (5) 

IVC, s US 
Interval from mechanical cardiac 

onset to aortic valve opening 
(7) 

cPTT, s 
ECG  

& US 

Interval from approximated aortic 

valve opening to central vascular 
pulse wave (presumably unbiased) 

(8) 

cPWVPTT, m/s  cPTT converted to PWV over LC (9) 

pPAT, s 
ECG  
& PPG 

Interval from electromechanical 

cardiac onset to peripheral vascular 
pulse wave (biased by IVC and 

heterogenous stiffness) 

(10) 

pPWVPAT, m/s  pPAT converted to PWV over LP  (11) 

PWVBH, m/s 
US  

& BP 

PWV reference based on arterial 

distensibility 
(1) 

SBP, mmHg BP Peak BP - 

DBP, mmHg BP Baseline BP - 

PP, mmHg BP Baseline-to-peak BP - 

HR, bpm ECG Heart rate based on R-R interval - 

 c = central (prefix); (D|S)BP = (diastolic | systolic) blood pressure; 
HR = heart rate; IVC = isovolumic contraction; LC = central arterial path 

length; LP = peripheral arterial path length p = peripheral (prefix); PAT = 

pulse arrival time; PP = pulse pressure; PTT = pulse transit time; 
PWV(BH) = (Bramwell-Hill) pulse wave velocity; US = ultrasound. 
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Figure 3 gives an overview of all subjects with intermittent 

samples (expecting 4 per session, thus 12 in total) of BP and 

corresponding PWV measurements (PWVBH) and estimations 

(cPWVPTT). PWVBH ranges from 5 to 13 m/s and BP from 

normotension to stage 2 hypertension [45]. Fundamental 

relations between the displayed quantities are apparent from 

visual inspection, with cPWVPTT systematically lower and 

exhibiting a narrower range compared to PWVBH. 

 

B. Signals & Features 

Fig. 4 gives a typical intra-subject example of the paced 

breathing intervention with SBP as beat-to-beat timeseries and 

in response to interval features. PWVBH is in close coherence 

with SBP as mutual changes are widely determined here by 

respiratory induced PP variation. The expectedly negative 

correlation between PAT and SBP is stronger for the 

peripheral (pPAT, r = -0.55) than the central path (cPAT, r = 

0.09). Evidently, the relatively weak cPAT correlation is 

caused by the expectedly positive relation between IVC and 

SBP (r = 0.6), masking the strongest correlation between SBP 

and the central PTT (cPTT, r = -0.66). This phenomenon is 

further driven by the relatively high IVC contribution to cPAT 

(43/115 ms) as compared to pPAT (43/230 ms), being 

approximately doubled (19% vs. 37%) in this example. 

 

C. Regression, Sensitivity & Error Analysis 

Fig. 5 shows an excerpt of the linear regression analysis 

with continuous and intermittent PWVBH responses to 

estimated PWV predictors. Analogically to Fig. 5a&b, an 

overall congruence between the continuous and intermittent 

data was found across all predictors and responses, and 

irrespective of the paced breathing intervention comprised by 

the continuous data only. Therefore, the presented results 

focus on intermittent PWVBH and BP obtained from the gold 

standard reference. Furthermore, from Fig.5b-d it is evident 

that cPWVPTT correlates substantially higher with PWVBH 

compared to central (cPWVPAT) and peripheral (pPWVPAT) 

PAT-based PWV (R2 = 0.56 vs. 0.35 vs. 0.27). However, 

cPWVPTT was also found to systematically underestimate 

PWVBH (: 2.9 m/s; : 0.7 m/s). 

Fig. 3: Overview of all subjects and sessions with intermittent systolic (SBP) 
and diastolic blood pressure (DBP), corresponding central pulse transit time-

based pulse wave velocity (cPWVPTT) and Bramwell-Hill pulse wave velocity 

(PWVBH). For disqualified samples neither PWV is included. Dashed lines 
indicate stage 1 and 2 hypertension (HTN) thresholds. 

Fig. 5. Regression analyses for continuous (a) and intermittent (b-d) Bramwell-Hill pulse wave velocity (PWVBH) responses to PWV predictors based on central 

pulse transit time cPWVPTT (a&b), central pulse arrival time cPWVPAT (c) and peripheral pulse arrival time pPWVPAT (d).   
c = central (prefix); HG = hand grip; MAD = mean absolute deviation; N = number of samples; PB = paced breathing; p = peripheral (prefix); PWV(BH |PAT| 

PTT) = (Bramwell-Hill | pulse arrival time | pulse transit time) pulse wave velocity; R2 = coefficient of determination; RE = resting. 

