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Abstract 21 

The arterial pulse wave (PW) is a rich source of information on cardiovascular (CV) health. It 22 

is widely measured by both consumer and clinical devices. However, the physical determinants of 23 

the PW are not yet fully understood, and the development of PW analysis algorithms is limited by a 24 

lack of PW datasets containing reference CV measurements. Our aim was to create a database of 25 

PWs simulated by a computer to span a range of CV conditions, representative of a sample of 26 

healthy adults. The typical CV properties of 25-75 year olds were identified through a literature 27 

review. These were used as inputs to a computational model to simulate PWs for subjects of each 28 

age decade. Pressure, flow velocity, luminal area and photoplethysmographic (PPG) PWs were 29 

simulated at common measurement sites, and PW indices were extracted. The database, containing 30 

PWs from 4,374 virtual subjects, was verified by comparing the simulated PWs and derived indices 31 

with corresponding in vivo data. Good agreement was observed, with well-reproduced age-related 32 

changes in haemodynamic parameters and PW morphology. The utility of the database was 33 

demonstrated through case studies providing novel haemodynamic insights, in silico assessment of 34 

PW algorithms, and pilot data to inform the design of clinical PW algorithm assessments. In 35 

conclusion, the publicly available PW database (DOI: 10.5281/zenodo.2633175) is a valuable 36 

resource for understanding CV determinants of PWs, and for the development and pre-clinical 37 

assessment of PW analysis algorithms. It is particularly useful because the exact CV properties which 38 

generated each PW are known. 39 

  40 
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New & Noteworthy 41 

 Firstly, a comprehensive literature review of changes in CV properties with age was 42 

performed. Secondly, an approach for simulating PWs at different ages was designed and verified 43 

against in vivo data. Thirdly, a PW database was created, and its utility was illustrated through three 44 

case studies investigating the determinants of PW indices. Fourthly, the database, and tools for 45 

creating the database, analysing PWs, and replicating the case studies, are freely available. 46 

 47 

Key terms 48 

arteries; pulse wave; ageing; database of virtual subjects; blood flow 49 

 50 

51 

Downloaded from www.physiology.org/journal/ajpheart (080.189.253.159) on October 5, 2019.



Modelling arterial pulse waves in healthy ageing 

 

 4

1 Introduction 52 

The arterial pulse wave is used for physiological assessment in both clinical medicine and 53 

consumer devices. The pulse wave (PW) contains a wealth of information on the cardiovascular 54 

system (4). It is influenced by the heart, with properties such as heart rate and stroke volume 55 

influencing its duration and morphology, and the vasculature, with arterial stiffness and wave 56 

reflections influencing its morphology. Consequently, a range of physiological parameters can be 57 

estimated from the PW, which are useful for diagnosis, monitoring and clinical decision making. The 58 

PW can be easily measured using non-invasive clinical devices, such as oscillometric blood pressure 59 

monitors and pulse oximeters. It is also routinely monitored by consumer devices such as smart 60 

watches and fitness wristbands (27). As a result, there is scope for obtaining great insight into 61 

cardiovascular function from the PW in clinical settings and daily life. 62 

The PW has been the subject of much in vivo research. For instance, the physiological 63 

determinants of pulse wave velocity (PWV) and late systolic pressure augmentation have been 64 

investigated in both large observational studies (98) (37) and smaller interventional studies (106) 65 

(168). In addition, techniques for estimating physiological parameters from PWs have been assessed 66 

in clinical studies, including: estimating cardiac output from invasive pressure PWs (153); estimating 67 

arterial stiffness from non-invasive pressure PWs (69); and, estimating an aortic pressure wave from 68 

a peripheral PW (117). Whilst in vivo studies are valuable they do have disadvantages, as described 69 

in (171): it can be difficult to measure reference variables precisely (e.g. cardiac output or arterial 70 

stiffness); it is difficult to study the influence of individual cardiovascular properties on the PW in 71 

vivo, since other properties may change concurrently; it can be difficult to measure PWs at all sites 72 

of interest (particularly central arteries); clinical trials are expensive and time-consuming; and, in 73 

vivo measurements are subject to experimental error. 74 
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One-dimensional (1D) computational modelling provides a complementary approach for 75 

research into the PW, as it allows PWs to be simulated under different cardiovascular conditions 76 

(146). Indeed, in silico studies using computational modelling have been performed to complement 77 

the aforementioned clinical studies: the determinants of PWV and pressure augmentation were 78 

assessed in (170) (171), and techniques for estimating cardiac output, arterial stiffness, and the 79 

aortic pressure wave, were assessed in (116) (157) (151). Whilst there are also disadvantages to in 80 

silico studies (e.g. reliance on modelling hypotheses), they can provide additional haemodynamic 81 

insights which would be difficult to obtain in vivo, and can be used for preliminary design and 82 

assessment of PW analysis techniques across a wide range of cardiovascular conditions in a relatively 83 

quick and inexpensive manner. Furthermore, the results of in silico studies can be used to inform the 84 

design of in vivo studies (171), and to confirm the findings of in vivo studies (90, 161). 85 

The aim of this study is to develop and verify an approach for simulating PWs representative of 86 

a sample of healthy adults. Such an approach would be useful for in silico studies of haemodynamics 87 

and PW indices, as the results could be indicative of those which would be obtained in vivo. The 88 

approach presented here combines novel methods with several recent developments in 1D 89 

modelling from the literature. The main goals were to: (i) develop methods for simulating PWs 90 

during healthy ageing, exhibiting normal physiological variation; (ii) develop a method for simulating 91 

photoplethysmogram (PPG) PWs, which are widely measured by pulse oximeters and consumer 92 

devices; (iii) create a database of PWs representative of a sample from a healthy adult population, 93 

and verify it through comparison with in vivo data; (iv) present case studies demonstrating the utility 94 

of the approach; and (v) make the PW database and accompanying code freely available to support 95 

further research. This builds on preliminary work presented in (23, 24, 31, 34). 96 

 97 

 98 

Downloaded from www.physiology.org/journal/ajpheart (080.189.253.159) on October 5, 2019.



Modelling arterial pulse waves in healthy ageing 

 

 6

2 Materials and Methods 99 

2.1 Modelling Arterial Pulse Waves 100 

The 1D formulation of PW propagation was used to simulate arterial PWs numerically (108). 101 

The computational model was based on that described in (2). It consisted of three key components, 102 

as shown in Figure 1. Firstly, the arterial network was decomposed into 116 arterial segments 103 

making up the larger arteries of the thorax, limbs and head. Arterial segments were modelled as 104 

thin, visco-elastic tubes of constant length and linearly tapered diameter (30). Secondly, a periodic 105 

inflow waveform was prescribed as a boundary condition at the aortic root, modelling flow from the 106 

left ventricle. Thirdly, terminal 3-element Windkessel boundary conditions were imposed at the 107 

outlets of peripheral arterial segments, modelling vascular beds. 108 

 109 

Figure 1: The 1D model of pulse wave propagation (left) and simulated pulse waves (right). The model 110 

consists of: an arterial network consisting of arterial segments making up the larger arteries; an aortic 111 
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inflow waveform prescribed at the aortic root; and lumped boundary conditions at each terminal 112 

segment representing vascular beds (adapted from (30) [CC BY 3.0]). 113 

The nonlinear 1D equations of incompressible and axisymmetric flow in Voigt-type visco-114 

elastic vessels were used to model blood flow, based on the physical principles of conservation of 115 

mass, momentum and energy (30). Key assumptions were: laminar flow, incompressible and 116 

Newtonian blood (density, 𝜌 = 1,060 kg/m3, and viscosity, 𝜇 = 2.5 mPa.s), parabolic flow and no 117 

energy losses at bifurcations. The previously described model provided four types of arterial PWs: 118 

blood flow velocity (U), luminal area (A), volume flow rate (Q = UA), and blood pressure (P) waves. In 119 

this study the model was extended to simulate photoplethysmogram (PPG) PWs by assuming that 120 

the PPG is dependent on the volume of arterial blood in a tissue. At the periphery, the PPG PW was 121 

calculated from the volume of blood stored in the terminal Windkessel model. Within the arterial 122 

network the PPG was calculated from the volume of blood stored in the arterial segment. In both 123 

cases the PPG was calculated by normalising the pulsatile variation in blood volume to occupy a 124 

range of 0 to 1. 125 

For further details of the model, including the geometry of the arterial network and the 126 

methodology for simulating PPG PWs, see Appendix, Section 5.1. 127 

 128 

2.2 Prescribing Model Input Parameters for Different Ages Based on a Literature Review 129 

The model input parameters were adjusted to simulate PWs representative of healthy adults 130 

at each age decade from 25 to 75 years. The parameters can be categorised as: cardiac, arterial, 131 

vascular bed, and blood properties. Referring to Figure 1: the cardiac properties influence the aortic 132 

inflow waveform; the arterial properties determine the mechanical and geometrical characteristics 133 

of arterial segments; and the vascular bed properties are captured by the components of the 134 

vascular bed model. In this section we present a review of the literature describing changes in these 135 

properties with age, including findings from 97 articles, and describe the methods used to extract 136 
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Figure 2: A summary of the literature review findings. The mean (solid line) and standard deviation 

(dashed lines indicating ± 1 and ± 2 SD) values are shown for each parameter. The positive and 

negative SD values for carotid-femoral PWVs are different to capture the positive skewness of this 

variable’s distribution. The final wave speed plot shows the baseline wave speed as a function of 

diameter for each age. 
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values for the mean and inter-subject variation of each model input parameter at each age decade. 137 

