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Abstract 

Purpose: The evaluation of a mini or simulated fluid challenge is still a complex and open issue in 

the clinical setting and it is of paramount significance for the fluid therapy optimization. We here 

investigated the capacity of a new hemodynamic parameter, the venous Pulse Wave Velocity 

(vPWV), to detect the effect of passive leg raising (PLR).  

Materials and methods: In 15 healthy volunteers (7M, 8F, age 26±3) venous pressure pulses were 

elicited by pneumatic compressions of the left hand and proximally detected by ultrasound for 

calculation of the vPWV. We also non-invasively measured the basilic vein (BV) cross-sectional 

perimeter, and peripheral venous pressure (PVP). The PLR manoeuvre was performed twice to 

evaluate reliability of the assessment.  

Results: The PLR had an overall statistically significant effect on the entire set of variables 

(MANOVA, p<0.05): vPWV increased from 2.11 ± 0.46 to 2.30 ± 0.47 m/s (p=0.01), i.e., +10 % of 

baseline. This effect was transient and dropped below 5 % after about 3 min. A significant increase 

was also exhibited by BV size and PVP. In consecutive measurements vPWV showed little intra-

subject variability (CoV=8%) and good reliability (ICC=0.87). Finally, the vPWV responses to the 

two PLRs exhibited good agreement (paired T-test: p=0.96), and moderate reliability (ICC=0.57). 

Conclusion: These results demonstrated that vPWV can be non-invasively, objectively and reliably 

measured in healthy subjects and that it is adequate to detect small pressure/volume variations, as 

induced by PLR-from-supine. These characteristics make it suitable for clinical applications. 

 

Keywords: passive leg raising; venous return; vessel stiffness; volume status 
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Abbreviations: 

ANOVA Analysis of Variance 

BSL Baseline 

BV Basilic vein 

CoV Coefficient of variation 

ECG  Electrocardiogram 

HR Heart rate 

ICC Intraclass correlation coefficient 

MANOVA Multivariate analysis of variance 

PLR Passive leg raising 

PVP Peripheral venous pressure 

PWV Pulse wave velocity 

STD Standard deviation 

vPWV Venous pulse wave velocity 
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1 Introduction 

In the last decade the haemodynamic of the venous compartment has begun to receive more and 

more attention from the medical community, for its fundamental role in maintaining the 

cardiovascular equilibrium for a correct tissue perfusion [1–3]. Since veins are compliant vessels 

and host 70% of the total blood volume, an albeit small modulation of such big capacity has the 

potential of redistributing significantly the blood volume among the body compartments, in 

particular from/to the splanchnic circulation [4]. This possibility has stimulated the interest of 

intensivists. Indeed, the patient haemodynamic status assessment for an optimal fluid management 

is nowadays a critical and debated problem of paramount importance in intensive care units’ 

everyday life [5,6], and becomes even more complicated when dealing with patients without 

catheterization. Despite some recent progress regarding the assessment of fluid responsiveness 

[7,8], an observational study [9] has shown that its clinical relevance is still underestimated and the 

commonly adopted procedures are often obsolete. For these reasons, during the last years a lot of 

effort has been put in developing non-invasive methods, shifting the paradigm from static to 

dynamic measurements [8,10]. For instance, the hemodynamic transients associated with 

respiratory activity have been exploited to assess the respiratory variations in pulse pressure, stroke 

volume and inferior vena cava diameter. However, all these indicators suffer of specific limitations, 

due to the inherent variability in the respiratory pattern and have been shown to be poor predictors 

of fluid responsiveness in spontaneously breathing patients [10,11]. Compared to spontaneous 

breathing, passive leg raising (PLR) appears to produce a more reliable hemodynamic perturbation 

whose response is normally assessed by continuous cardiac output monitoring [12,13], which 

however is not commonly available [9]. In spite of the adopted monitoring techniques, the emergent 

concept regarding fluid responsiveness is the willingness to abandon the dichotomous way of 

thinking (i.e., classifying patients as responders and non-responders) in favour of a continuous 

classification of the patient haemodynamic status [8,14], possibly integrating more than a single 
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parameter. Based on the above considerations, there is a need for additional indicators of current 

volume status and of fluid responsiveness. 

In line with the above considerations, we here explore a novel approach to the characterization of 

the venous compartment, potentially adequate to provide additional indications on the patient 

haemodynamic status [15,16], based on the assessment of a novel haemodynamic parameter: the 

venous Pulse Wave Velocity (vPWV). The PWV is generally measured in arteries as a widely 

adopted marker of cardiovascular health, being directly proportional to the vessel stiffness [17–19]. 

Such relation is potentially exploitable also in veins but with two important differences: 1) the lack 

of a natural pulsatility in venous blood pressure, which may require that artificial pulses are 

generated and 2) the low venous pressure, which can be easily disturbed by respiratory as well as 

cardiac activity. It is likely that these limitations discouraged the investigation of vPWV although it 

was already shown to be linearly dependent on venous pressure [20–23] and sensitive to blood 

volume losses [24]. An experimental methodology was recently developed which addresses the 

above-mentioned limitations by artificially generating a venous pressure pulse at a limb extremity 

with a pneumatic cuff synchronized with the respiratory cycle, the generated pulse wave being then 

proximally detected by Doppler Ultrasound [25]. Promising results showed that large (8 - 26 

mmHg) changes in leg venous pressure consistently produced proportional changes in leg vPWV 

(1.78 - 2.26 m/s). However, whether this assessment is sensitive enough to detect mild 

hemodynamic challenges has never been explored in humans. 

