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Abstract 16 

Objectives - Pulse Wave Velocity (PWV) is theoretically affected by the magnitude of the PW 17 

(PWm), in veins as well as in arteries, but, to our knowledge, this possibility has never been 18 

tested experimentally. Aim of this work is to investigate the dependence of PWV on PWm. 19 

The issue is investigated in limb veins, whereby PWs of different magnitude can be generated 20 

by controlled pneumatic compressions of the limb extremity.  21 

Methods – Venous PWV (vPWV) was measured using Doppler-US on the upper limb of 13 22 

healthy volunteers in supine position, after 15 minutes of rest, using three different 23 

compression levels (100, 200, 300 mmHg of 1-s duration) in a randomized order. Eight 24 

compressions were delivered 15-s apart for each of the three levels. The peak frequency of 25 

the Doppler shift was used as an indication of PWm. 26 

Results - The compression level had a statistically significant effect on both vPWV and 27 

PWm (p<0.001), but the effect was reduced for those subjects exhibiting, at the lowest 28 

compression intensity, an already elevated vPWV value (exponential fitting, R2=0.66). 29 

Conclusion - The magnitude of the exogenously generated venous PWs significantly affected 30 

vPWV, suggesting that the delivery of the compressive stimulus should be carefully 31 

implemented and monitored. Further studies are needed to investigate the implications in 32 

arterial PWV assessment. 33 

 34 
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of variation; PLR, passive leg raising; IVC, inferior vena cava; POCUS, point-of-care 41 

ultrasound; CAVI, cardio-ankle vascular index;42 

1 Introduction 43 

The propagation velocity of a pressure pulse, called Pulse Wave Velocity (PWV), which 44 

travels along a straight, infinite, cylindrical, elastic tube is modelled and described by the 45 

Bramwell-Hill equation [1]: 46 

𝑃𝑊𝑉 = √
𝑉𝛥𝑃

𝜌𝛥𝑉
= √

1

𝜌𝐷
     (1) 47 

where ρ is the density of the fluid within the tube and D is the distensibility of the tube wall, 48 

which is equivalent to the ratio of the relative variation in volume (ΔV/V) and the concomitant 49 

absolute variation in pressure (ΔP), produced by the Pulse Wave (PW). Given the straight 50 

dependency of PWV on the stiffness of the tube wall (stiffness=1/D), PWV has become a 51 

widely studied haemodynamic parameter, particularly in large arteries, whereby Large-Arteries 52 

Stiffening (LAS) is an age-related process that can be either cause or consequence of a variety 53 

of Cardiovascular Diseases (CVD) [2], and an acknowledged independent prognostic 54 

biomarker for CVD [3,4]. However, vessel stiffness not only depends on the intrinsic stiffness 55 

of the tissues constituting the vessel wall but also on their extent of distension (i.e., V in Eq. 1) 56 

in the “resting” (i.e., diastolic or pre-pulse) vessel condition. In addition, the stiffness locally 57 

increases during the passage of the PW, due to the increased distension (ΔV), particularly if the 58 

magnitude of the PW (ΔP) is large. Accordingly, the measured PWV in a vascular segment 59 

will be affected by the actual resting vessel volume (V) and by the magnitude of the PW (PWm, 60 

which corresponds to ΔP in Eq. 1); as consequence, these variables should be taken into 61 

account or maintained at fixed "standard" levels. This appears to be a necessary step to increase 62 

reliability of the PWV measurement and its capacity to detect the structural stiffening of the 63 
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vessels, i.e., the age- or pathology-related process leading to thickening of the vessel wall 64 

and/or stiffening of its constituent tissues [2]. Obviously, this scenario is unrealistic. While 65 

different approaches have been attempted to separate (control for) the contribution of resting 66 

(diastolic) arterial pressure from that of structural stiffness during PWV measurements in 67 

arteries [5–7], the possible influence of PWm, that can be quantified by the difference between 68 

systolic and diastolic pressure, called Pulse Pressure (PP), is systematically overlooked. The 69 

fact that PP, which depends on heart inotropism, preload, and afterload, cannot be 70 

independently controlled in humans might have discouraged investigations in this direction. In 71 

this respect, the venous compartment offers a better perspective. 72 

PWV has been rarely investigated in veins, probably because of the non-pulsatile nature of 73 

venous flow and the presence of disturbing fluctuations of respiratory and cardiac origin [8,9]. 74 