The findings for each parameter are presented in the Appendix, Section 5.2. The most reliable 138 

studies reporting the mean and inter-subject variation of each parameter at each age were 139 

identified using the following criteria: (i) whether the reported change with age was in keeping with 140 

the consensus from the review; (ii) the accuracy of the technique used to measure the parameter; 141 

and (iii) the nature of the subjects studied (namely their level of health, age range and sample size). 142 
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The typical values found for a sample of healthy adults are shown for each parameter in Figure 2, 143 

and the equations describing them as a function of age are provided in the Appendix, Section 5.2. 144 

2.2.1 Cardiac Properties 145 

Cardiac properties were specified to the model through an inflow waveform prescribed at 146 

the aortic root (shown in Figure 1). The waveform is affected by: heart rate (HR), stroke volume (SV), 147 

left ventricular ejection time (LVET), peak flow time (PFT), reverse flow volume (RFV), and aortic flow 148 

waveform morphology. These characteristics are now considered in turn. 149 

The vast majority of the identified articles which investigated changes in HR with age (7, 15, 150 

36, 45, 54, 70, 83, 96, 103, 104, 109, 122, 125, 128, 129, 132, 133, 137, 142, 148, 174, 175) did not 151 

find a change with age (see Table A1). (174) reported a nonlinear change in HR between the ages of 152 

28 and 90 in Framingham Heart Study data (n=5,209): an increase until around 55 years in males, 153 

followed by a slight decrease until age 70, and a rapid decline thereafter. The change observed in 154 

this study was small, with the mean HR varying between 67 and 76 beats per minute (bpm) for 155 

males. When combined with the nonlinear nature of the change, and the inclusion of older subjects 156 

in this study, this may explain why most other studies did not identify a change. This study was used 157 

to model changes in HR with age since it was population-based and far larger than the others. Mean 158 

values for each age were obtained by interpolating the male data from this study using shape-159 

preserving piecewise cubic interpolation. Values for normal variation in HR were not provided by this 160 

paper. Therefore, a standard deviation of 11 bpm was obtained from a population study of 800 UK 161 

Biobank participants aged 45-74 years old (119). It was assumed that this value remained constant 162 

with age. The HR was prescribed to the model by setting the duration of the inflow waveform, 163 𝑇 = 60/𝐻𝑅 . 164 

The majority of the identified articles (20, 22, 70, 89, 103, 109, 119, 121, 122, 132, 133) 165 

indicated that SV decreases with age. The largest study was an analysis of echocardiographic data 166 
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acquired from 3,719 subjects (121). This study was chosen to model both the change in SV with age, 167 

and normal variation in SV. The mean and standard deviation values for SV at each age were 168 

estimated from the upper and lower male reference values by assuming a normal distribution. SV 169 

was input to the model by setting the integral of the input flow waveform, Q(t), as ׬ 𝑄(𝑡)଴் 𝑑𝑡 = 𝑆𝑉, 170 

where t is time and T is the duration of a cardiac cycle. 171 

The majority of the identified studies (54, 55, 68, 104, 122, 125, 137, 145, 155, 172) 172 

observed no change in LVET with age. Gold standard measurement techniques (echocardiograms 173 

and Doppler aortic flow signals) were used in three studies with low numbers of subjects (83, 65 and 174 

62 subjects), which all found no change in LVET with age (54, 55, 137). Other studies included data 175 

from over 350 subjects, but did not use gold standard measurements, instead using the duration of 176 

the systolic portion of the carotid flow or pressure signal (68, 172), the QT interval (104, 155) or 177 

phonocardiogram measurements (145). They reported a range of conclusions: no change (104, 122, 178 

145), an increase (155), or a small nonlinear change (172). Therefore, it was assumed that LVET did 179 

not change with age. A mean value of 282 ms was obtained from (108). Although this is slightly 180 

lower than the values of 295 ± 24 and 306 ± 22 ms reported in (55, 137), it was chosen because it 181 

provided more realistic PW shapes. (55) was used to model normal variation in LVET. Several articles 182 

have reported that LVET changes with HR (49, 64, 124, 136, 138, 145, 165, 166, 172) and SV (64, 124, 183 

165). Data on the relationship between LVET, HR and SV were reported in (166). The data from 184 

normal subjects were used to calculate an empirical relationship,  185 

𝐿𝑉𝐸𝑇 [𝑚𝑠] = 244 − 0.926 𝐻𝑅 [𝑏𝑝𝑚] + 1.08 𝑆𝑉 [𝑚𝑙] ,  (1) 186 

which was used to model the changes in LVET with HR and SV. 187 

There is little information in the literature on how the PFT is affected by age. A study of 82 188 

healthy subjects aged 21 to 78 years found no significant change in PFT with age when measured 189 

with gold standard aortic Doppler flow (54). Similarly, a study of 96 healthy subjects aged 19 to 79 190 
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years also found no significant change (MRI measurements at ascending aorta) (15). In contrast, a 191 

study of PFT estimated from carotid pressure waves in 56 healthy subjects found a substantial 192 

decrease with age (68). Due to the limited and conflicting evidence, it was assumed that PFT did not 193 

change with age. A normal value of 79 ± 11 ms was obtained from echocardiography data in (74). 194 

The ascending aortic flow waveform typically consists of a positive systolic flow wave, 195 

followed by a period of reverse flow (111). There is little information in the literature on RFV. 196 

Bensalah et al. found no significant difference in RFV between young and elderly subjects in the 197 

ascending aorta (although they did observe an increase in peak backward flow rate with age) (15). 198 

Similarly, Svedlund et al. found no difference between the ratios of systolic to diastolic velocity time 199 

integrals in the aortic arch between younger and older subjects (154). Therefore, it was assumed 200 

that RFV did not change with age. A normal value of 0.73 ± 0.63 ml was obtained from ascending 201 

aortic data from (15). 202 

The aspects of the aortic inflow waveform considered so far can be used to specify the 203 

integral of the waveform, its duration, and the timings of peak flow and end-systole. There is little 204 

evidence in the literature on how the remaining aortic flow wave characteristics vary with age and 205 

within age groups. Examples of aortic flow waveforms for young and old subjects are provided in 206 

(109) (15) (111), although these are based on measurements from individual subjects. Therefore, it 207 

was assumed that the remaining aortic flow wave characteristics did not change with age, or exhibit 208 

any variation. The morphology was modelled on the wave provided in (108), since this has been 209 

previously shown to give reasonable PW simulations. Details of the methodology used to prescribe 210 

an inflow waveform with the desired characteristics are provided in the Appendix, Section 5.3.1. 211 

2.2.2 Arterial Properties 212 

The following properties of arterial segments were specified to the model: length, inlet and 213 

outlet diameters, wall stiffness, and wall viscosity. These are now considered in turn. 214 
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 Few studies have investigated how arterial lengths change with age. The length of the 215 

proximal aorta has been found to increase with age (15, 40, 67, 152). In contrast, the lengths of 216 

more distal sections of the aorta (42, 67, 152) and the carotid (152) and iliac (152) arteries have 217 

been found to either not change with age, or exhibit a complex change (in one case). Therefore, it 218 

was assumed that the proximal aorta (up to and including the aortic arch) lengthens with age, 219 

whereas the lengths of other arteries do not change. Baseline lengths for the 25-year old were 220 

adapted from those in (3, 108). Relative changes in proximal aortic length with age were modelled 221 

using data from (67) since it used reliable methodology (MRI measurements of the aortic arch, 157 222 

subjects, aged 18 - 77 years). However, it did not provide age-specific values for the normal variation 223 

in length. Therefore, normal variation was modelled using data from (15). 224 

 Several studies have investigated how the diameters of the aorta (ascending (1, 15, 21, 67, 225 

82, 97, 103, 109, 127, 131, 158, 162, 163), descending thoracic (1, 67, 127, 131, 162), abdominal (67, 226 

73, 118, 131, 150, 162)) and carotid artery (13, 16, 63, 68, 129, 140) change with age, with the vast 227 

majority indicating that both increase with age. In contrast, few studies investigated changes in the 228 

diameters of the iliac (73, 118), femoral (13, 139, 140), brachial (57, 66), or radial (16) arteries, and 229 

these reported a range of conclusions. Therefore, it was assumed that the diameters of the aorta 230 

and carotid artery increase with age, whereas the diameters of remaining arteries are not affected 231 

by age. Baseline diameters for the 25-year old were adapted from (3, 108). A study by Hickson et al. 232 

(n=157) was used to model changes in aortic diameter with age since it contained data from all three 233 

aortic sites, from subjects free of cardiovascular disease and medication, over a wide age range (24 - 234 

73 years), acquired using MRI (67).  However, this study did not provide data on normal variation in 235 

aortic diameter. Therefore, normal variation was modelled using data from (1). Changes with age 236 

and normal variation in carotid artery diameter were modelled using data from (63), since it used 237 

echo-tracking measurements from healthy subjects with a wide age range. The arterial diameters 238 

Downloaded from www.physiology.org/journal/ajpheart (080.189.253.159) on October 5, 2019.