Thus, the aim of this study was to assess whether and to what extent the vPWV responds to a 

simulated fluid challenge, as provoked by the PLR manoeuvre.  

Because of methodological constraints the PLR had to be conducted from the supine position, thus 

producing an even smaller hemodynamic challenge than the PLR from the semi-recumbent position 

[26].  However, with respect to our previous study, the stability of the measurement was further 

improved by synchronizing the measurement non only with the respiratory but also with the cardiac 
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activity. In order to get an indication of the reliability of the vPWV response, the manoeuvre was 

repeated twice on each subject.  

2 Materials and Methods 

2.1  Subjects 

The experiment was conducted on 15 healthy volunteers (7 M, 8 F, age 26 ± 3) with no exclusion 

criteria. The study was approved by the ethics committee of the University of Torino (March 23, 

2015) and all participants gave their informed consent according to the principles of the Helsinki 

Declaration. 

Fig. 1. Experimental set-up: electrical and pneumatic connections are indicated by dashed and solid lines, respectively 
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2.2 Experimental set-up 

An overview of the experimental set-up is given in Fig. 1. A pneumatic cuff (49 x 15 cm, GIMA, 

Gessate, Italy) is employed to deliver rapid compressive stimuli to the hand (peak pressure: 400 

mmHg, duration: ~1 sec, inflation time: 400 ms). This is achieved by a custom PC-controlled 

system previously developed for the investigation of the compression-induced rapid dilatation in 

skeletal muscles [27,28]. A hand sized hot water bag (filled with water at about 40 °C) was placed 

on the palm of the hand in order to 1) keep the hand warm and well perfused and 2) permit effective 

wrapping and compression by the cuff. The hand compression generates a pressure pulse that 

propagates proximally along venous vessels and can be detected by Doppler ultrasound (MyLab 25 

Gold, ESAOTE, Genova, Italy) at the level of the basilic vein (BV), distally to the armpit. Venous 

blood velocity is recorded by means of a linear probe (LA523, ESAOTE, Genova, Italy), with 

transversal approach and incident angle of about 60 deg [29]. The cuff pressure was continuously 

monitored by a pressure sensor placed at the cuff outlet (Pressure monitor BP-1, WPI, Sarasota, FL, 

USA) and digitally recorded (Micro 1401 IImk, CED, Cambridge, UK, with Spike2 software), 

along with the Doppler audio signal, the ECG (Grass Physiodata Amplifier Model 15LT, Astro-

Med Inc., West Warwick, USA) and the digital signal from a hand held start button, operated by the 

subject. The same digital board (Micro 1401 IImk) was used to drive the two electro-pneumatic 

valves (VXE2330-02F-6D01, SMC, Tokyo, Japan) so as to deliver the compressive stimulus. 

Since venous blood flow and pressure may be affected by both respiratory and cardiac activity, the 

measurements were always performed 1) at the end of the expiratory phase, that is the most 

reproducible respiratory position (functional residual capacity) [30], and 2) at the same time 

position within the cardiac cycle: the one corresponding to the lowest blood velocity (which 

allowed better detection of the pulse wave).  

 To this aim, the subject was asked to press the start button at the end of expiration. This signal 

enabled the detection of an R-wave on the ECG according to a threshold crossing criterion. The 

pneumatic compression was then started after a further adjustable delay of 0-800 ms from the R-
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wave. Such delay was individually set, after few preliminary trials, in order to locate the Doppler-

detected pulse wave at the point where blood velocity in the BV exhibited the minimum value, 

within the cardiac cycle (Fig. 2). 

2.3 Vessel size and peripheral venous pressure 

The cross-sectional perimeter of the BV was calculated from a transversal echographic scan in B-

mode, the linear probe oriented at 90 deg with respect to the vein axis. The blood pressure in the 

BV (PVP, Peripheral Venous Pressure, in mmHg) was estimated as the hydrostatic load relative to 

the vertical distance (vd, in cm) between the venous point of collapse [31,32], i.e., the point in 

which venous pressure approaches 0 mmHg, and the mid-height of the chest along the 

anteroposterior direction: PVP = 1.05 * 1.36 * vd. The venous point of collapse was 

Fig. 2. Illustration of the synchronization process. From top to bottom: signal from the hand-held button, 

electrocardiogram, cuff pressure and Doppler shift from the ultrasound monitoring of blood velocity in basilic vein. 

The button is pressed by the subject at the end of expiration; the algorithm then detects the first R-wave on the ECG 

trace and after a pre-set delay, opens the inflation valve at t0, detects the beginning of cuff inflation at te, and of the 

passage of the pulse wave at t1 
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echographically sought along the BV of the right arm, which was transiently and passively raised 

vertically to this purpose. The venous point of collapse was visualized with a second dedicated 

ultrasound machine (Mylab 25 XView, Esaote, Genova, Italy, with linear array LA 523). 

2.4 Experimental protocol 

The subject remained supine for at least 30 min [30,33] before starting the experimental protocol: 

two PLR manoeuvres were performed, PLR1 and PLR2, each lasting about 5 min and separated by 

8-min rest in supine position. The PLR was performed by an operator with the help of a pulley, 

raising and maintaining the extended legs at an angle of about 45 deg. A series of 8 pneumatic 

compressions were delivered to the hand during both PLRs (PLR1 and PLR2) and baselines i.e., the 

5-min intervals preceding each PLR (BSL1 and BSL2), a vPWV measurement being performed for 

each pulse. In addition, measurements of BV diameter and of peripheral venous pressure were also 

performed in all conditions. 