These conditions require that an exogenous PW is generated to perform the measurement of 75 

venous PWV (vPWV), e.g., by a rapid compression of a limb extremity. It was also considered 76 

that synchronizing the compressive stimulus with respiration and ECG could help to reduce 77 

variability in the measurement [10]. On this basis, a novel methodology for the vPWV 78 

measurement was recently developed, achieving an acceptable Coefficient of Variation (CoV) 79 

[11–13]. In these previous studies, we were able to show that vPWV, measured in arms or legs, 80 

is a plausible indicator of venous pressure [11] and is also sensitive to blood volume changes 81 

(as simulated by passive leg raising, PLR) [12]. For these reasons, vPWV was confirmed as a 82 

plausible non-invasive indicator of the volaemic status [14,15]. Unlike the arterial context, it 83 

is here more feasible to independently control (or to evaluate the effects of) the “resting” blood 84 

pressure and the PWm. In fact, the effect of changing resting venous pressure can be easily 85 

achieved in the legs by, e.g., raising the trunk from a supine position, and this aspect was 86 

specifically investigated, evidencing a linear increase in vPWV with venous pressure [11]. As 87 

for the changes in PWm, they can be obtained by adjusting the intensity of the compressive 88 
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stimulus; however, this possibility has never been explored. Nonetheless, this latter influence 89 

is relevant because the actual venous PWm, generated by a pneumatic compression of a limb 90 

extremity, could change, due to changes in cuff-limb coupling (e.g., related to the cuff 91 

tightness) or to the extent of limb perfusion (e.g., related to changes in ambient temperature) 92 

thus, introducing an unknown bias in the vPWV measurement. 93 

On this basis, the aim of this study was to evaluate the influence of the magnitude of the 94 

elicited venous PW (i.e., PWm) on the vPWV. In upper limbs of healthy volunteers, PWs of 95 

different magnitude were generated by modulating the pressure exerted by the cuff (at the 96 

wrist), while the blood flow velocity peak, recorded proximally in the basilic vein by Doppler-97 

US, was used as an indicator of the actual PWm [16]. 98 

2 Materials and Methods 99 

2.1 Subjects 100 

The experiment was conducted on thirteen healthy volunteers (7 M, 6 F, age 34 ± 9), with 101 

no exclusion criteria. The study was approved by the Ethics Committee of the University of 102 

Torino (March 23, 2015) and all participants gave their informed consent according to the 103 

principles of the Helsinki Declaration. 104 

2.2 Experimental set-up 105 

vPWV was measured on the upper limb (left arm) along the basilic vein. The experimental 106 

methodology for measuring vPWV was essentially made up of two main blocks: first, the 107 

generation of the PW by a rapid compression of the distal part of the limb and second, the 108 

proximal detection of the PW passage, by means of Doppler-US (MyLab 25 Gold, ESAOTE, 109 

Genova, Italy) through a linear probe (12.5 MHz, model LA523), oriented transversally at an 110 



5 

 

angle of about 60 deg with respect to the vessel long axis. The Doppler-US probe was kept in 111 

the same position for the entire experiment by a fixed probe holder. 112 

 113 

Figure 1. Experimental set-up for the measurement of the venous Pulse Wave Velocity 114 

(vPWV), computed as the ratio among the PW travelled distance (Δx) and the PW transit time 115 

(Δt). 116 

vPWV was easily computed as the ratio among the PW transit time (Δt), considered as the 117 

time interval between the PW generation and its detection, and the travelled distance (Δx), from 118 

the cuff to the US probe. It is worth to briefly notice that the travelled distance was kept as big 119 

as possible in order to minimize the relative error in the distance measurement, which was 120 

performed manually [17]. Since systemic venous pressure (and hence flow) can be influenced 121 

by both right heart activity and respiration, the first block for generating the PW comprises, 122 

other than the cuff wrapped around the wrist and the compressor to rapidly inflate it, a hand-123 

held button and an ECG recording system. The hand-held button was pressed by the subject 124 

during the experiment to indicate the achievement of the end-expiratory phase which, being 125 