Modelling arterial pulse waves in healthy ageing 

 

 13

were prescribed at male age-specific diastolic blood pressure (DBP) values from (100), a study of 239 

4,001 healthy subjects. 240 

The literature on changes in pulse wave velocity (PWV) with age was reviewed to identify 241 

target PWVs for optimising the stiffness of arterial segments. Many studies have investigated how 242 

PWV changes with age in the aorta (9, 10, 12, 15, 56, 62, 65, 67, 81, 92, 98, 100, 103, 107, 112, 128, 243 

143, 147, 160) and the arteries of the arms (9, 10, 18, 19, 50, 62, 65, 87, 100, 107, 149) and legs (9, 244 

10, 43, 65, 92). The vast majority observed an increase in PWV with age. The largest study reported 245 

reference values of carotid-femoral PWV (n = 11,092) according to age and blood pressure (98). The 246 

subjects in this study were from eight European countries, free from overt cardiovascular disease, 247 

and aged from 15 to 97. Therefore, this study was used to model changes in aortic PWV with age 248 

and MAP. We found no similar population-level studies reporting how PWVs at the arm and leg 249 

change with age. Instead, relationships between aortic and brachial-radial (arm) and femoral-250 

dorsalis pedis (leg) PWVs were calculated from the data in (9) (n = 524). These relationships were 251 

then used to calculate desired values for arm and leg PWVs corresponding to the desired aortic 252 

PWVs. Following (108, 114, 170), the stiffness of each segment was assumed to be related to its 253 

diastolic radius, 𝑅ௗ, using 254 𝐸ℎ = 𝑅ௗ [𝑘ଵ 𝑒𝑥𝑝(𝑘ଶ 𝑅ௗ) + 𝑘ଷ] ,  (2) 255 

where E is the Young's modulus, h the wall thickness, and 𝑘ଵ, 𝑘ଶ and 𝑘ଷ are empirical constants 256 

which were optimised to provide theoretical wave speeds, 𝑐ௗ, in keeping with the desired PWVs (for 257 

further details see the Appendix, Section 5.3.2). 𝑐ௗ was calculated as (2)  258 

𝑐ௗ = ට ଶா௛ଷఘோ೏ .    (3) 259 

Wall viscosity, Γ, was calculated following (108) as 260 
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𝛤 = ௕భଶோ೏ +  𝑏଴   (4) 261 

where 𝑏ଵ= 150 g cm/s and 𝑏଴= 600 g/s are empirical constants, chosen to achieve realistic hysteresis 262 

in pressure-area curves at peripheral arteries. Wall viscosity was assumed to remain constant with 263 

age as there is little evidence to suggest otherwise (77). 264 

 265 

2.2.3 Vascular Bed Properties 266 

It is difficult to assess the properties of vascular beds in vivo. Therefore, we considered 267 

changes in systemic vascular properties reported in the literature, and used these to inform the 268 

expected changes in vascular bed properties.  269 

The majority of articles describing variations in systemic vascular resistance (SVR) with age 270 

(36, 45, 70, 76, 101, 103, 109, 126, 133) reported an increase with age. However, the two articles 271 

with the largest study cohorts (n= 623 and 200) found no change in SVR index (i.e. indexed to body 272 

surface area) and SVR in men (45, 126). Consequently, it was not clear whether SVR changes with 273 

age. Therefore, we calculated peripheral vascular resistance (PVR) values which would result in 274 

realistic mean arterial pressure (MAP) values. Changes in MAP with age, and normal variation in 275 

MAP, were modelled using male data from (100), the same study used for DBP. Mean values for 276 

each age were obtained by interpolating the data using cubic spline interpolation, whilst values for 277 

normal variation in MAP were obtained using linear interpolation. The resistance of each vascular 278 

bed was adjusted from its baseline value (specified in (108)) to achieve the desired MAP. The total 279 

values for each bed were split between each branch feeding into that bed by setting the Windkessel 280 

resistances to be inversely proportional to the branch's luminal area (30). 281 

All of the articles identified which investigated changes in systemic vascular compliance 282 

(SVC) with age (35, 92, 94, 101, 130) reported a decrease with age. The largest studies estimated 283 

large and small artery compliances from brachial and radial pressure PWs (101, 130). These 284 
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observed a reduction in both large and small artery compliances with age, indicating that the 285 

reduction in SVC with age is not solely caused by changes in larger arteries, but is also contributed to 286 

by the rest of the circulation. Therefore, it was assumed that peripheral vascular compliance (PVC) 287 

decreased with age. Baseline PVC values corresponding to the 25-year old model were obtained 288 

from (108). Changes in PVC with age were modelled using the equation for oscillatory (small artery) 289 

compliance provided in (101). Normal variation in PVC was modelled using the results for oscillatory 290 

compliance reported in (130). 291 

2.2.4 Blood Properties 292 

Blood density and viscosity were assumed to be constant since there is little evidence to 293 

suggest they change with age (80). 294 

2.3 Generating a Database of Arterial Pulse Waves 295 

A preliminary set of PWs was created for the 25-year old subject to determine which 296 

cardiovascular properties should be varied in the database. PWs were firstly simulated using the 297 

baseline cardiovascular properties, and then by changing each property independently by ± 1 298 

standard deviation (SD) from its mean value. The resulting PWs at the carotid and radial arteries are 299 

shown in Figure 3. Six of the ten properties were found to strongly influence PWs (HR, SV, LVET, 300 

diameter, PWV and MAP), whereas the remainder did not (PFT, RFV, proximal aortic length and 301 

PVC). Only those properties which strongly influenced PWs were varied at each age to mimic normal 302 

physiological variation in the database. 303 
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 304 

A database of PWs was created by simulating PWs for subjects of each age decade from 25 305 

to 75 years. PWs were sampled at 500 Hz. Firstly, PWs were simulated for a baseline subject at each 306 

age (using the age-specific mean value for all properties described in Section 2.2). Secondly, PWs 307 

were simulated for 36 = 729 subjects at each age by changing the six identified cardiovascular 308 

    Carotid            Radial 

                 

Figure 3: PWs for the 25-year old subject at the carotid artery (left panel) and the radial artery 

(right panel). The waves shown are at baseline (black), and those obtained when increasing (blue) 

and decreasing (red) each parameter independently by 1 SD from its baseline value. 
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properties in combination with each other by ± 1 SD from their age-specific mean values. This 309 

resulted in 6x729 = 4,374 subjects in the database. Thirdly, the plausibility of each subject was 310 

investigated by comparing their aortic and brachial BPs (SBP, DBP, MAP, PP and PPamp) to reference 311 

healthy values from (100). A subject was deemed to exhibit implausible BPs if any of the BP 312 

measurements were outside 99% confidence intervals calculated as the age-specific mean ± 2.575 313 

SD.  314 

2.4 Extracting Pulse Wave Indices 315 

PW indices which are commonly measured in clinical practice or research were extracted 316 

from PWs. Firstly, haemodynamic parameters were extracted from flow and pressure PWs at the 317 

aortic root. SV, cardiac output (CO), LVET, PFT and RFV were extracted from the flow PW. HR and 318 

maximal dP/dt were extracted from the pressure PW. Secondly, systolic (SBP), diastolic (DBP), mean 319 

(MAP) and pulse pressure (PP) values were extracted from pressure PWs at common measurement 320 

sites. Thirdly, pulse pressure amplification (PPamp) was calculated as the ratio of brachial to aortic PP. 321 

Fourthly, pulse transit times (PTTs) were measured along the following paths: carotid-femoral, 322 

carotid-radial, femoral-ankle, aortic (i.e. aortic root to iliac bifurcation), and between the aortic root 323 

and each measurement site. PTTs were measured from pressure waves using the foot-to-foot 324 

algorithm reported in (51, 53). PWVs were calculated from the PTTs and corresponding arterial path 325 

lengths. Fifthly, indices of arterial stiffness were calculated from the aortic root pressure PW 326 

(augmentation pressure and index, and the time to reflected wave) and the digital PPG (modified 327 

ageing index, reflection index and stiffness index). 328 

A range of additional PW indices which have been proposed in the literature were also 329 

calculated. The timings and amplitudes of the following fiducial points were calculated: P1, P2, 330 

systolic peak, and point of maximal dP/dt on the pressure PWs; a, b, c, d, e, systolic peak, diastolic 331 

peak, dicrotic notch, and point of maximal dPPG/dt on the PPG PWs. These points were identified 332 
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using the PulseAnalyse script (described in the Appendix, Section 5.4; see the Endnote for access), 333 

which analyses the PWs and their derivatives as shown in Figure 4. P1 and P2 have previously been 334 

reported as the first inflection point, and second systolic peak, on the central pressure PW, 335 

indicative of the times of maximum aortic flow velocity, and maximum augmentation pressure due 336 

to wave reflection, respectively (91). They are used to calculate the augmentation index, as P1 337 

occurs at the arrival of a reflected wave, and P2 occurs as the peak of the reflected wave. In 338 

addition, the following values were calculated at the aortic root: the volume of flow up to each of 339 

the times of P1 and P2, and the flow velocity at P1 and P2. Finally, the mean, maximum and 340 

minimum values of the Q, U and A PWs were extracted. 341 

(a)       (b)  342 

Figure 4: Pulse wave (PW) analysis, illustrated for a radial pressure PW. (a) Fiducial points were 343 

identified on the PW, and its first and second derivatives; (b) several pulse wave indices were 344 

calculated from the amplitudes and timings of these fiducial points, including those shown. 345 
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2.5 Comparison with In Vivo Data 347 

The PW database was verified by comparing the simulated PWs with two sets of in vivo data 348 

from healthy subjects. Firstly, the shapes of simulated PWs for virtual subjects of different ages were 349 

compared with in vivo PWs at different ages obtained from: (46) [CC BY]; normotensive subjects 350 

during screening for hypertension (including aortic root pressure PWs estimated using a transfer 351 

function) (90); and, the Vortal dataset (28, 29) [CC BY 3.0]. Additional comparisons of PW shapes 352 

were performed using data from (5, 6, 41, 48, 68, 79, 101, 102, 173) (results not shown). Secondly, 353 

the haemodynamic characteristics of the simulated PWs were compared to the in vivo 354 

haemodynamic values reported in (100). 355 

2.6 Case Studies 356 

The utility of this approach for simulating PWs is demonstrated in three case studies. In the 357 

first study, we investigated the determinants of changes in pulse pressure amplification (PPamp) with 358 

age. To do so, we assessed the effects of age on early systolic amplification and late systolic aortic 359 

pressure augmentation, quantified as PPamp calculated using the aortic PP at P1 and P2 respectively. 360 