2.5 Data analysis 

The Doppler audio signal was sampled at a rate of 10 kHz and it was exported from Spike2 to 

Matlab for off-line analysis: a custom-made algorithm was developed to compute the time domain 

envelope and to identify the footprint of that profile [17]. As first step the relevant epochs of 1-s 

width, starting from the time (t0) at which the control unit delivered the trigger for cuff inflation, 

were identified (Fig. 2). Then, the signal was digitally band-pass filtered between 100 and 2000 Hz 

(approximately equivalent to 3-60 cm/s in terms of blood velocity). Afterwards, the upper root-

mean-square envelope of the signal was computed [34,35] and subsequently smoothed by a local 

regression using the weighted linear least squares method and a 1st degree polynomial model 

applied by means of a sliding window of 200 ms. Finally, the footprint was identified as the instant 

t1 at which the envelope reaches the 5% of its baseline-to-peak amplitude. The PW transit time, 

from wrist to insonation site, was computed as ∆t = t1 - te, where te is the time at which the cuff 
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pressure rose above 2 mmHg (Fig. 2). The vPWV was then calculated as the ratio of the travelled 

distance (∆x = wrist-probe distance) and the PW transit time: vPWV = ∆x / ∆t. Occasional odd 

vPWV values, attributed to failure of the algorithm due to low signal-to-noise ratio of the Doppler 

signal, were automatically identified as the values beyond three times the Mean Absolute Deviation 

and then removed.  

The Heart Rate (HR) was computed as the average over a 20-s interval prior to each pressure pulse 

delivery, from the instantaneous heart rate derived from the ECG signal. The vessel cross-sectional 

perimeter was measured both before (Pstart) and after (Pend) the delivery of the series of 8 

compressive stimuli, while the PVP was estimated only at the end of each series. 

A preliminary assessment of the transient effect of PLR on vPWV was performed in order to define 

the time interval over which the response to the manoeuvre could be evaluated. All the vPWV 

measurements were expressed as percentage change relative to the respective baseline value 

(average of all values in BSL1 or BSL2) and aligned in time with respect to the moment of legs 

raising; then, the linear regression of the entire data set was used to model the trend and to select the 

time at which the PLR effect on vPWV fell below 5 %: only data points preceding that time were 

used to compute the average vPWV value during PLR and the others were excluded from the 

subsequent analysis. The same time interval was used to assess the effect on HR. 

2.6 Statistics 

A first multivariate analysis of variance (2-way repeated measurements MANOVA) was performed 

on the absolute values of the entire set of variables, in order to evaluate both the effect of the 

manoeuvre (BSL vs. PLR) and its repetition (1 vs. 2). Prior check of multivariate normality 

assumption was performed by multiple univariate Shapiro-Wilk tests. Then, in order to evaluate the 

two above mentioned factors on vPWV alone, a 2-way repeated measurements ANOVA was 

performed. Finally, single paired T-tests were performed, for each variable, in order to compare 

each PLR vs. its baseline and to compare BSL1 vs. BSL2 and PLR1 vs. PLR2. 
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Reliability of vPWV response to PLR was assessed comparing the two consecutive PLR-induced 

changes with respect to the averaged baseline value (i.e., ΔvPWV), specifically assessing the effect 

of the manoeuvre irrespective of the alterations in the baseline values, by means of paired T-test, 

Spearman correlation coefficient and single-measurement, absolute-agreement, 2-way mixed-

effects model Intraclass Correlation Coefficient (ICC) [36]. Finally, the intra-subject variability of 

the vPWV measurements acquired during BSL1, was quantified by the coefficient of variation 

(CoV = STD / mean * 100), averaged across all subjects, while their level of reliability was 

assessed by the multiple-measurements, absolute-agreement, 2-way mixed-effects model ICC. 

All the values reported in the results section are expressed in terms of MEAN ± STD and the level 

of significance, was set at 0.05 for each statistical test, unless otherwise reported. 

3 Results 

Single measurements of vPWV in resting conditions (BSL1) exhibited little intra-subject 

variability, as expressed by the CoV = 7.7 ± 2.9 %, and a good level of reliability, as expressed by 

the ICC = 0.87 (95% confidence interval = 0.75-0.94). 

In response to PLR vPWV transiently increased. The regression line fitted to the vPWV data 

collected during PLR1 and normalized to baseline exhibited a negative slope of 3.7 %/min and 

crossed the +5 % threshold at 179 s (~ 3 min), while during PLR2 the rate was 1.2 %/min and the 

cross happened at 242 s (~ 4 min).  

On a multivariate basis (i.e., considering all the physiological variables measured) the 2-way 

repeated measurements MANOVA showed that PLR had an overall statistically significant effect 

(p=0.02) with no significant difference between PLR1 and PLR2 (p=0.13). However, on a 

univariate basis (i.e., considering only the vPWV absolute values) the 2-ways repeated 

measurements ANOVA showed that vPWV was significantly affected by PLR (p<0.01) and also by 



12 

 

the manoeuvre repetition (p<0.05). The results of the T-tests are reported graphically in Fig. 3, by 

means of symbols. 