Fig. 4. Typical example of intra-subject recording throughout the paced breathing intervention. Timeseries signals of systolic blood pressure (SBP) and 

Bramwell-Hill pulse wave velocity (PWVBH) in leftmost plot. Scatterplots display the correlations between interval features and SBP (quasi PWVBH). 
c = central (prefix); IVC = isovolumic contraction; p = peripheral (prefix); PAT = pulse arrival time; PTT = pulse transit time; r = correlation coefficient; 

PWVBH = Bramwell-Hill pulse wave velocity; SBP = systolic blood pressure. 
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 Fig. 6 highlights the comparative results of the regression, 

sensitivity and error analyses, with complementary numerical 

details and further response variables presented in Table II. 

Similar to PWVBH, cPWVPTT excelled any other predictor and 

showed the highest correlations with SBP (R2 = 0.82) and 

DBP (R2 = 0.66), while cPWVPAT was the strongest predictor 

for PP (R2 = 0.36). The systematically lower R2 found for PAT 

and PTT compared to PWV is not exclusively due to the 1/x 

transformation applied for PWV computation, but mainly 

attributed to the subject-specific path length information. For 

PWVBH, SBP and DBP, R2 gradually increased towards a 

more central and unbiased time interval predictor, becoming 

significant only for cPTT. Relating to this, the IVC duration 

(37±8 ms) accounted for 17% of pPAT and 32% of cPAT on 

average. For SBP and DBP, the  regression coefficients 

indicate the expected nonlinearity in the relation with PWV. 

HR did not significantly correlate with any cPWV, but showed 

significant correlations with pPWVPAT and all intervals, 

particularly pPAT (R2 = 0.49, P < .001). 

 The center boxplots in Fig. 6 reveal the sensitivity to the 

simulated path length variability, for which cPWVPTT shows 

an outstanding robustness with the highest and narrowest R2 

distribution for PWVBH and similar tendencies for SBP. 

Correlations slightly deteriorated when fiducial detection 

noise was simulated in addition to path length variability, 

while the outstanding robustness of cPWVPTT was preserved.  

 The right bar charts in Fig. 6 show the results of the error 

analysis with significantly lower errors in both PWVBH (P < 

.01) and SBP (P < .001) for cPWVPTT with respect to pPWV. 

For SBP and DBP, cPWVPTT even undercuts the IEEE 

standard threshold of 5 mmHg. Corresponding errors for the 

PAT and PTT interval predictors remain almost unaltered.  

 For the sake of completeness, PWV was also estimated 

from (fractions of) body height, but correlations were found to 

lie between those from PTT intervals and PWV from specific 

distances, and insufficient to meet the IEEE error margins.  

TABLE II 

RESULTS OF REGRESSION, SENSITIVITY AND ERROR ANALYSES  
FOR INTERMITTENT PREDICTOR (HORIZONTAL) AND RESPONSE (VERTICAL) VARIABLES 

 pPAT, s 

(.221 ± .019) 

pPWVPAT, m/s 

(4.3 ± 0.3) 

cPAT, s 

(.114 ± .010) 

cPWVPAT, m/s 

(2.5 ± 0.5) 

cPTT, s 

(.077 ± .007) 

cPWVPTT, m/s 

(4.2 ± 0.8) 

Regression R2 R2  R2 R2  R2 R2  

PWVBH, m/s    (7.1 ± 1.5) .00 .27*** 2.7 .03 .35*** 2.0 .11*** .56*** 1.4 

SBP, mmHg    (121 ± 12) .01 .50*** 29.5 .03 .65*** 21.8 .05* .82*** 13.9 

DBP, mmHg   (73 ± 10) .01 .32*** 19.9 .03 .32*** 13.0 .18*** .66*** 10.5 

PP, mmHg      (47 ± 8) .08** .16*** 10.8 .00 .36*** 10.6 .06* .17*** 4.1 

HR, bpm         (67 ± 9) .49*** .18*** 14.2 .29*** .01 2.5 .31*** .04 2.5 

Sensitivity, R2   [Q1, median, Q3]  [Q1, median, Q3]  [Q1, median, Q3] 

PWVBH 
Path length noise  [.16, .24, .31]  [.03, .11, .26]  [.48, .53, .56] 

+ Fiducial noise  [.08, .15, .22]  [.01, .03, .09]  [.41, .48, .54] 

Error, MAD        

PWVBH, m/s 1.2 1.0 1.2 0.9 1.1 0.8** 

SBP, mmHg 10.1 7.1 9.5 5.7** 9.5 4.2*** 

DBP, mmHg 7.9 6.4 7.6 6.5 7.4 4.8*** 

 Variable ranges indicated as ( ± ). * P < 0.05, ** P < 0.01, *** P < 0.001. F-statistic for correlation. Paired-sample t-test for MAD. Highest R2 