Secondly, we investigated how well the following finger PPG PW indices correlate with aortic PWV: 361 

RI, reflection index (38); SI, stiffness index (105); and AGImod, modified ageing index (159).  Reference 362 

aortic PWV was calculated from pressure PWs using the foot-to-foot method (53), correlations were 363 

assessed using the coefficient of determination (R2, the square of the Pearson correlation 364 

coefficient) and the determinants of the indices were assessed using the relative sensitivity index 365 

(which indicates the percentage change in a PW index associated with a change in model input 366 

parameter of 1 SD from baseline (170)). In the third study, we assessed how well algorithms for 367 

tracking cardiac output (CO) perform during changes in CO and MAP from baseline. Two algorithms 368 

were implemented to estimate CO from the radial pressure PW based on the 2-element Windkessel 369 

model of the circulation (25). The first algorithm is based on the assumption that CO is proportional 370 

to the root-mean-square of the radial pressure PW (25). The second algorithm is based on the 371 
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assumption that CO is proportional to the ratio of PP to compliance, approximated as 𝑃𝑃/(𝑇 ×372 (𝑆𝐵𝑃 + 𝐷𝐵𝑃)), where T is the PW duration, SBP and DBP are systolic and diastolic BP, and 373 

compliance is assumed to be proportional to mean BP (93, 116). These algorithms were chosen as it 374 

has been reported that similar algorithms are used in commercial devices (176). The algorithms 375 

were calibrated using the age-specific baseline simulations. Performance was assessed using the 376 

mean absolute percentage errors (MAPEs) of estimated COs in simulations in which either CO (i.e. 377 

HR or SV), or MAP were varied whilst all other parameters were held at baseline. 378 

 379 

3 Results 380 

3.1 Database Characteristics 381 

The PWs contained within the database are illustrated in Figure 5. There are marked 382 

differences between PWs at different sites, such as: the increase in systolic pressure and the 383 

transition from an A- to C-type pressure wave shape with distance from the aortic root (109); the 384 

genesis of a diastolic peak in flow velocity in the limbs, which is accompanied by diastolic peaks in 385 

the other PWs at limb sites; and the genesis of a second systolic peak in flow velocity at the carotid 386 

artery, accompanied by second systolic peaks in area and PPG PWs at the temporal artery, which 387 

bifurcates from the carotid artery. 388 

A total of 537 out of the 4,374 virtual subjects exhibited BPs outside of healthy ranges. This 389 

was predominantly due to abnormal PP (observed in 431 subjects) and abnormally high PPamp (90 of 390 

the remainder). Most of the subjects with abnormally high PP had increased PWV, and often had at 391 

least one of increased SV, increased MAP, and decreased large artery diameter. The subjects with 392 

abnormally low PP had the opposite characteristics: decreased PWV, and at least one of decreased 393 

SV, decreased MAP, and increased diameter. Most of the remaining subjects with abnormally high 394 

PPamp had decreased PWV, and often increased HR or decreased MAP. The proportion of subjects 395 

Downloaded from www.physiology.org/journal/ajpheart (080.189.253.159) on October 5, 2019.



Modelling arterial pulse waves in healthy ageing 

 

 21

exhibiting implausible BPs increased with age (from 3% of 25 year olds to 32% of 75 year olds). Only 396 

those subjects with BPs within healthy ranges were included in the following analyses. 397 

 398 

 399 

Figure 5: The pressure (P), flow velocity (U), luminal area (A) and photoplethysmogram (PPG) 400 

pulse waves simulated at common measurements sites for the baseline 25-year old subject 401 

(adapted from (30) [CC BY 3.0]). 402 
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The haemodynamic characteristics of the PW database are summarised in Table 1, showing 403 

the wide range of cardiovascular physiology exhibited by subjects in the database, both across the 404 

whole age range and at each age. Some of the parameters were prescribed to the model and were 405 

therefore pre-determined, such as heart rate and proximal aortic length. In contrast, many of the 406 

haemodynamic PW parameters were not prescribed directly, but were determined from simulated 407 

PWs, such as systolic blood pressure, pulse pressure amplification, and carotid augmentation index. 408 

There were marked changes in these resultant parameters with age, indicating that the different 409 

values of input parameters prescribed at each age did result in changes in PW shape as seen in vivo. 410 

 411 

Table 1: The haemodynamic characteristics of the PW database for all physiologically plausible virtual 

subjects (n = 3,837) and for the subjects at each age, from 25 to 75 years old. Shown as mean ± 

standard deviation. 

Haemodynamic Characteristic All Subjects 25 35 45 55 65 75 
Number of physiologically plausible subjects 3,837 712 684 654 641 588 558 
Cardiac  
- HR: Heart rate [bpm] 75.6 ± 9.2 73.0 ± 9.1 76.3 ± 9.1 77.0 ± 9.0 77.0 ± 9.1 76.3 ± 9.0 74.4 ± 9.0 
- SV: Stroke volume [ml] 60.4 ± 12.4 66.8 ± 13.1 64.1 ± 12.5 61.3 ± 11.6 58.7 ± 11.1 55.8 ± 10.4 53.6 ± 9.8 
- CO: Cardiac output [l/min] 4.57 ± 1.09 4.88 ± 1.13 4.90 ± 1.13 4.72 ± 1.06 4.52 ± 1.02 4.25 ± 0.95 3.99 ± 0.86 
- LVET: Left ventricular ejection time [ms] 283 ± 23 283 ± 23 284 ± 23 283 ± 23 282 ± 23 282 ± 23 282 ± 23 
- dP/dt: Maximum aortic value [mmHg/s] 573 ± 127 585 ± 130 572 ± 132 573 ± 126 570 ± 128 568 ± 119 568 ± 122 
- PFT: Peak flow time [ms] 80.0 ± 0.2 79.9 ± 0.4 80.0 ± 0.0 80.0 ± 0.0 80.0 ± 0.0 80.0 ± 0.1 80.0 ± 0.2 
- Reverse flow volume [ml] 0.7 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 0.8 ± 0.1 0.8 ± 0.1 
Arterial  
- Aortic pressure [mmHg]: SBP 108.8 ± 10.1 100.1 ± 8.0 104.6 ± 8.4 110.1 ± 8.4 111.9 ± 8.7 113.6 ± 8.7 115.1 ± 9.4 
-                                              DBP 75.9 ± 6.7 74.7 ± 5.7 77.3 ± 6.0 78.9 ± 6.1 77.4 ± 6.2 74.8 ± 6.6 71.7 ± 7.2 
-                                              MAP 93.9 ± 6.5 89.2 ± 6.2 92.8 ± 6.1 96.3 ± 6.1 96.2 ± 6.0 95.4 ± 5.9 94.2 ± 5.8 
-                                              PP 32.9 ± 11.1 25.4 ± 7.0 27.3 ± 8.3 31.3 ± 8.5 34.5 ± 9.4 38.9 ± 10.2 43.4 ± 12.3 
- Brachial pressure [mmHg]: SBP 118.1 ± 9.2 112.3 ± 8.7 115.9 ± 9.1 120.4 ± 8.6 120.6 ± 8.5 120.2 ± 8.3 120.1 ± 8.7 
-                                                  DBP 73.4 ± 6.7 72.0 ± 5.6 74.5 ± 6.1 76.3 ± 6.2 75.0 ± 6.3 72.3 ± 6.6 69.5 ± 7.1 
-                                                  MAP 93.7 ± 6.6 88.9 ± 6.1 92.5 ± 6.3 96.1 ± 6.1 96.1 ± 6.0 95.2 ± 5.9 94.0 ± 5.8 
-                                                  PP 44.7 ± 10.2 40.3 ± 8.2 41.5 ± 9.2 44.1 ± 9.1 45.6 ± 9.6 47.9 ± 9.8 50.6 ± 11.5 
- Pulse pressure amplification (ratio) 1.41 ± 0.21 1.62 ± 0.15 1.56 ± 0.16 1.44 ± 0.13 1.35 ± 0.13 1.26 ± 0.11 1.19 ± 0.10 
- Augmentation pressure (carotid) [mmHg] 8.0 ± 8.2 0.6 ± 3.0 2.5 ± 3.6 5.9 ± 4.4 9.4 ± 5.2 13.9 ± 6.4 18.8 ± 8.4 
- Augmentation index (carotid) [%] 20.6 ± 16.8 2.3 ± 10.4 8.4 ± 10.7 17.8 ± 10.2 25.9 ± 9.4 34.3 ± 8.9 41.5 ± 9.1 
- Time to reflected wave (carotid) [ms] 102.3 ± 19.3 122.4 ± 9.1 115.6 ± 11.7 104.7 ± 13.0 96.2 ± 13.9 87.2 ± 12.9 80.2 ± 13.2 
- Pulse wave velocity [m/s]: aortic 7.6 ± 1.7 5.9 ± 0.6 6.5 ± 0.8 7.3 ± 0.9 8.0 ± 1.1 8.9 ± 1.3 9.7 ± 1.6
-                                                  carotid-femoral 8.1 ± 1.8 6.3 ± 0.7 6.9 ± 0.9 7.8 ± 0.9 8.5 ± 1.1 9.5 ± 1.4 10.4 ± 1.9 
-                                                  brachial-radial 10.7 ± 1.7 8.9 ± 0.6 9.5 ± 0.8 10.4 ± 0.8 11.1 ± 1.0 12.0 ± 1.3 12.8 ± 1.6
-                                                  femoral-ankle 10.3 ± 1.7 8.7 ± 0.9 9.2 ± 1.1 10.1 ± 0.8 10.7 ± 1.0 11.6 ± 1.2 12.4 ± 1.5
- Diameter [mm]: ascending aorta 39.4 ± 3.5 36.7 ± 2.6 37.8 ± 2.7 39.0 ± 2.8 40.2 ± 2.9 41.4 ± 3.0 42.6 ± 3.0 
-                               descending thoracic aorta 26.3 ± 2.3 24.4 ± 1.7 25.2 ± 1.8 26.0 ± 1.9 26.8 ± 1.9 27.6 ± 2.0 28.3 ± 2.0 
-                               abdominal aorta 15.6 ± 1.3 14.5 ± 1.0 15.0 ± 1.1 15.4 ± 1.1 15.9 ± 1.1 16.3 ± 1.2 16.8 ± 1.2
- Length of proximal aorta [mm] 95.1 ± 10.9 80.0 ± 0.0 86.4 ± 0.0 92.8 ± 0.0 99.2 ± 0.0 105.6 ± 0.0 112.0 ± 0.0
- Modified Ageing Index [au] -0.78 ± 0.46 -0.98 ± 0.24 -1.00 ± 0.25 -0.89 ± 0.33 -0.76 ± 0.43 -0.56 ± 0.52 -0.41 ± 0.59 
- Reflection Index [au] 0.28 ± 0.14 0.18 ± 0.08 0.21 ± 0.10 0.27 ± 0.11 0.31 ± 0.11 0.36 ± 0.12 0.41 ± 0.13
- Stiffness Index [m/s] 7.8 ± 2.4 6.2 ± 1.0 6.7 ± 1.1 7.5 ± 1.0 8.1 ± 1.6 8.9 ± 2.8 10.3 ± 3.4
Vascular Beds  
- Systemic vascular resistance [106 Pa s/m3] 173.7 ± 42.5 153.8 ± 34.5 159.5 ± 36.5 171.2 ± 38.3 178.9 ± 41.0 188.6 ± 43.8 198.1 ± 45.1
- Peripheral vascular compliance [109 m3/Pa] 29.3 ± 7.7 40.1 ± 0.0 35.5 ± 0.0 31.0 ± 0.0 26.4 ± 0.0 21.9 ± 0.0 17.3 ± 0.0
- Time constant [s] 1.07 ± 0.39 1.30 ± 0.41 1.22 ± 0.42 1.12 ± 0.36 1.02 ± 0.32 0.90 ± 0.28 0.82 ± 0.26 
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3.2 Comparison with In Vivo Data 412 