During PLR1 (Fig. 3) vPWV increased from 2.11 ± 0.46 to 2.30 ± 0.47 m/s (p=0.01), HR decreased 

slightly from 74 ± 7 to 70 ± 9 bpm (p=0.02), Pstart increased from 17.9 ± 2.8 to 19.0 ± 3.4 mm 

(p=0.04) while Pend was practically unaffected (p=0.44) and PVP increased slightly from 11.1 ± 1.9 

to 11.6 ± 2.4 mmHg (p=0.05). The response to PLR2 (Fig. 3) was similar, with vPWV increasing 

from 1.93 ± 0.40 to 2.12 ± 0.46 m/s (p=0.01), while HR change was no longer significant (p=0.77) 

and Pend remained significantly above the pre-PLR2 value (p=0.02). 

In terms of percentage change, vPWV exhibited a large increment compared to the other variables: 

vPWV showed a variation of 10 ± 14 % and 10 ± 15 %, HR of -3 ± 4 % and 1 ± 11 %, Pstart of 6 ± 

10 % and 8 ± 8 %, Pend of 2 ± 7 % and 6 ± 9 and PVP of 4 ± 7 % and 6 ± 9 %, for PLR1 and PLR2 

respectively. 
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A comparison of the vPWV response to PLR1 (X axis) and PLR2 (Y axis) for the different subjects 

Fig. 3. Average effect of PLR on physiological parameters. The blue bars represent the baselines values and the red 

ones the values recorded during PLRs. Error bars represent standard errors. Statistical significance, as assessed by 

paired T-test, is also reported (†: p<0.10; *: p<0.05; **: p<0.01) 
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is qualitatively shown in Fig. 4. It can be observed that most subjects responded similarly to the two 

manoeuvres (segments oriented at about 45 deg), while only few, having a small magnitude of 

response, exhibited markedly different patterns. On an individual basis, vPWV exhibited a mean 

increase of at least 5%, with respect to the mean baseline value, in 10/15 and 8/15 subjects (i.e., 

responders) in response to PLR1 and PLR2, respectively. It is worth to notice that the 8 responders 

to PLR2 were also responders to PLR1. Although the responses of vPWV (ΔvPWV) to PLR1 and 

PLR2 were moderately correlated (Spearman correlation coefficient: 0.56, p<0.05) and their level 

of reliability was also moderate (ICC = 0.57, 95% CI = -0.36-0.86), they showed good agreement 

when compared by paired T-test (p=0.96).  

4 Discussion 

With the present study, we showed for the first time that by assessing vPWV it is possible to detect 

simulated changes in blood volume, as produced by PLR in healthy subjects. Although transient in 

nature (1-3 min) [5,26,37,38], the effect was quite consistently observed in 2 PLR manoeuvres 

performed in sequence. 

Fig. 4. Comparison of vPWV responses to PLR1 and PLR2. The X-axis and Y-axis report the vPWV values during BSL1 and BSL2 

(circles) and PLR1 and PLR2 (stars), respectively, straight lines joining circle and star of individual subjects. The dashed grey line 

is a 45-degree reference line indicating the slope corresponding to ideal reproducibility 
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In this respect, it is important to emphasize that the PLR from the supine position, as was performed 

in the present study, is a rather mild hemodynamic stimulus: indeed, in order to maximize the 

volume of blood that is displaced from the legs to the rest of the body, it is generally advisable to 

start the PLR from the semi-recumbent position, in which case the amount of displaced blood is 

estimated in the order of 300 ml [26,39]. Based on the observation that the cross sectional area of 

the superficial femoral vein decreases by approximately 50 % when moving from the semi-

recumbent (60-deg inclination of the trunk) to the supine position [25] we can roughly estimate that 

the blood volume displaced by the PLR is also reduced by the same amount, if starting from the 

supine rather than the semi-recumbent position, i.e., resulting in about 150 ml. For this reason, PLR 

from supine may be little effective [26,40] and result as a poor predictor of fluid responsiveness 

[12,41]. In the present study we could not start from the semi-recumbent position, due to the 

methodological constraints related to the vPWV measurement in upper limbs. In spite of the relative 

weakness of the PLR-from-supine manoeuvre confirmed by the small changes observed in PVP, 

HR, and brachial vein size, vPWV effectively detected the hemodynamic challenge, exhibiting an 

overall significant increase and a moderate repeatability in the response to the two manoeuvres. 

Notably, a PLR-induced increase in vPWV larger than 5 % was observed only in about 2/3 of the 

subjects, which can be ascribed to the weakness of the stimulus as well as to individual differences 

in basal volume status, in the compliance of central venous compartments and in autonomic 

reactivity. This result is in line with other studies which identified responders and non-responders to 

simulated fluid challenges [37,42]. 

To our knowledge the vPWV variation in response to a real or simulated fluid challenge has not 

been previously investigated in humans. The only similar study was performed in anaesthetized 

dogs during progressive haemorrhage [24]. Interestingly the authors already noticed better  

sensitivity of vPWV to blood loss, as compared to standard haemodynamic parameters such as 

arterial blood pressure, highlighting the potentiality of this parameter, that, it is worth to remember, 

takes into account not only the pressure alone but the working status of the vessels in terms of 
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compliance, which is a more holistic approach. Unfortunately, after few investigations carried out in 

the seventies [20–24] the interest on vPWV decreased, possibly due to the lack of proper 

instrumentation and/or to the high variability in the measurement, e.g. CoV = 14% [23]. 