(Regression and Sensitivity) and lowest MAD error in bold, per row. 

 c = central (prefix); (D|S)BP = (diastolic | systolic) blood pressure; HR = heart rate; MAD = mean absolute deviation; p = peripheral (prefix); PAT 
= pulse arrival time; PP = pulse pressure; PTT = pulse transit time;  PWV(BH | PAT | PTT) = (Bramwell-Hill | pulse arrival time | pulse transit time) pulse 

wave velocity ; Q(1|3) = (first | third) quartile; R2 = coefficient of determination. 

Fig. 6. Regression bar charts (left), sensitivity boxplots for path length variability (center) and MAD error bar charts (right), respectively for PWVBH (top row) 
and SBP (bottom row, here with MAD threshold of 5 mmHg). * P < 0.05, ** P < 0.01, *** P < 0.001. F-statistic for correlation. Paired-sample t-test for MAD. 

c = central (prefix); MAD = mean absolute deviation; p = peripheral (prefix); PAT = pulse arrival time; PTT = pulse transit time; PWV(BH | PAT | PTT) = 

(Bramwell-Hill | pulse arrival time | pulse transit time) pulse wave velocity; R2 = coefficient of determination; SBP = systolic blood pressure. 
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 DISCUSSION 

 In the present study, we demonstrate an approximation of 

central pulse wave velocity by segmenting pulse arrival time 

into the cardiac isovolumic contraction and central pulse 

transit time intervals, based on ultrasound carotid distension 

waveforms. In our repeated measurements design, considering 

intra- and inter-subject physiological variability and technical 

reproducibility we could confirm our hypothesis, that a central 

pulse wave velocity estimate yields superior correlations with 

Bramwell-Hill pulse wave velocity and blood pressure 

compared to conventional peripheral pulse arrival time. The 

observed improvements resulted from a combination of 1) 

measuring over a central arterial path, 2) segmenting pulse 

arrival time into vascular pulse transit time by eliminating 

isovolumic contraction and 3) converting into pulse wave 

velocity using estimated path lengths.  

 

A. Validity IVC & PWV 

Segmentation of PAT into cardiac IVC and vascular PTT 

was done using the SIC fiducial in the carotid distension 

waveform (Fig. 2d). The contribution of IVC to PAT was on 

average twice as large for the central compared to the 

peripheral site. Consequently, the sensitivity analysis showed 

large susceptibility of cPWVPAT to variations in arterial path 

length, which virtually amplify the unexplained IVC 

variability in PAT. While a more robust pPWVPAT (5% 

variability; relatively long path and low IVC contribution) 

tended to outperform cPWVPAT (10% variability; relatively 

short path and high IVC contribution), cPWVPTT demonstrated 

a clearly higher and less dispersed R2. This suggests that for 

PWV computation a proper IVC isolation is more relevant 

than the critical path length accuracy causing up to 30% PWV 

variation alone, even in the rather robust carotid-femoral PWV 

[46]. In contrast, our distance measures and the corrective 

factor 2.5 for LC appear as valid assumptions.  

The values obtained for cPWVPTT were furthermore the 

closest in line with literature values expected for young to 

middle-aged cohort in consideration of a generic age-

dependency [46]. The average IVC of 37 ms was marginally 

lower than expected from literature [26]. However, this may 

be attributed to this specific study (cohort, interventions, etc.), 

since the validity of SIC against invasive gold standard 

measurements was previously demonstrated [36]. 

 

B. Preceding Research Revisited 

A recent study concluded that peripheral PAT (to finger or 

toe) is an accurate approximation of PTT at rest due to low 

PEP variability [47]. This may hold for intra-subject 

comparison, but for conversion to PWV this assumption 

should be treated with caution, considering both the arterial 

path length and hemodynamic mechanisms involved. For 

instance, previous studies found HR as a secondary predictor 

for BP alongside PAT in multivariate regression [48], [49]. 

However, we only observed a significant correlation between 

HR and pPWV but neither cPWV, which may be explained by 

different degrees of (inter-subject) sympathetic nervous 

activity, triggering peripheral vasoconstriction simultaneous to 

increased HR. In this case, HR may be considered as collinear 

variable in a location specific model. However, there is still a 

lack of consensus on BP-independent HR-PWV interaction, 

which requires more thorough intra-subject research first [50].  