A selection of the simulated PWs are compared to PWs from the literature in Figure 6. PWs 413 

from both the PW database (simulated) and the literature (in vivo) are shown for young, middle-414 

aged, and elderly subjects. The shapes of the simulated PWs changed with age in a similar manner to 415 

In vivo           Simulated       In vivo   Simulated 

              

              

              

  

Figure 6: A comparison between simulated and in vivo pulse wave (PW) shapes. Each pair of plots 

shows in vivo PWs on the left, and simulated PWs on the right. PWs are shown for different ages in 

each plot, offset and normalised. Legends indicate ages. In vivo data obtained from (46) [CC BY], 

normotensive patients undergoing screening for hypertension (90), and the Vortal dataset (28, 29) [CC 

BY 3.0]. 
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the in vivo PWs: (i) the amplitude of the secondary systolic peak in middle cerebral U PWs increased 416 

with age; (ii) the augmentation in the secondary systolic peak of the carotid and ascending aorta 417 

pressure PWs increased with age; (iii) the diastolic peak in the radial, digital and femoral (not shown) 418 

pressure PWs was present for the 25-year old and disappeared with age; (iv) the diastolic peak of 419 

the finger PPG PW disappeared with age; (v) the two systolic peaks in the ear PPG merged with age.  420 

The haemodynamic characteristics of the simulated PWs are compared with those in the 421 

literature in Figure 7. The changes with age were mostly similar between the literature (left hand 422 

plots) and simulated (right hand plots) characteristics: aortic systolic and pulse pressures increased 423 

with age; pulse pressure amplification (PPamp) decreased with age; the time to the return of the 424 

reflected pressure wave (Tr) decreased with age; and pressure augmentation increased with age (AIx 425 

and AP). However, brachial PP increased with age, rather than decreasing and then increasing with 426 

age. This was because the brachial SBP was slightly lower than in the literature at ages 25 and 35. 427 

Overall, these similarities indicate that the haemodynamic characteristics of the simulated PWs 428 

showed similar trends, and in most cases similar absolute values, to those reported in the literature. 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 
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 437 

Figure 7: A comparison between in vivo haemodynamic characteristics (left hand plots) and the

characteristics of the simulated pulse wave dataset (right hand plots). Solid lines indicate mean values,

and dashed lines indicate ± 1 standard deviation. In vivo data from source (100), reused with

confirmation from the publisher that permission was not required for reuse. 
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3.3 Case Studies 438 

3.3.1 The Determinants of Changes in Pulse Pressure Amplification with Age 439 

The profiles of pressure PW propagation from the aorta to the brachial artery were 440 

examined in young and elderly subjects, as shown in Figure 8 (a) and (b). The profiles demonstrate 441 

that two mechanisms influence pulse pressure amplification (PPamp = PPb / PPa ; subscripts ‘a’ and ‘b’ 442 

indicate aortic and brachial, respectively). Firstly, the early systolic portion was amplified in both 443 

subjects, causing SBPb to be greater than SBPa and therefore PPamp > 1. Secondly, late systolic aortic 444 

pressure augmentation (the increase in pressure from P1a to P2a) was higher in older subjects, 445 

increasing PPa and decreasing PPamp. The contributions of these mechanisms to PPamp for the whole 446 

database are illustrated in Figure 8 (c). The amplification of the early systolic portion increased with 447 

age, as shown in red by PPb / (P1a – DBPa). In contrast, the increase in late systolic aortic pressure 448 

augmentation with age (in blue) caused a decrease in PPb / (P2a – DBPa) with age. The effect of aortic 449 

pressure augmentation outweighed that of early systolic amplification, meaning PPamp decreased 450 

substantially with age, in keeping with in vivo studies (Figure 7). The database can be used to gain 451 

insight into the cardiovascular determinants of these mechanisms: early systolic amplification was 452 

determined primarily by the diameter of the larger arteries, and late systolic aortic pressure 453 

augmentation was largely determined by PWV and LVET, as shown in Figure 8 (d) and (e). Indeed, 454 

since PPamp was primarily determined by late systolic aortic pressure augmentation, it was largely 455 

determined by arterial stiffness (i.e. PWV) and LVET, as shown in Figure 8 (f). The change in PPamp 456 

observed with age was primarily due to changes in aortic pressure wave morphology. 457 
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 458 

  25-year old         75-year old 

(a)           (b)  

(c)  (d)      

(e)  (f)  

Figure 8: The causes of changes in pulse pressure amplification (PPamp) with age: (a) and (b) show 

how the pressure pulse wave (PW) changed with distance along the path from the aortic root to the 

finger for young and elderly baseline subjects (blue indicates PWs in the subclavian and brachial 

arteries). (c) shows PPamp values (mean ± SD) calculated using aortic DBP and: SBP (black), early 

systolic pressure (P1a, red) and late systolic pressure (P2a, blue). (d) , (e) and (f) show the principal 

cardiovascular determinants of early systolic amplification, late systolic augmentation and PPamp 

respectively
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3.3.2 Non-Invasive Peripheral Assessment of Aortic Stiffness 459 

The performance of the PPG-derived indices for assessing aortic stiffness is shown in Figure 460 

9. All three correlated with aortic PWV, with similar coefficient of determination (R2) values ranging 461 

from 0.66 – 0.70 (upper plots). This indicates that these indices may have utility for assessing aortic 462 

stiffness, in line with findings of clinical studies. However, the R2 values for the reflection index (RI) 463 

and stiffness index (SI) were lower when using only data from middle-aged (45 year old) virtual 464 

subjects (shown in red), indicating that these indices may be less useful for stratifying middle-aged 465 

patients. The sensitivity analyses in the lower plots quantify the relative impact of different input 466 

parameters on the indices. Several cardiovascular properties in addition to PWV influenced the 467 

indices, such as HR and SV. For instance, the RI and SI both increased with large artery diameter. 468 

Since large artery diameter and aortic PWV both increase with age, this strengthened their 469 

correlations with aortic PWV across the age range. In contrast, the AGImod was not strongly 470 

influenced by large artery diameter, and performed better both across the age range and when 471 

considering only middle-aged subjects. This in silico assessment of PPG-derived indices for assessing 472 

aortic stiffness indicates that: (i) clinical studies should investigate performance over a small age 473 

range as well as over the entire cohort to assess the potential utility of indices for stratifying 474 

patients; (ii) the AGImod may provide best performance for stratification of middle-aged patients; (iii) 475 

indices can also be influenced by HR and SV, indicating that it may be beneficial to assess 476 

performance when these cardiovascular properties are varied in vivo. 477 
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              Reflection Index, RI       Stiffness Index, SI            Modified Ageing Index, AGImod 478 