The low variability (CoV about 8 %), good reliability (ICC = 0.87) and, consequently, the good 

sensitivity of vPWV to simulated changes in blood volume achieved in the present study likely 

depends on the methodological arrangements implemented in the measurement. In particular, the 

generation of the compressive stimuli was synchronized both with respiration and with the ECG, 

which allowed to deliver the pulse always in the same respiratory phase (end of expiration) and in 

the same phase of the cardiac cycle. In this way we could get rid of two major disturbing factors 

given that venous blood flow and pressure are affected by large respiratory modulation [22,23,43], 

as well as by a cardiac perturbations, backward propagating from the right heart and/or directly 

transmitted from pulsating neighbouring arteries [22,43,44]. In addition, the implementation of a 

dedicated algorithm to automatize the footprint detection and therefore the vPWV estimation, 

allowed us to obtain a totally operator-free and objective measurement. 

The vPWV variation in response to PLR1 was not correlated with that of PVP. This is only 

apparently in contrast with previous observations reporting a dependence of vPWV on venous 

pressure [20–23,25]. In fact, in the present case each point refers to a different subject and the 

changes in venous pressure are in the order of 1 mm Hg or less, i.e., a very low value and, as such, 

poorly measured by the non-invasive technique adopted. However, PLR also produced a significant 

increase in BV size, as indicated by Pstart (+ 6%). On this basis it may be reasonably concluded that 

the simulated increase in blood volume by PLR affected mainly the “unstressed volume” of the 

upper body [3,4].  

It is interesting to analyze the post-effects of PLR by comparing BSL2 vs. BSL1. While the BV size 

is unchanged, there is a tendency towards lower PVP (p=0.08), and an almost significant decrease 

in vPWV (p=0.06) (see Fig. 3): this is suggestive of a decreased sympathetically-mediated vascular 

tone of the venous compartment. The hypothesis of reduced sympathetic outflow is in line with the 
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observed concomitant decrease in HR (Fig. 3) and find supports in the literature. In fact, it has been 

reported that central volume loading, as can be obtained for example by head-down tilt [45] or 

lower body positive pressure, produces sympathetic inhibition [46], with effects that may outlast the 

duration of the stimulus [47]. It is remarkable that, in spite of the post-effects of PLR1 and the 

ensuing differences between BSL1 and BSL2, the vPWV response to PLR2 was still quite well 

correlated to PLR1 (Fig. 4), achieving a moderate reliability. 

4.1 Potential for clinical applications 

Besides few potential drawbacks, namely the complexity of equipment and experimental set-up and 

the necessity to operate on a full limb, the proposed technique has a number of appealing 

characteristics for clinical applications. First of all, this measurement has a high sensitivity to mild 

hemodynamic challenges, whose demonstration is a major outcome of the present study. Secondly, 

the measurement is objective, the intervention of the operator being limited to positioning 

electrodes and probes and in selecting the delay for appropriate delivery of the pulse with respect to 

the R-wave of the ECG. Thirdly, the measurement is non-invasive and can be repeatedly performed. 

As such it is adequate for long term monitoring, e.g., with intensive care or dialysis patients. The 

maximum time resolution (related to the maximum frequency of the measurement) has not been 

specifically tested, as yet. A minimum time interval is required for the limb extremity to refill and 

this may depend on the actual circulatory conditions. A frequency of about 2-3/min as operated in 

the present study is rather high and adequate to describe fast hemodynamic transients, such as the 

response to PLR. 

5 Limitations 

The subjects had to actively signal the end-expiratory phase. In future studies the automatic 

detection of the end-expiratory phase should be implemented in order to avoid any active 
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involvement of the subject, which could possibly influence the autonomic balance and affect the 

measurement. 

Due to the above limitation the measurements were not perfectly timed with respect to the start of 

PLR, in addition the different variables were measured at different times. This may have 

underestimated the maximum variations exhibited by the different variables. In fact, it is generally 

known that adaptation occurs in the system and that the hemodynamic effect of PLR tends to fade 

away within minutes. This phenomenon appears poorly described in the literature [37,48] but it 

deserves attention as it could reveal additional characteristics of the body response to fluid 

challenges. In this respect, vPWV could be one of the meaningful variables to consider. 

Finally, the comparison between PLR1 and PLR2 cannot constitute a real repeatability study, given 

that the two manoeuvres were separated by a short resting interval and the variables were not 

completely returned to control (pre-PLR1) levels. 

6 Conclusions 

The vPWV was shown to effectively detect a mild central volume loading, as obtained by the 

passive leg raising form the supine position, which produced only minor changes in peripheral 

venous pressure (<1 mmHg). This new hemodynamic index is objectively and non-invasively 

assessed, sensitive to mild hemodynamic challenges and characterized by low variability and good 

reliability of the measurement.  For these reasons it appears to have a great potential for clinical 

applications. 

 

Acknowledgments  

This activity was supported by local grants (ROAS_RILO_17_01, University of Torino). No 

conflicts of interest, financial or otherwise, are declared by the authors. 



19 

 

 

Declaration of Interest 

The authors LE, CDB, CF, and SR have submitted a patent application concerning the assessment 

of venous pulse wave velocity.  