the most reliable phase of respiration (functional residual capacity) [18], was used as reference 126 

moment for the PW; in this way it was possible to minimize the confounding factor introduced 127 
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by respiration on venous pressure, which in turn affects the venous compliance and finally the 128 

vPWV [5,11]. Similarly, the ECG signal was used to further synchronize the PW generation 129 

with the heart activity (i.e., using, as trigger, the first R-wave in the end-expiratory phase), 130 

avoiding the superimposition of the elicited PW with the fluctuations backpropagating from 131 

the right atrium. More details about the methodology for measuring vPWV on upper limbs can 132 

be found elsewhere [10,12], while a simplified but representative overview of the experimental 133 

set-up is shown in Fig 1. 134 

2.3 Experimental protocol 135 

Before the beginning of the experiment, subjects lied down in supine position, at rest, for 136 

at least 15 minutes, in order to avoid any trend on venous filling due to the change in posture 137 

[18,19]. Then, pneumatic compressions, at three different compression levels (100, 200, 300 138 

mmHg), were delivered (8 stimuli for 3 randomized levels) while subjects were lying supine. 139 

The compressive stimuli were delivered at non regular intervals, since they were triggered by 140 

the subject, as described above; however, the minimum interval between two consecutive 141 

vPWV measurements was set at 20 sec, for the vascular compartment to re-establish the normal 142 

equilibrium. The entire experimental protocol lasted about 30 min. 143 

2.4 Data processing 144 

The Doppler-US record was analysed to detect the precise time of the passage of the PW, 145 

taking as reference the footprint of the PW [17]. Details regarding the processing of the 146 

Doppler-shift signal to extract the maximum frequency profile and to subsequently identify the 147 

footprint can be found elsewhere [12]. The peak of the maximum frequency profile (the outline) 148 

of the Doppler-shift (in Hertz) was used as a proxy of the PWm. This peak value, expressed in 149 

Hz, is proportional to and can be interpreted as the peak of the blood velocity waveform. Thus, 150 

each generated PW was characterized by two measurements: the vPWV and the PWm (peak 151 
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frequency of the Doppler-shift). All the signal processing steps were performed in MATLAB® 152 

R2021b (The MathWorks, Inc., Natick, Massachusetts, United States). 153 

2.5 Statistical analysis 154 

The overall effect of the compression intensity was assessed by means of a Repeated 155 

Measures Multivariate Analysis of Variance (RM-MANOVA), after the computation of the 156 

mean value of both vPWV and PWm, for each subject and compression level. Then, the effect 157 

of the compression intensity on the single variables was investigated using two different 158 

Repeated Measures Analysis of Variance (RM-ANOVA), one for vPWV and the other for the 159 

PWm. Finally, the pairwise multiple comparisons among the three different levels of 160 

compression intensity, for both variables, were computed using a Bonferroni correction.  161 

In addition, for each subject, the Pearson correlation coefficient among vPWV and PWm 162 

was computed, considering all the measurement data recorded across the three levels of 163 

compression intensity; then, after proper Fisher z-transformation, the average Pearson 164 

correlation coefficient was computed while the median of the entire set in the z-domain was 165 

tested to be statistically different from zero by means of a Wilcoxon signed rank test. Moreover, 166 

again for each subject, a linear regression (i.e., y=p1*x+p2) was performed among vPWV and 167 

PWm, whereby p1 indicates the extent of dependence of vPWV from the PWm. Then, an 168 

additional linear regression was performed between p1 coefficients and the average vPWV 169 

values obtained with 100mmHg stimuli (vPWV100mmHg), to investigate whether the dependency 170 

between vPWV and PWm was affected by the actual vPWV level (presumably related to the 171 

extent of vascular filling). Finally, to infer the population trend, the entire data set of vPWV as 172 
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function of PWm was fitted (using the Levenberg–Marquardt algorithm) with the following 173 

exponential equation, typical of many natural phenomena: 174 

                                        𝑣𝑃𝑊𝑉 = 𝐴(1 − 𝑒−𝐵(𝑃𝑊𝑚))                                         (2) 175 

As a measure of goodness of fit the R2 coefficient was considered. All the values reported 176 

in the results section are expressed in terms of MEAN ± STD or MEDIAN (95% Confidence 177 