          479 

          480 

Figure 9: The correlation of PPG-derived PW indices with aortic PWV (upper plots), and their 481 

physiological determinants (lower plots). Data derived for all virtual subjects are shown in black, 482 

whereas red indicates data from 45 year old subjects. Definitions: I, relative sensitivity index; RI, 483 

reflection index; SI, stiffness index; and AGImod, modified ageing index. 484 

 485 

3.3.3 Cardiac Output Monitoring 486 

The performance of the CO algorithms is shown in Figure 10. Overall, the root-mean square 487 

(RMS) algorithm performed better with a mean absolute percentage error (MAPE) of 5.5% 488 

compared to 18.2% for the pulse pressure (PP) algorithm. However, a subgroup analysis of 489 

performance during changes in MAP and CO revealed that the algorithms had different strengths 490 

and weaknesses. The PP algorithm performed better during changes in MAP (MAPE of 2.2% 491 

compared to 7.9%), whereas the RMS algorithm performed better during changes in CO (MAPE of 492 

1.0% compared to 16.2%). Therefore, different algorithms may be more appropriate for different 493 

clinical settings. For instance, in the critical care setting CO algorithms should ideally remain accurate 494 

during administration of vasoactive drugs, which can affect MAP (105). Furthermore, clinical studies 495 

should assess the performance of CO algorithms during changes in those cardiovascular properties 496 
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which would be expected to change in clinical use. Had this study only considered changes in CO, 497 

and not MAP, then the potential weakness of the RMS algorithm would not have been identified. 498 

 499 

           500 

Figure 10: Estimated versus reference cardiac output (CO) for root-mean-square (left) and pulse 501 

pressure (right) CO algorithms. Data in red and blue correspond to simulations in which either 502 

MAP or CO respectively were changed from baseline whilst all other parameters were held 503 

constant. 504 
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4 Discussion 516 

In this study we developed and verified an approach for simulating PWs representative of a 517 

sample of healthy adults. 1D numerical modelling was used to simulate PWs for virtual subjects of 518 

different ages, where the input parameters were based on normal values and ranges of 519 

cardiovascular properties obtained from a comprehensive review of previous studies. The simulated 520 

PWs exhibited similar changes with age to those reported in in vivo studies, including changes in PW 521 

shape and in haemodynamic parameters derived from PWs. The utility of this approach for gaining 522 

novel insights into haemodynamics and PW indices was demonstrated through three case studies. 523 

The approach for simulating PWs, the resulting PW Database, and the accompanying code are 524 

valuable resources for future in silico studies of haemodynamics and PW indices. 525 

4.1 Approach for Simulating PWs 526 

We used 1D modelling combined with a comprehensive review of cardiovascular changes 527 

with age to simulate PWs around the body for healthy subjects of different ages. The use of 1D 528 

modelling allowed us to simulate PWs at a range of common measurement sites similarly to 529 

previous studies (108, 170), incorporating the effects on PW propagation of changing arterial 530 

properties through the arterial tree. The model input parameters were adjusted to simulate PWs for 531 

different ages. The input parameters were based on a literature review which identified normal 532 

values and ranges of the parameters, building on previous reviews (17, 47, 78, 84–86, 99, 110, 113, 533 

135). Parameters were changed with age, allowing the effects of ageing to be investigated, and were 534 

also varied within normal ranges at each age, allowing the influences of individual parameters to be 535 

elucidated. This builds on previous work modelling changes with age in (34, 39, 59, 60, 95, 115, 120). 536 

Particular strengths to this approach are as follows. Firstly, it incorporates relationships 537 

between some input parameters, including the dependencies of: LVET on SV and HR; and arterial 538 

stiffness on MAP and arterial geometry. Secondly, it simulates the PPG, which is of particular interest 539 
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given the widespread use of PPG sensors in smart watches and fitness bands. We simulated the PPG 540 

from the blood volume in terminal Windkessel models because pulsatile blood volume is commonly 541 

cited as the main determinant of the PPG (4). Other approaches which have previously been used to 542 

simulate the PPG in 1D modelling include: assuming the PPG is proportional to A (44), and using a 543 

transfer function to estimate the PPG from P (30). This methodology for simulating the PPG needs 544 

further investigation to understand whether it is truly representative of PPG PWs measured in vivo. 545 

The approach was verified by comparing changes in simulated PWs with age to those 546 

observed in vivo. The main finding, that simulated PWs exhibited similar changes to those observed 547 

in vivo, provides confidence that the approach produces realistic changes with age. This is 548 

complementary to previous studies which used 1D modelling to simulate PWs at different ages (59, 549 

61, 115). 550 

The main limitations to the approach are as follows. Firstly, the literature review included 551 

mostly cross-sectional rather than longitudinal studies. Consequently, the differences in simulated 552 

PWs with age can be expected to be representative of those which would be observed between 553 

subjects of different ages, rather than those which occur within an individual over time. Secondly, 554 

we found only minimal evidence in the literature describing how some CV properties change with 555 

age, namely: PVC and the diameters of more peripheral arteries. Thirdly, insufficient evidence was 556 

found to model the associations between certain parameters. For instance, the subjects with 557 

abnormally high PP (described in Section 3.1) mostly had combinations of cardiovascular properties 558 

which would be expected to produce high PP; e.g. due to increased SV and/or decreased arterial 559 

compliance (35). It would be helpful to incorporate further information on correlations between 560 

parameters, such as those which influence PP, when it becomes available in the literature: doing so 561 

may reduce the number of subjects exhibiting BPs outside healthy ranges. Fourthly, the approach 562 

does not incorporate methodology for adjusting the arterial network geometry in line with variation 563 

in height and body surface area, an important consideration when investigating gender-associated 564 
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differences in haemodynamics (134). This may be a valuable extension in the future as it would allow 565 

for investigation of the influence of network geometry on haemodynamics, such as the influence of 566 

height on aortic pressure augmentation (11, 71, 72) and pulse pressure (88). Indeed, incorporating 567 

gender-specific cardiovascular properties could provide valuable insight into the determinants of 568 

differences in PW features between females and males (100). Fifthly, the PW database is designed to 569 

be representative of healthy adults: it may be helpful to adapt it to study PWs in diseases such as 570 

hypertension and peripheral arterial disease. It should also be noted that PPG PWs can only be 571 

measured at peripheral locations (such as the finger, wrist and arm). Consequently, simulated PPG 572 

PWs at central locations (such as the aorta) are currently not of practical significance. 573 

4.2 Application 574 

The utility of the approach for simulating PWs was demonstrated through case studies 575 

which present interesting findings in keeping with in vivo studies, and indicate directions for future 576 

research. 577 

The first case study provided insight into the mechanisms underlying changes in PPamp with 578 

age. PPamp has previously been proposed as an indicator of cardiovascular risk suitable for use in 579 

population studies (14). If it is to be used for this purpose then it is important to have a thorough 580 

understanding of the mechanisms behind it. The first mechanism identified in this study, the 581 

increased contribution of late systolic aortic pressure augmentation with age, has also been 582 

observed in in vivo studies (8, 123, 144, 169). In this case study, the controlled changes in 583 

cardiovascular properties in the database were used to identify the determinants of late systolic 584 

aortic pressure augmentation: arterial stiffness and cardiac ejection properties, as observed 585 

previously (52, 161). The second mechanism, the contribution of early systolic pressure 586 

amplification, has been less well reported. A non-significant trend of increased early systolic 587 

pressure amplification with age was reported in (167). This case study adds evidence to support this 588 
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finding, and indicates that this mechanism may be more pronounced in subjects aged 75 years and 589 

older. 590 

The second and third case studies investigated the performance of PW indices for assessing 591 

aortic stiffness and CO. This approach of assessing PW indices in silico could inform the design of 592 

future clinical studies. In both case studies the PW indices were found to be influenced by other 593 

cardiovascular properties besides those they aimed to assess. PPG-derived indices for assessing 594 

aortic stiffness were determined in part by cardiac properties (SV and HR), whilst the accuracy of BP-595 

derived indices for tracking changes in CO was influenced by MAP and CO itself. These findings 596 

indicate that future studies of these indices should assess their performance during changes in these 597 

properties. In addition, the performance of some indices for assessing aortic stiffness was reduced 598 

when only considering subjects of a certain age. Whilst previous in vivo studies have provided 599 

valuable results across a wide age range (105, 164), this study highlights the importance of also 600 

assessing indices across a small age range in order to assess their utility for risk stratification. 601 

4.3 Perspectives 602 

The approach presented for simulating PWs may be useful for obtaining insight into the 603 

haemodynamic mechanisms underlying findings of previous in vivo studies, and for designing novel 604 

in vivo studies. Similar approaches have previously been used to identify the mechanisms underlying 605 

in vivo observations, including: (i) the reasons for differences in the performance of different PWV 606 

measurement paths for assessing aortic PWV (170); (ii) the cardiovascular properties which 607 

influence a transfer function relating peripheral to central pressure (75, 151); and, (iii) the strengths 608 

and weaknesses of physiological measurement devices (116, 157). More recently, studies have used 609 

both in vivo PW measurements and simulated PWs to obtain novel insights into haemodynamics, 610 

including: (i) the determinants of central pulse pressure (161); and (ii) the influence of cardiovascular 611 

properties on forward and backward pressure waveform morphology (90). We expect that the 612 
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approach presented here, which has been verified against in vivo data, will be of value for future 613 

studies. 614 

In the future this approach may form a basis for creating haemodynamic digital twins –615 

simulations of an individual’s haemodynamics using input parameters obtained from their 616 

physiological measurements (156). This would allow changes in cardiovascular health to be 617 

identified when an individual’s PWs, acquired by smart wearables, diverge from their digital twin’s 618 