 

Authors’ contribution 

LE: Conceptualization, Methodology, Software, Formal Analysis, Data Curation, Writing-Original 

draft, Writing - Review & Editing, Visualization. NEC: Software, Validation, Formal Analysis, 

Writing-Original draft, Visualization. CDB: Methodology, Writing - Review & Editing. CF: 

Methodology, Resources, Writing - Review & Editing,  Supervision. SR: Conceptualization, 

Methodology, Resources, Writing - Review & Editing, Supervision.  



20 

 

Reference List 

 [1] H.D. Aya, M. Cecconi, Can (and should) the venous tone be monitored at the bedside?, Curr. 

Opin. Crit. Care. 21 (2015) 240–244. https://doi.org/10.1097/MCC.0000000000000199. 

[2] D.J. Funk, E. Jacobsohn, A. Kumar, The role of venous return in critical illness and shock-

Part I: Physiology, Crit. Care Med. 41 (2013) 255–262. 

https://doi.org/10.1097/CCM.0b013e3182772ab6. 

[3] S. Gelman, Venous Function and Central Venous Pressure, Anesthesiology. 108 (2008) 735–

748. https://doi.org/10.1097/ALN.0b013e3181672607. 

[4] C.C. Pang, Autonomic control of the venous system in health and disease: effects of drugs., 

Pharmacol. Ther. 90 (2001) 179–230. 

[5] W.L. Miller, Fluid volume overload and congestion in heart failure, Circ. Hear. Fail. 9 (2016) 

1–9. https://doi.org/10.1161/CIRCHEARTFAILURE.115.002922. 

[6] A. Rhodes, L.E. Evans, W. Alhazzani, M.M. Levy, M. Antonelli, R. Ferrer, A. Kumar, J.E. 

Sevransky, C.L. Sprung, M.E. Nunnally, B. Rochwerg, G.D. Rubenfeld, D.C. Angus, D. 

Annane, R.J. Beale, G.J. Bellinghan, G.R. Bernard, J.-D. Chiche, C. Coopersmith, D.P. De 

Backer, C.J. French, S. Fujishima, H. Gerlach, J.L. Hidalgo, S.M. Hollenberg, A.E. Jones, 

D.R. Karnad, R.M. Kleinpell, Y. Koh, T.C. Lisboa, F.R. Machado, J.J. Marini, J.C. Marshall, 

J.E. Mazuski, L.A. McIntyre, A.S. McLean, S. Mehta, R.P. Moreno, J. Myburgh, P. 

Navalesi, O. Nishida, T.M. Osborn, A. Perner, C.M. Plunkett, M. Ranieri, C.A. Schorr, M.A. 

Seckel, C.W. Seymour, L. Shieh, K.A. Shukri, S.Q. Simpson, M. Singer, B.T. Thompson, 

S.R. Townsend, T. Van der Poll, J.-L. Vincent, W.J. Wiersinga, J.L. Zimmerman, R.P. 

Dellinger, Surviving Sepsis Campaign: International Guidelines for Management of Sepsis 

and Septic Shock: 2016, Intensive Care Med. 43 (2017) 304–377. 

https://doi.org/10.1007/s00134-017-4683-6. 

[7] P.E. Marik, J. Lemson, Fluid responsiveness: an evolution of our understanding, Br. J. 



21 

 

Anaesth. 112 (2014) 617–620. https://doi.org/10.1093/bja/aet590. 

[8] X. Monnet, J.L. Teboul, Assessment of fluid responsiveness: Recent advances, Curr. Opin. 

Crit. Care. 24 (2018) 190–195. https://doi.org/10.1097/MCC.0000000000000501. 

[9] M. Cecconi, C. Hofer, J.-L. Teboul, V. Pettila, E. Wilkman, Z. Molnar, G. Della Rocca, C. 

Aldecoa, A. Artigas, S. Jog, M. Sander, C. Spies, J.-Y. Lefrant, D. De Backer, FENICE 

Investigators, ESICM Trial Group, Fluid challenges in intensive care: the FENICE study, 

Intensive Care Med. 41 (2015) 1529–1537. https://doi.org/10.1007/s00134-015-3850-x. 

[10] X. Monnet, P.E. Marik, J.L. Teboul, Prediction of fluid responsiveness: an update, Ann. 

Intensive Care. 6 (2016) 1–11. https://doi.org/10.1186/s13613-016-0216-7. 

[11] G. Via, G. Tavazzi, S. Price, Ten situations where inferior vena cava ultrasound may fail to 

accurately predict fluid responsiveness: a physiologically based point of view, Intensive Care 

Med. 42 (2016) 1164–1167. 

[12] X. Monnet, P. Marik, J.-L. Teboul, Passive leg raising for predicting fluid responsiveness: a 

systematic review and meta-analysis, Intensive Care Med. 42 (2016) 1935–1947. 

https://doi.org/10.1007/s00134-015-4134-1. 

[13] S.T. Vistisen, P. Juhl-Olsen, Where are we heading with fluid responsiveness research?, 

Curr. Opin. Crit. Care. 23 (2017) 318–325. 

https://doi.org/10.1097/MCC.0000000000000421. 

[14] K. Cooke, R. Sharvill, S. Sondergaard, A. Aneman, Volume responsiveness assessed by 

passive leg raising and a fluid challenge: a critical review focused on mean systemic filling 

pressure, Anaesthesia. 73 (2018) 313–322. https://doi.org/10.1111/anae.14162. 