Interval) and the level of significance was set at 0.05 for each statistical test, unless otherwise 178 

reported. All the statistical analyses were carried out using IBM® SPSS® Statistics 28.0 (IBM 179 

corp., Armonk, New York, United States). 180 

 181 

Figure 2. A) Distributions of the average venous Pulse Wave Velocity (vPWV) values for 182 

three different Cuff Pressure levels. B) Distributions of the average PW magnitude (PWm), 183 

related to the elicited Pulse Wave, for three different Cuff Pressure levels. The horizontal line 184 

within the coloured boxes represents the median, while the vertical black bars represent the 185 

lower and upper quartiles. Asterisks indicate statistically significant differences: *p<0.05, 186 

**p<0.01. 187 

3 Results 188 

The compression intensity had an overall statistically significant effect on both vPWV and 189 

PWm (p<0.001), as assessed by RM-MANOVA. The same result holds true even considering, 190 

separately (two RM-ANOVA), the effects exerted on vPWV (p<0.005) and PWm (p<0.001). 191 

vPWV was 3.43±0.80, 3.62±0.71 and 3.76±0.68 m/s and the PWm, as indicated by the peak 192 

frequency of the Doppler-shift, was 0.74±0.44, 0.99±0.51, 1.15±0.51 kHz, in response to 193 
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compressive stimuli of 100, 200 and 300 mmHg, respectively. A visual representation of the 194 

results of the multiple comparisons among the three compression levels, for both variables, are 195 

shown in Figure 2, along with indication of statistical significance. 196 

 197 

Figure 3. Pooled data. The solid-coloured circles are the individual measurements, each 198 

colour identifying a different subject. The coloured solid lines identify the linear regression 199 

lines (𝑝1𝑥 + 𝑝2). The black dash-dotted line represents an exponential regression considering 200 

all subjects (i.e., all the points), according to the equation 𝐴(1 − 𝑒−𝐵𝑥). Inset: the solid blue 201 

dots are the regression coefficients of each subject, plotted against their average vPWV value 202 

obtained with a Cuff Pressure of 100mmHg. The associated linear regression is also reported 203 

(continuous red line) along with the corresponding R-square. 204 

Concerning the assumed linear relationship among vPWV and PWm at the single subject 205 

level, the average Pearson correlation coefficient turned out to be 0.66 ± 0.38 (p<0.001). On 206 

the other hand, when considering the entire data set, as shown in Figure 3, the trend is clearly 207 

non-linear and well described by Eq. 2 (R2=0.66, black dash dotted line in Fig. 3) with A=4.5 208 

(fixed) and B=-0.00246 (-0.002341, -0.002191). Considering again the linear relationship for 209 

each subject (identified by different colours in Fig. 3) and computing the associated regression 210 

lines, it was possible to show that those subjects exhibiting low values of vPWV100mmHg are 211 
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more likely to show an increase of vPWV in response to an increase in PWm. On the contrary, 212 

if vPWV is already high, at the lowest PWm level, it remains little affected by further 213 

magnitude increases. This observation is graphically summarized in the inset of Figure 3, where 214 

the trend of the p1 coefficients appear to be inversely correlated with vPWV100mmHg (R
2=0.60). 215 

Similarly, a linear (inverse) correlation is also found between p1 and PWm100mmHg (R
2=0.31). 216 

4 Discussion 217 

To our knowledge this is the first in vivo study on human’s blood vessels investigating the 218 

effect of the PW magnitude on the measured PWV. In the present framework, focused on the 219 

measurement of PWV in veins, the magnitude of the PW (PWm) has been manipulated by 220 

varying the compression exerted by a pneumatic cuff. The results proved a significant 221 

dependence of vPWV on PWm with a rather linear pattern on an individual basis and an 222 

exponential pattern on the pooled data (Fig.3). Interestingly, the slope of this dependency is 223 

higher at lower vPWV and PWm values. 224 

4.1 PWV vs. PWm 225 

Documenting the relationship between vPWV and PWm, while other confounding factors 226 

remain unchanged (e.g., the resting blood pressure of the limb veins), is the first step towards 227 

the establishment of a methodology aimed to account and correct for PWm during vPWV 228 

measurements. By visual inspection of individual data (Fig. 3), such relationship appeared to 229 