‘normal’ PWs, prompting clinical assessment. 619 

This article is accompanied by resources to enable other researchers to use this approach for 620 

simulating PWs. Firstly, the PW database is freely available to download (32). Secondly, key fiducial 621 

points on PWs (such as those labelled in Figure 4) are provided, allowing researchers to use the 622 

results of PW analysis without performing any signal processing. Thirdly, the code used to create and 623 

analyse the pulse wave database, and for reproducing the case studies is available, allowing 624 

researchers to run example analyses and gain an understanding of how to use the database (33). 625 

Fourthly, the signal processing tool used to extract PW indices, PulseAnalyse, is available (26): it is 626 

currently designed for use with this database, and work is ongoing to develop it on independent 627 

datasets. Further details of these resources are provided in the Endnote at the end of this article. 628 

4.4 Conclusion 629 

We have designed and verified an approach for simulating PWs representative of healthy 630 

adults of different ages. A computational model of the arterial system was used to simulate several 631 

types of PWs at common measurement sites for 4,374 virtual subjects. Simulations were performed 632 

for subjects of different ages by adjusting model input parameters in line with typical cardiovascular 633 

parameters for each age obtained from a comprehensive literature review. The resulting database of 634 

PWs exhibited similar age-related changes in haemodynamic parameters and PW morphology to 635 

those in previous in vivo studies. We demonstrated the utility of the approach through case studies, 636 

which provided novel insights into the haemodynamic determinants of PWs and provided pilot data 637 
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to inform clinical studies of PW algorithms. The database is freely available and is a valuable 638 

resource for future research. 639 

 640 

  641 
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5 Appendix 642 

5.1 Numerical model 643 

5.1.1 Arterial Network Geometry 644 

The geometry of the baseline 25-year old model is provided in the supplementary file called 645 

116_artery_model.txt . The following information is provided for each of the 116 arterial segments 646 

in the baseline model: length, inlet and outlet radii, and inlet and outlet nodes. The geometry for 647 

each of the virtual subjects is provided in the Pulse Wave Database. 648 

The geometry was adapted from the arterial network presented in (108), by taking the 649 

following steps (which are documented in the supplementary file): 650 

• Segments 1, 2 and 3 in (108), which represent the left ventricular outflow tract, 651 

aortic root and ascending aorta, were combined into a single segment (segment 1 in 652 

the new network). 653 

• Segments 10, 12 and 14 in (108), which represent the latter part of the right 654 

subclavian artery, the right axillary artery, and the right brachial artery, were 655 

combined into a single segment (segment 7 in the new network). 656 

• An additional segment (segment 30 in the new network) was added, extending the 657 

celiac artery by 10 mm. 658 

• Segments 81, 84, 85, 86, 91, 92, 102, 121 and 123 in (108), representing the basilar 659 

artery, the initial parts of the posterior cerebral arteries, the distal internal carotid 660 

arteries, and anterior communicating artery, were adjusted (mainly by adjusting 661 

their lengths). 662 

• The luminal areas of each segment obtained from (108) were increased by a scaling 663 

factor of 1.5 to increase the compliance of the network, and reduce the simulated 664 

PPs, making them more similar to those reported in (108). 665 
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• We added arterial segments 97-116 in our network to represent the larger arteries 666 

of the hand. These were adapted from (3) using the 667 

calculate_hand_artery_segment_radii.m script (see accompanying code). Briefly, the 668 

areas of the distal segments at the junctions at the end of the radial and ulnar 669 

arteries were adjusted to achieve area ratios of 1.15 as suggested for matched 670 

conditions in (58). The remaining luminal areas of the hand were adjusted from their 671 

original values, in line with the adjustments made to achieve matched junctions. 672 

5.1.2 Simulating the PPG 673 

The methodology used to simulate PPG PWs was introduced in Section 2.1. We now provide 674 

additional details of the methodology used in the two possible scenarios: (i) at the periphery (i.e. the 675 

end of a 1D model terminal branch); and (ii) within the arterial network. At the periphery (such as 676 

the digital artery in the finger) the PPG was calculated using 677 𝑃𝑃𝐺(𝑡) = ׬  𝑄ଵ஽(𝑡ᇱ) −  𝑄௢௨௧(𝑡ᇱ)௧଴ 𝑑𝑡ᇱ ,    (5) 678 

where Q1D is the inflow to the terminal Windkessel, and Qout is the outflow (as shown in Figure 1). At 679 

distal sites within the arterial network (such as the wrist), the PPG was calculated by assuming that 680 

the volume of blood in the microvasculature at that site could be modelled by a Windkessel model. 681 

The basis for this assumption is that vascular beds at sites within the arterial network are perfused 682 

by arterioles branching from the major artery at that site (e.g. the radial artery at the wrist) which 683 

are too small to be represented in the arterial network. Therefore, the inflow to the Windkessel was 684 

assumed to be proportional to the flow through the arterial segment, at a pressure equal to that of 685 

the arterial segment. The same equation was used to calculate the PPG, where Q1D was set equal to 686 

the flow through the arterial segment, and Qout was calculated using 687 𝑄௢௨௧(𝑡) =  ௉(௧) ି ௉೚ೠ೟ோ   ,      (6) 688 

where 689 
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𝑅 =  ௉(௧)തതതതതത ି ௉೚ೠ೟ொభವ(௧)തതതതതതതതതത   ,      (7) 690 

and Pout is the outflow pressure (with P and Q1D obtained at the point of measurement). This 691 

approach was verified by checking that a PPG PW calculated using this approach at the periphery is 692 

very similar to the one calculated using the flow in and out of the terminal Windkessel. Figure A11 693 

shows examples of the resulting PPG PWs at common measurement sites. 694 

 695 

5.2 Literature review 696 

Table A1 presents the results of the literature review for each model input parameter. Table 697 

A2 provides equations for each input parameter and its standard deviation, which were calculated 698 

using data from articles selected from the literature review presented in Section 2.2. 699 

 (a)   (b)   (c)  

Figure A11: Exemplary simulated PPG pulse waves (solid lines) compared to the corresponding 

pressure pulse waves at three sites: (a) carotid artery (neck); (b) radial artery (wrist); (c) digital artery 

(finger). Pulse waves have been normalised to occupy the same range. Taken from the 25-year old 

baseline subject. 
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Cardiovascular property No. 
studies 

No. 
articles 

Change with age (%) Data Source 
None Increase Decrease Non-

linear 
Change Variation 

Cardiac 
 - Heart Rate 22 22 86.4 4.5 4.5 4.5 (174) (119) 
 - Stroke Volume 11 11 18.2 9.1 72.7 0.0 (121) (121) 
 - Left Ventric. Ejection Time 10 10 80.0 10.0 0.0 10.0 (108) (55) 
 - Peak Flow Time 3 3 66.7 0.0 33.3 0.0 (74) (74) 
 - Reverse Flow Volume 1 1 100.0 0.0 0.0 0.0 (15) (15) 
Arterial 
- Length: proximal aorta 5 4 0.0 100.0 0.0 0.0 (67) (15) 
                       distal aorta 5 4 60.0 20.0 0.0 20.0 - - 
                               carotid 1 1 100.0 0.0 0.0 0.0 - - 
                                     iliac 1 1 100.0 0.0 0.0 0.0 - - 
- Diameter:   ascending 
aorta 

13 13 7.7 92.3 0.0 0.0 (67) (1) 

     descending thoracic aorta 5 5 0.0 100.0 0.0 0.0 (67) (1) 
                      abdominal 
aorta 

6 6 0.0 100.0 0.0 0.0 (67) (1) 

                                      carotid 6 6 33.3 66.7 0.0 0.0 (63) (63) 
                                            iliac 2 2 50.0 50.0 0.0 0.0 - - 
                                     femoral 3 3 66.7 33.3 0.0 0.0 - - 
                                     brachial 2 2 0.0 100.0 0.0 0.0 - - 
                                         radial 1 1 0.0 100.0 0.0 0.0 - - 
- Pulse wave velocity: aorta 24 19 4.2 95.8 0.0 0.0 (98) (98) 
                           upper limb  11 11 0.0 100.0 0.0 0.0 (9) - 
                           lower limb 5 5 20.0 80.0 0.0 0.0 (9) - 
Vascular Beds 
- Systemic vasc. resistance 9 9 44.4 55.6 0.0 0.0 (100) (100) 
- Systemic vasc. compliance 5 5 0.0 0.0 100.0 0.0 (101) (130) 
 

Table A1: A sum
m

ary of the literature review
 of changes in cardiovascular properties w

ith age. The type 
700 

of change w
ith age used for each param

eter is underlined, and references to the relevant articles are 
701 

provided in the last colum
ns. 