[15] S. Gelman, L. Bigatello, The physiologic basis for goal-directed hemodynamic and fluid 

therapy: the pivotal role of the venous circulationLes fondements physiologiques de la 

thérapie hémodynamique et liquidienne ciblée: le rôle fondamental de la circulation veineuse, 

Can. J. Anesth. Can. d’anesthésie. 65 (2018) 294–308. https://doi.org/10.1007/s12630-017-

1045-3. 



22 

 

[16] S. Magder, Volume and its relationship to cardiac output and venous return, Crit. Care. 20 

(2016) 1–11. https://doi.org/10.1186/s13054-016-1438-7. 

[17] P. Boutouyrie, M. Briet, S. Vermeersch, B. Pannier, Assessment of pulse wave velocity, 

Artery Res. 3 (2009) 3–8. https://doi.org/10.1016/j.artres.2008.11.002. 

[18] M.E. Safar, Arterial stiffness as a risk factor for clinical hypertension, Nat. Rev. Cardiol. 15 

(2018) 97–105. https://doi.org/10.1038/nrcardio.2017.155. 

[19] Y.-Y. Lin Wang, Did you know developing quantitative pulse diagnosis with realistic 

haemodynamic theory can pave a way for future personalized health care., Acta Physiol. 

(Oxf). 227 (2019) e13260. https://doi.org/10.1111/apha.13260. 

[20] M. Anliker, M.K. Wells, E. Ogden, The Transmission Characteristics of Large and Small 

Pressure Waves in the Abdominal Vena Cava, IEEE Trans. Biomed. Eng. BME-16 (1969) 

262–273. https://doi.org/10.1109/TBME.1969.4502658. 

[21] I. Mackay, P. Van Loon, J. Campos, N. de Jesus, A tecnique for the indirect measurement of 

the velocity of induced venous pulsation, Am. Heart J. 73 (1967) 17–23. 

[22] J. Minten, F. Van De Werf, A. Auber, H. Kasteloot, H. De Geest, Apparent pulse wave 

velocity in canine superior vena cava, Cardiovasc. Res. 17 (1983) 627–632. 

[23] J. Nippa, R. Alexander, R. Folse, Pulse wave velocity in human veins, J. Appl. Physiol. 30 

(1971) 558–563. 

[24] R. Felix, B. Sigel, K. Amatneek, C. Marshall, Venous pulse propagation velcity in 

hemorrage, Arch Surg. 102 (1971) 53–56. 

[25] L. Ermini, C. Ferraresi, C. De Benedictis, S. Roatta, Objective Assessment of Venous Pulse 

Wave Velocity in Healthy Humans, Ultrasound Med. Biol. 46 (2019) 849–854. 

https://doi.org/10.1016/j.ultrasmedbio.2019.11.003. 

[26] X. Monnet, J.-L. Teboul, Passive leg raising: five rules, not a drop of fluid!, Crit. Care. 19 

(2015) 18. https://doi.org/10.1186/s13054-014-0708-5. 

[27] A. Messere, M. Turturici, G. Millo, S. Roatta, Repetitive muscle compression reduces 



23 

 

vascular mechano-sensitivity and the hyperemic response to muscle contraction, J. Physiol. 

Pharmacol. 68 (2017) 427–437. 

[28] A. Messere, M. Tschakovsky, S. Seddone, G. Lulli, W. Franco, D. Maffiodo, C. Ferraresi, S. 

Roatta, Hyper-Oxygenation Attenuates the Rapid Vasodilatory Response to Muscle 

Contraction and Compression, Front. Physiol. 9 (2018) 1078. 

https://doi.org/10.3389/fphys.2018.01078. 

[29] A. Messere, G. Ceravolo, W. Franco, D. Maffiodo, C. Ferraresi, S. Roatta, Increased tissue 

oxygenation explains the attenuation of hyperemia upon repetitive pneumatic compression of 

the lower leg, J. Appl. Physiol. 123 (2017) 1451–1460. 

https://doi.org/10.1152/japplphysiol.00511.2017. 

[30] A. Folino, M. Benzo, P. Pasquero, A. Laguzzi, L. Mesin, A. Messere, M. Porta, S. Roatta, 

Vena Cava Responsiveness to Controlled Isovolumetric Respiratory Efforts, J. Ultrasound 

Med. 36 (2017) 2113–2123. https://doi.org/10.1002/jum.14235. 

[31] J. Rizkallah, M. Jack, M. Saeed, L.A. Shafer, M. Vo, J. Tam, Non-invasive bedside 

assessment of central venous pressure: scanning into the future, PLoS One. 9 (2014) 

e109215. 

[32] C.Y. Xing, Y.L. Liu, M.L. Zhao, R.J. Yang, Y.Y. Duan, L.H. Zhang, X. De Sun, L.J. Yuan, 

T.S. Cao, New Method for Noninvasive Quantification of Central Venous Pressure by 

Ultrasound, Circ. Cardiovasc. Imaging. 8 (2015). 

https://doi.org/10.1161/CIRCIMAGING.114.003085. 

[33] R.D. Hagan, F.J. Diaz, S.M. Horvath, Plasma volume changes with movement to supine and 

standing positions, J. Appl. Physiol. 45 (1978) 414–417. 

https://doi.org/10.1152/jappl.1978.45.3.414. 

[34] L. Marple, Computing the discrete-time analytic signal via FFT, IEEE Trans. Signal Process. 

47 (1999) 2600–2603. https://doi.org/10.1109/78.782222. 