Though results vary across literature, a much-cited study 

found significant correlations between PAT and SBP as well 

as PTT (obtained from impedance cardiography-based PAT 

segmentation) and DBP, but not vice versa, in various 

pharmacological interventions [28]. However, the only drug 

not supporting the PTT-SBP correlation was Salbutamol, 

causing peripheral vasodilation. Thus, the absence of a 

significant correlation between PTT, terminating at the index 

finger, and SBP would be explained by peripheral stiffness 

modulation. Thus, these findings are also location-specific and 

point to the importance of contextual interpretation. 

Accordingly, a PTT correlating with both DBP and SBP is 

expected and in line with our findings discussed hereafter. 

 

C. PWV Correlations – PWVBH 

Regarding PWVBH, the observed correlation with cPWVPTT 

as central PWV approximation (unbiased by IVC and based on 

homogenous stiffness) is intuitive as both quantities 

supposedly represent a central arterial stiffness. However, in 

spite of the significant correlation, 44% of PWVBH variability 

remains unexplained and cPWVPTT systematically 

underestimates PWVBH by approximately 3 m/s, which may 

be explained by three limitations of the deployed PWVBH.  

Firstly, PWVBH is calculated from brachial pulse pressure 

and, due to peripheral pulse pressure amplification, likely to 

overestimate the true central PWV [1]. Importantly, the degree 

of pulse pressure amplification varies between individuals 

depending on age and overall cardiovascular constitution [51]. 

Thus, the (reconstructed) brachial pulse pressure may cause 

PWVBH to deviate differently from true central PWV between 

subjects. Secondly, the Bramwell-Hill equation assumes a 

linear pressure-volume relation over the full diastolic-to-

systolic changes. Considering the true nonlinear relation, 

systematic overestimation of distensibility-based PWV is 

expected compared to transit-time PWV obtained at diastolic 

level [50]. Moreover, different degrees of nonlinearity across 

subjects may contribute to the observed variability. Overall, 

cPWVPTT may reflect true central PWV more closely than 

PWVBH, given the significant correlations, yet lower absolute 

values and less fluctuations (Fig. 3). Further validation of our 

method should therefore comprise a true central PWV 

reference or a suitable calibration technique [52]. 

 

D. PWV Correlations – BP 

The highest correlations among the BP response variables 

were observed for SBP and not DBP, which is remarkable 

considering that PWV was measured at DBP level [53]. In that 

sense, it is important to realize that arterial compliance, 

strongly related to (diastolic) arterial stiffness, determines the 

pressure increase over the cardiac cycle due to the ejected 

stroke volume. This means that in subjects with similar DBP 

and stroke volume, yet different diastolic arterial stiffness, a 

correlation between PWV and SBP is likely expected. Indeed, 

this is in line with the understanding of large artery stiffening 

as most important determinant of systolic hypertension and 
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age-dependent PP increase due to loss of elastic cushioning 

and earlier wave reflections [1], [46]. Thus, higher diastolic 

PWV, implying higher intrinsic stiffness, is expected to 

project to higher SBP due to loss of arterial distensibility. 

Essentially linear relationships between PWV and both 

DBP and SBP were observed, although the  coefficients 

suggest a nonlinearity from DBP to SBP level. This piecewise 

linearity per BP level could be explained by 1) individual 

offsets with more discernible intra-subject nonlinearities, 2) 

the predominantly young to middle-aged cohort characterized 

by a more linear pressure-volume relation or 3) more linear 

models proposed as alternative to Moens-Korteweg, e.g. the 

Fung hyperelastic model [54], which further indicates that 

there is no clear consensus yet as to the degree of linearity. 

The highest correlation with PP was observed for cPWVPAT, 

which may be explained by the comprised IVC information, 

hence an interdependency of contractility and PP [55]. 

However, a positive  coefficient shows that this correlation is 

still driven by PTT rather than IVC.  

 

E. Modelling, Statistics & Study Design 

We deliberately used a first principles ‘white box’ approach 

to investigate the relations between different PWV estimates 

and BP, starting from the fundamental physiological quantities 

involved. This stands in contrast to a data-driven ‘black box’ 

approach wherein available quantities are combined in 

multivariate regression or machine learning models. In this 

way, we identified a key marker leading to less biased 

estimates of central PWV. Furthermore, the significant 

correlations obtained seemingly hold for a rather generic 

population without applying secondary predictors, grouping or 

extensive calibration; only exception being a personalization 

step using the rather accessible distance measure LC. Although 

the repeated measurements validate consistency of the 

obtained statistics, the prospective development of clinically 

valid estimation models should be based on unbiased cross 

validation with separated training and testing data.  