be, with some exception, quite well modelled by a linear function (average r = 0.66), while the 230 

whole data set is well described by a simple exponential function. This result is merely 231 

qualitative, but it confirms that vPWV and PWm are related by a monotonically increasing 232 

function. Moreover, it indicates that those subjects presenting a high vPWV100mmHg value, are 233 

less susceptible to exhibit further vPWV increases in response to increased PWm, just like the 234 

subjects presenting a high PWm at 100 mmHg. Due to the observed monotonic relation 235 
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between vPWV and PWm, subjects with high vPWV100mmHg are to a large extent the same with 236 

high vPWV100mmHg. Based on previous intra-subject observations, demonstrating that vPWV 237 

increases with venous pressure and/or venous filling [11,12], it is tempting to speculate that 238 

some inter-subject comparison is also possible and that low vPWV100mmHg is indicative of low 239 

venous filling and vice versa. Along the same line, a low PWm100mmHg also is indicative of low 240 

venous filling. It must be observed at this stage that it is not possible to assess the “true” vPWV 241 

at the “resting” pressure level “P0", since a ΔP needs to be added to generate the PW; thus, the 242 

system is probed at the pressure P1=P0+ΔP. Accordingly, a high PWV100mmHg could truly reflect 243 

a high P0 or, alternatively, overestimate the true P0 due to an excessively high PWm100mmHg, as 244 

schematized in Fig. 4. On this basis, the PWm should be maintained as low as possible for the 245 

measurement to reflect the true resting condition. On the other hand, a low-magnitude PW 246 

would be more easily corrupted by noise and more difficult to detect, thus, a trade-off is 247 

necessary. 248 

4.2 PWm variability and PWV reliability 249 

As expected, increasing PWm results in an appreciable increment of the vPWV: indeed, a 250 

55% increment of PWm increased vPWV by 9.6%, on average. Although the effect seems 251 

small compared to the driving cause, it may be relevant for the repeatability of the 252 

measurement. In fact, with precise control of the cuff pressure, a good repeatability (CoV=6-253 

8%) of the vPWV measurement was achieved in recent studies [11,12]. However, even if the 254 

cuff pressure is well controlled, the magnitude of the generated PW may be affected by other 255 

factors, in particular: 1) the amount of blood displaced by the compressive stimulus depends 256 

on current tissue perfusion, which in turn may vary with ambient temperature and 257 

thermoregulation; 2) the extent to which the cuff is tightened around the limb extremity affects 258 

the cuff-arm coupling and the rate of increase in cuff pressure. While these effects may be 259 

minimized by maintenance of a constant ambient temperature and careful placement of the 260 
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cuff, the additional monitoring of the peak flow velocity (by means of Doppler-US) may 261 

provide a good a posteriori verification of whether PWm was maintained constant, over a long-262 

term monitoring. 263 

4.3 Implications for volume status assessment 264 

Given the risks associated with the implementation of invasive measurements as well as 265 

the poor indicative value of central venous pressure in fluid therapy, large efforts have been 266 

oriented to devise new methodologies for assessing volume status and fluid responsiveness and 267 

to improve the reliability of existing ones, although they all suffer of different limitations 268 

[20,21]. For instance, US monitoring of the inferior vena cava (IVC) is one of the most 269 

frequently adopted methodologies, due to the large availability of US devices and the relatively 270 

fast assessing procedure, however, the measurement of IVC diameters and collapsibility index 271 

is affected by several confounding factors, such as the variability of respiratory depth in 272 

spontaneous respiration, the respiratory movements of IVC and the interference of cardiac 273 

pulsatility on the respirophasic changes of IVC size, etc. These have been addressed in several 274 

recent papers and new processing methods proved effective in increasing the repeatability of 275 

the measurement [15,22], while newly formulated indices appear to have a promising clinical 276 

value [23,24]. Traditional US monitoring of the internal jugular vein is also largely employed 277 

but suffers of similar limitations [21]. More recently, the integrated US monitoring of major 278 

abdominal vessels and thoracic organs by point-of-care ultrasound (POCUS) as well as the 279 

attention to venous flow patterns (VExUS) have offered new assessment possibilities but are 280 

still affected by pitfalls and limitations [25,26]. In this context, the assessment of vPWV may 281 