702 

 
703 
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Table A2: The model input parameters, where the mean and standard deviation can vary with age (in 704 

units of years). Coefficients are given to three significant figures. ‘% of 25-year old’ indicates the 705 

percentage change from the value(s) in the 25-year old baseline model. 706 

Cardiovascular Property Mean value Standard Deviation
Cardiac 
 - HR: Heart Rate [bpm] nonlinear, see text 11.2 
 - SV: Stroke Volume [ml] 72.7 – 0.253 x age 18.1 – 0.081 x age
 - LVET: Left Ventricular Ejection Time [ms] 282 23.3 
 - PFT: Peak Flow Time [ms] 79.0 11.0 
 - RFV: Reverse Flow Volume [ml] 0.730 0.630 
Arterial 
 - Len: Length of proximal aorta [% of 25-year old] 80.0 + 0.800 x age 10.7 + 0.107 x age
 - Dia: Diameter of larger arteries [% of 25-year old] 90.9 + 0.365 x age 8.18 + 0.033 x age
 - PWV: Pulse wave velocity nonlinear, see text nonlinear, see text
Vascular Beds 
 - MAP: Mean arterial blood pressure [mmHg] nonlinear, see text 7.98 – 0.00952 x age
 - PVC: Peripheral vascular compliance [% of 25-year old] 128.4 – 1.136 x age 35.2 – 0.311 x age 

 707 

5.3 Prescribing Model Parameters 708 

5.3.1 The Aortic Inflow Waveform 709 

Each virtual subject’s aortic inflow waveform was calculated from the template waveform in 710 

order to achieve the desired inflow characteristics (HR, SV, LVET, PFT and RFV). This was performed 711 

using the AorticFlowWave script (see the Endnote for access), which ensures that the morphology of 712 

each segment of the inflow wave (systolic upslope, systolic downslope, and reverse flow) remains 713 

the same during changes in inflow wave characteristics. Figure A12 shows the simulated aortic flow 714 

waves obtained for independent changes in inflow characteristics from the 25-year old baseline 715 

subject, and obtained for baseline subjects of different ages. Note that the values for LVET change 716 

when varying HR and SV, in accordance with the relationship between LVET and HR and SV given by 717 

Eq. (1). These changes in LVET solely affect the diastolic downslope portion of the flow wave, 718 

ensuring that PFT remains constant during these changes. 719 
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 720 

 721 

5.3.2 Arterial Stiffness 722 

The relationship between arterial stiffness and radius given by Eq. (2) was adjusted for each 723 

virtual subject to minimise the differences between the desired PWVs and the expected PWVs along 724 

three paths: carotid-femoral, brachial-radial, and femoral-ankle. This was performed using the 725 

calculate_pwdb_input_parameters.m script (see the Endnote for access). The values for the 726 

constants (k1, k2, and k3) in equation (2) were obtained as follows. k1, which determines the stiffness 727 

of smaller arteries, was set to 3x106 gs-2cm-1 following (108). The value for k2, which determines the 728 

point of transition in stiffness between larger and smaller arteries, was adjusted slightly from the 729 

value of -9 cm-1 used in (108) to -13.5 cm-1, as this was found to give more realistic PW shapes and 730 

pulse pressure amplification. The value for k3, which determines the stiffness of larger arteries, was 731 

(a)           (b)  

(c)           (d)  

Figure A12: Simulated aortic flow waves obtained for independent changes in inflow characteristics 

from the 25-year old baseline subject, and obtained for baseline subjects of different ages. (a)-(c) 

show flow waves obtained by varying HR, SV and LVET by ± 1 SD from the mean value for the 25-

year old baseline subject whilst all other input parameters are held at baseline values. (d) shows flow 

waves obtained for the baseline subjects of different ages. 
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optimised for each virtual subject by minimising the absolute difference between the desired and 732 

expected carotid-femoral PWV. The desired values were influenced by age and normal variation in 733 

MAP and PWV. For the baseline subject at each age (with age-specific baseline values for MAP and 734 

PWV), k3 ≈ 430,118 – 1871.3*age + 244.11*age2 gs-2cm-1. 735 

 736 

5.4 Pulse Wave Analysis Algorithms 737 

Pulse wave analysis was performed using the PulseAnalyse script (see the Endnote for 738 

access). The methods used for detecting each of the fiducial points (see Figure 4) on the pressure 739 

and PPG PWs are now described. 740 

PWs were pre-processed by: (i) removing very high frequencies with a low-pass filter with -3 741 

dB cutoff frequency of 16.75 Hz; (ii) removing very low frequencies by subtracting any linear trend 742 

between PW onset and end; and (iii) aligning PWs to start at the beginning of the systolic upslope. 743 

First, second and third derivatives were calculated using a first derivative Savitzky-Golay filter with a 744 

window size of 5 samples (141). The fourth derivative was calculated from the third derivative using 745 

a first derivative Savitzky-Golay filter with a window size of 9 samples. 746 

Fiducial points were then identified using the criteria listed in Table A3. These criteria are 747 

adapted from (30). PW indices were calculated from these fiducial points as described in (30). The 748 

augmentation index and pressure were calculated using p1in and p2pk (referred to as P1 and P2 in 749 

Figure 4). The stiffness index was calculated by assuming a height of 1.75 m, in keeping with (108). 750 
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  751 

Table A3: The criteria used to identify fiducial points on the pressure and photoplethysmogram (PPG) 

pulse waves (PWs). Definitions: x – PW; x’ – first derivative of PW; x’’ – second derivative of PW; x’’’ – 

third derivative of PW; x’’’’ – fourth derivative of PW. 

 Fiducial Point Criterion for finding location
s: systolic peak Maximum of x
ms: maximum slope Maximum of x’
a The highest local maximum of x’’ between an initial buffer of 0.005 

seconds and ms. If no local maximum is found in this region then a is 
defined as the last local maximum before the initial buffer. 

b The lowest local minimum of x’’ between a and an upper bound of 25% of 
the PW duration. 

p1in Two candidate locations for p1in are identified as: (i) the first local 
minimum on x’ after 0.1 s; and (ii) the second local minimum (if it exists, 
otherwise the first) on x’ after b. p1in is taken to be the candidate location 
which occurs first. If this is later than 0.18 s, then p1in is updated to be the 
first local minimum in x’’’’ after 0.1 s. If p1in is still later than 0.18 s, then it 
is updated to be the last local minimum in the first derivative before 0.18 s. 

e A candidate location for e is identified as the highest local maximum on x’’
between ms and 60% of the PW duration. If this is the first local maximum 
within this search region, then it may be the c point. To check for this, 
inflection points are identified between b and this candidate location (from 
local minima on x’’’). If there are no inflection points, and if there is one 
local maximum in this search region, then update the candidate location to 
be the first local maximum on x’’ at or after 60% of the PW duration. 

c c is identified as the highest local maximum on x’’ between b and e. If there 
are no local maxima in this search region, then identify c as the lowest local 
minimum on x’’’ after b and before e. 

dic: dicrotic notch dic is coincident with e
dia: diastolic peak If there is one or more local maxima on x after dic and before 80% of the 

PW duration, then take the first local maximum as dia. If there isn’t, then 
take the first local maximum on x’ after e and before 80% of the PW 
duration. 

d d is identified as the lowest local minimum on x’’ between c and e, unless 
there isn’t a local minimum in this search region, in which case take d as 
coincident with c. 

p2in A candidate location for p2in is taken as the last local minimum on x’’’ 
before d. If this locationis before p1in, then it is updated to be the last local 
minimum on x’’’ before e. If there is one or more local maxima on x 
between the candidate location and e, then take the last local maximum as 
p2in. 

p1pk and p2pk Initial locations of p1pk and p2pk are set to the locations of p1in and p2in. 
Either p1pk or p2pk is adjusted to be coincident with sys (determined by 
whichever of p1in or p2in is closest to sys). Each of p1pk and p2pk is then 
adjusted to be at a nearby local maximum on x, if there is a local maximum 
which satisfies the following criteria. The maximum must lie between the 
mean of the candidate locations of p1pk and p2pk, and ms for p1pk, and e 
for p2pk. It must also be higher than the candidate locations. If more than 
one maximum satisfies these criteria then the maximum with the highest 
value is taken. 
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List of Abbreviations 769 

 The following abbreviations are used in this article: 770 

1D – one-dimensional 771 
A – area 772 
AGImod – modified ageing index 773 
AIx – augmentation index 774 
AP – augmentation pressure 775 
au – arbitrary units 776 
BP – blood pressure 777 
bpm – beats per minute 778 
CO – cardiac output 779 
cd – diastolic wave speed 780 
CT – crest time 781 
CV – cardiovascular 782 
DBP – diastolic blood pressure 783 ∆𝑇 – time between systolic and diastolic 784 
peaks 785 
dia – diastolic peak 786 
Dia – diameter 787 
dic – dicrotic notch 788 
E – Young’s modulus 789 
Γ – arterial wall viscosity 790 
H – arterial wall thickness 791 
HR – heart rate 792 
I – relative sensitivity index 793 
LVET – left ventricular ejection time 794 
MAP – mean arterial pressure 795 
MAPE – mean absolute percentage error 796 
ms – point of maximal slope 797 
MRI – magnetic resonance imaging 798 𝜇 – blood viscosity 799 
P – pressure 800 

P1 – pressure at first shoulder 801 
P2 – pressure at second pressure peak 802 
PFT – peak flow time 803 
PP – pulse pressure 804 
PPamp – pulse pressure amplification 805 
PPG – photoplethysmogram 806 
PTT – pulse transit time 807 
PVC – peripheral vascular compliance 808 
PVR – peripheral vascular resistance 809 
PW – pulse wave 810 
PWV – pulse wave velocity 811 
Q – flow rate 812 
Rd – diastolic arterial radius 813 𝜌 – blood density 814 
RFV – reverse flow volume 815 
RI – reflection index 816 
RMS – root mean square 817 
R2 – coefficient of determination 818 
s – systolic peak 819 
SBP – systolic blood pressure 820 
SD – standard deviation 821 
SI – stiffness index 822 
SV – stroke volume 823 
SVC – systemic vascular compliance 824 
SVR – systemic vascular resistance 825 
T – cardiac period 826 
tdia – duration of diastole 827 
Tr – time to return of the reflected pressure 828 
wave 829 
U – flow velocity 830 

  831 
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