Regarding the validity of the presented results, the response 

variables showed adequate ranges for a proof-of-concept 

study. Although PWVBH was slightly less balanced than BP, 

we obtained normally distributed and heteroscedastic residual 

errors, which renders the regression analyses essentially valid. 

Whereas the present study was confined to a non-patient 

cohort, future research should include larger patient groups of 

clinical relevance, i.e. different phenotypes of vascular aging 

and hypertension, to validate our approach in full compliance 

with the ARTERY PWV standard and the IEEE BP standard, 

respectively [44], [56]. In addition, specific patient groups 

may be included to further evaluate the robustness of our 

approach, e.g. those with variations in EMD due to atrial 

fibrillations [57]. Also, dynamic exercise or pharmacological 

interventions may be conducted to respectively obtain larger 

and more versatile intra-subject variation in PWV and BP.   

 

F. Instrumentation & Processing 

Wherever applicable, we followed best practices to obtain 

valid PWV, e.g. by using the sternal notch as anatomic 

landmark for arterial path length estimation [56] or by using 

the second derivative maximum for robust systolic foot 

fiducial timings, instead of the intersecting tangent method or 

similar [13], [58]. Our approach essentially depends on 

identifiability of the SIC fiducial, which may be compromised 

by (a combination of) physiological causes and technical 

limitations, e.g. in case of the disqualified subject with 

abnormal carotid artery motion. In this case, more advanced 

image processing algorithms could ensure the required 

stability [59]. Besides, diminished prominence of SIC was 

observed in older subjects, which may be attributed to a loss 

myocardial contraction velocity [60]. In contrast, increased 

vascular stiffness as another age-dependent phenomenon may 

also promote the propagation of waveform features due to 

lower damping in the mechanical coupling between heart, 

aorta and carotid artery in extension. This compromise should 

be further investigated in relevant cohorts to determine 

whether the absence of SIC (provided stable images) 

contraindicates our approach or might be an indication of 

increased vascular stiffness or cardiac dysfunction by itself. 

 

G. Clinical Perspectives 

In the present work, we provide proof-of-principle for a 

method to approximate central PWV with a strong predictive 

utility for BP, essentially from a single ultrasound-based 

arterial distension waveform combined with ECG and a 

readily accessible anthropometric distance. With the potential 

to reduce the ultrasound probe to a single M-line modality, the 

method may be translated to an image free technique and, with 

present advances for integration, even be scaled to a portable 

or wearable device [24], [61]. Moreover, ultrasound is 

versatile and provides information from deeper located 

arteries, whose pressure and stiffness are of major clinical 

interest in cardiovascular risk assessment as they reflect 

damage in both small and large arteries [1]. In addition, 

central SBP (and hence PWV) changes more drastically with 

age increments, wherefore it is not only of higher prognostic 

value than peripheral BP, but also an early indication for 

preventive measures [62]. In the future, our method may 

present a convenient single probe alternative to the rather 

impractical carotid-femoral PWV and perhaps, as oftentimes 

intended, an unobtrusive surrogate for BP monitoring. 

Although certain similarity in elastic properties between the 

carotid and central aortic artery may be assumed, a proper 

validation study should be conducted [56]. 

 

 CONCLUSION 

Cardiac isovolumic contraction onset as signaled in 

ultrasound-based carotid distension waveforms enables 

segmentation of pulse arrival time to obtain unbiased vascular 

pulse transit time. The corresponding pulse wave velocity 

estimates provide the basis for reliable single-site assessment 

of central arterial stiffness, confirmed by significant 

correlations with the established Bramwell-Hill pulse wave 

velocity and systolic blood pressure. 
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 SUPPLEMENTARY MATERIALS 

 
ABSOLUTE AND BEAT-TO-BEAT VARIABILITY THRESHOLDS FOR 

DEFINED PHYSIOLOGICAL RANGE 

Feature Minimum Maximum Variability 

SBP, mmHg 80 220 10 
DBP, mmHg 20 150 10 

PP, mmHg 20 80 10 

HR, bpm 30 220 35 
PWV, m/s 1 15 1 

pPAT, s 

cPAT, s 
0.08 0.45 0.035 

cPTT, s 0.04 0.12 0.015 

IVC, s 0.02 0.06 0.01 

 Variability computed as absolute quantity change between beats 

(|beati - beati-1|). 
 c = central (prefix); (D|S)BP = (diastolic | systolic) blood 

pressure; HR = heart rate; IVC = isovolumic contraction; p = 

peripheral (prefix); PAT = pulse arrival time; PP = pulse pressure; 
PTT = pulse transit time; PWV = pulse wave velocity (all 

measures). 
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