[35] A. V. Oppenheim, R.W. Schafer, Discrete-time signal processing, Pearson, 2014. 



24 

 

[36] T.K. Koo, M.Y. Li, A Guideline of Selecting and Reporting Intraclass Correlation 

Coefficients for Reliability Research, J. Chiropr. Med. 15 (2016) 155–163. 

https://doi.org/10.1016/J.JCM.2016.02.012. 

[37] M.H. Elwan, A. Roshdy, J.A. Reynolds, E.M. Elsharkawy, S.M. Eltahan, T.J. Coats, What is 

the normal haemodynamic response to passive leg raise? A study of healthy volunteers, 

Emerg. Med. J. 35 (2018) 544–549. https://doi.org/10.1136/emermed-2017-206836. 

[38] X. Monnet, M. Rienzo, D. Osman, N. Anguel, C. Richard, M.R. Pinsky, J.-L. Teboul, 

Passive leg raising predicts fluid responsiveness in the critically ill*, Crit. Care Med. 34 

(2006) 1402–1407. https://doi.org/10.1097/01.CCM.0000215453.11735.06. 

[39] J. Jabot, J.L. Teboul, C. Richard, X. Monnet, Passive leg raising for predicting fluid 

responsiveness: Importance of the postural change, Intensive Care Med. 35 (2009) 85–90. 

https://doi.org/10.1007/s00134-008-1293-3. 

[40] G.E.P. Godfrey, S.W. Dubrey, J.M. Handy, A prospective observational study of stroke 

volume responsiveness to a passive leg raise manoeuvre in healthy non-starved volunteers as 

assessed by transthoracic echocardiography, Anaesthesia. 69 (2014) 306–313. 

https://doi.org/10.1111/anae.12560. 

[41] K. Lakhal, S. Ehrmann, I. Runge, D. Benzekri-Lefèvre, A. Legras, P.F. Dequin, E. Mercier, 

M. Wolff, B. Régnier, T. Boulain, Central venous pressure measurements improve the 

accuracy of leg raising-induced change in pulse pressure to predict fluid responsiveness, 

Intensive Care Med. 36 (2010) 940–948. https://doi.org/10.1007/s00134-010-1755-2. 

[42] R.C. de F. Chaves, T.D. Corrêa, A.S. Neto, B. de A. Bravim, R.L. Cordioli, F.T. Moreira, 

K.T. Timenetsky, M.S.C. de Assunção, Assessment of fluid responsiveness in spontaneously 

breathing patients: a systematic review of literature, Ann. Intensive Care. 8 (2018) 21. 

https://doi.org/10.1186/s13613-018-0365-y. 

[43] K. Nakamura, M. Tomida, T. Ando, K. Sen, R. Inokuchi, E. Kobayashi, S. Nakajima, I. 

Sakuma, N. Yahagi, Cardiac variation of inferior vena cava: New concept in the evaluation 



25 

 

of intravascular blood volume, J. Med. Ultrason. 40 (2013) 205–209. 

https://doi.org/10.1007/s10396-013-0435-6. 

[44] A.A. Joseph, D. Voit, J. Frahm, Inferior vena cava revisited – Real-time flow MRI of 

respiratory maneuvers, NMR Biomed. 33 (2020). https://doi.org/10.1002/nbm.4232. 

[45] K. Nagaya, F. Wada, S. Nakamitsu, S. Sagawa, K. Shiraki, Responses of the circulatory 

system and muscle sympathetic nerve activity to head-down tilt in humans., Am. J. Physiol. 

268 (1995) R1289-94. https://doi.org/10.1152/ajpregu.1995.268.5.R1289. 

[46] J. Cui, Z. Gao, C. Blaha, M.D. Herr, J. Mast, L.I. Sinoway, Distension of central great vein 

decreases sympathetic outflow in humans, Am. J. Physiol. - Hear. Circ. Physiol. 305 (2013) 

H378. https://doi.org/10.1152/ajpheart.00019.2013. 

[47] D. Bosone, V. Ozturk, S. Roatta, A. Cavallini, P. Tosi, G. Micieli, Cerebral haemodynamic 

response to acute intracranial hypertension induced by head-down tilt., Funct. Neurol. 19 

(n.d.) 31–5. http://www.ncbi.nlm.nih.gov/pubmed/15212114 (accessed March 14, 2020). 

[48] N. Duus, D.J. Shogilev, S. Skibsted, H.W. Zijlstra, E. Fish, A. Oren-Grinberg, Y. Lior, V. 

Novack, D. Talmor, H. Kirkegaard, N.I. Shapiro, The reliability and validity of passive leg 

raise and fluid bolus to assess fluid responsiveness in spontaneously breathing emergency 

department patients, J. Crit. Care. 30 (2015) 217.e1-217.e5. 

https://doi.org/10.1016/j.jcrc.2014.07.031. 

 

 



AUTHORS CONTRIBUTIONS 

LE: Conceptualization, Methodology, Software, Formal Analysis, Data Curation, Writing-Original draft, 

Writing - Review & Editing, Visualization. NEC: Software, Validation, Formal Analysis, Writing-Original draft, 

Visualization. CDB: Methodology, Writing - Review & Editing. CF: Methodology, Resources, Writing - Review 

& Editing,  Supervision. SR: Conceptualization, Methodology, Resources, Writing - Review & Editing, 

Supervision. 

Credit Author Statement