integrate the existing panorama of non-invasive methodologies with one relevant peculiarity: 282 

the possibility to provide a continuous unsupervised monitoring of volume status (with the help 283 

of dedicated holders to maintain the Doppler probe in place [13]): a convenient feature for long 284 

lasting treatments such as dialysis in which the continuous presence of an echographer would 285 
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not be possible. Further validations in patients are however necessary to verify the full potential 286 

and clinical relevance of this methodology. 287 

4.4 Blood velocity as a proxy of the PWm 288 

In the present work, the local transient increase in pressure, associated to the PW (i.e., ΔP 289 

in Eq. 1), has been approximated by the concomitant increase in blood velocity (measured by 290 

Doppler-US and called PWm). The approach seems reasonable, considering that the forward 291 

blood displacement in the vessel during the passage of the PW is dependent on the pressure 292 

gradient P1-P0 (=ΔP, see Fig. 4). The results confirm that, increasing the pressure of 293 

compressive stimuli, which are expected to displace larger blood volumes from the compressed 294 

area and provoke larger ΔPs in neighbouring vessels, consistently increased the peak flow 295 

velocity of the generated PWs (Fig. 2B). However, the precise relationship between blood 296 

velocity and blood pressure in a propagating PW in veins is presently not known and requires 297 

further investigations. 298 

 299 

Figure 4. Schematic representation of the propagation of a Pulse Wave (PW). Two 300 

different scenarios are shown that lead to the same peak pressure (P1), associated with the 301 

passage of the wave: the dashed line represents a PW with high magnitude (ΔP) travelling in a 302 

vessel with low resting pressure (P0), while the solid line represents the opposite situation, a 303 

low-magnitude PW in a vessel with high P0. 304 

4.5 Implications for arterial PWV 305 

As mentioned earlier, the Bramwell-Hill equation states that PWV is potentially affected 306 

by the resting blood pressure (or resting vessel volume) as well as by the PWm; however, only 307 
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the former factor has been largely investigated. In fact, it is well known that changes in ABP 308 

affect the arterial PWV and, consequently, the LAS estimate based on PWV [27]. Assessment 309 

of LAS independently of chronic or acute ABP changes is still a major challenge in 310 

hemodynamic investigations, as this would help to better define the aetiology of certain 311 

cardiovascular diseases, such as essential hypertension [28,29]. To this aim, different 312 

approaches and new indices have been proposed such as the Cardio Ankle Vascular Index 313 

(CAVI), which, by including a measure of ABP in its formulation, should provide an 314 

independent indication of arterial stiffness (the best pressure reference value along the cardiac 315 

cycle is still object of debate) [30]. Surprisingly, the possibility that the magnitude of the PW 316 

could also (significantly) affect PWV, to our knowledge, has not been previously considered. 317 

In the arterial side, PWm may be quantified as the PP which is largely dependent on stroke 318 

volume, vascular peripheral resistances and compliance, and that may vary largely in different 319 

conditions and pathological states. Unfortunately, its effect cannot be easily investigated 320 

experimentally, as it cannot be independently modified and cannot be maintained constant 321 

when other variables, e.g., ABP, are varied, for instance during sympathetic activation tests, or 322 

alterations of the volaemic status. Therefore, PWm remains an uncontrolled confounding factor 323 

which likely contributes to increase the variability and reduce the statistical power of 324 

experimental results. With the present framework, we explored the feasibility, and hopefully 325 

paved the way, to attempt a correction of PWV with respect to the magnitude of the PW (i.e., 326 

ΔP), in analogy to what was done by CAVI for the dependence of PWV on the resting blood 327 

pressure (i.e., P0). 328 

5 Conclusions 329 

In the present non-invasive in vivo study, conducted in veins, we have shown for the first 330 

time that a variation in PWm can significantly affect PWV, potentially increasing the 331 
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variability of the measurement. Although generally neglected, this phenomenon is likely to be 332 

relevant for arterial PWV too, whereby poor reliability and repeatability still constitute a major 333 

limitation of the measurement [29,31]. Further investigations, on both arterial and venous 334 

vascular beds, are necessary to fully understand the implications and to devise new 335 

methodologies to account for this confounding factor. 336 
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