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Abstract

:

Arterial stiffness has been proved to be an important parameter in the evaluation of cardiovascular diseases, and Pulse Wave Velocity (PWV) is a strong indicator of arterial stiffness. Compared to regional PWV (PWV among different arteries), local PWV (PWV within a single artery) outstands in providing higher precision in indicating arterial properties, as regional PWVs are highly affected by multiple parameters, e.g., variations in blood vessel lengths due to individual differences, and multiple reflection effects on the pulse waveform. However, local PWV is less-developed due to its high dependency on the temporal resolution in synchronized signals with usually low signal-to-noise ratios. This paper presents a method for the noninvasive simultaneous measurement of two local PWVs in both left and right radial arteries based on the Fiber Bragg Grating (FBG) technique via correlation analysis of the pulse pairs at the fossa cubitalis and at the wrist. Based on the measurements of five male volunteers at the ages of 19 to 21 years old, the average left radial PWV ranged from 9.44 m/s to 12.35 m/s and the average right radial PWV ranged from 11.50 m/s to 14.83 m/s. What is worth mentioning is that a stable difference between the left and right radial PWVs was observed for each volunteer, ranging from 2.27 m/s to 3.04 m/s. This method enables the dynamic analysis of local PWVs and analysis of their features among different arteries, which will benefit the diagnosis of early-stage arterial stiffening and may bring more insights into the diagnosis of cardiovascular diseases.
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1. Introduction


Cardiovascular diseases contribute to considerable mortality in modern society [1]. It has been proven that the risk of cardiovascular diseases is related to the degree of arterial stiffness [2]. Arterial stiffening can cause a rise in aortic systolic pressure, a fall in diastolic pressure, and a higher risk of heart diseases with increased age [2,3,4,5,6,7]. In order to identify early-stage arterial diseases so as to perform early intervention, there is an increasing need to monitor arterial stiffness in a convenient, reliable, and noninvasive way.



Pulse Wave Velocity (PWV), the propagation velocity of blood waves/pulses via the circulatory system, is a strong indicator of arterial stiffness [8,9,10,11] and can be used for the prediction of cardiovascular events [12]. The magnitude of PWV highly depends on the property of the blood vessels, e.g., blood vessel elasticity and wall thickness [13]. A common approach used to measure the PWV is to measure the pulses at two arterial sites simultaneously [8,14], and the majority of the existing research based on two-site measurements investigated regional PWVs, i.e., the PWV between two sites located in different arteries, e.g., the brachial–ankle PWV (ba-PWV), carotid–femoral PWV (cf-PWV), and carotid–radial PWV (cr-PWV) [15,16,17], because the long separation between the two sites guarantees a larger scale of the Pulse Transit Time (PTT) and consequently lower requirements for the temporal synchronization of the measurement signals. The research on regional PWVs started in 1922 [18]; in 2013, the cf-PWV was confirmed to be the “gold standard” of assessing arterial stiffness, and it was found that the existence of asymptomatic cardiovascular damage could be confirmed if the cf-PWV is higher than 10 m/s [19]. Nowadays, ba-PWV and cf-PWV have been widely used in clinical applications.



Recently, more research on PWV within a single artery, i.e., local PWV, has been published [20,21,22,23]. Comparing to regional PWVs, there are some significant advantages of local PWVs, as shown in Table 1, especially the capability of identifying minor vascular structural dynamics which are usually suppressed by regional PWVs.



Various types of signals have been adopted for the measurement of local PWVs, such as the arterial pressure wave [27], photoplethysmograph (PPG) [26], magnetic plethysmograph (MPG) [28], bioimpedance plethysmograph (IPG) [29], cardiovascular magnetic resonance imaging [30], and ultrasound imaging [31] techniques; however, the local PWVs measured through these methods vary significantly in their scale [32], which could be due to the following factors:




	
Variation in signal quality. For the signals used by local PWVs, which are usually obtained in a noninvasive way, the signal-to-noise ratio (SNR) is usually not high enough, thus induces low accuracy and low reproducibility.



	
Inconsistent selection of fiducial points in the pulses’ time domain for the calculation of local PWVs. The pulse waveform feature is to some extent affected by the wave reflection effect, which increases the error induced by the selection of fiducial points for different pulse measurement sites.



	
Data/signal processing techniques. Some data/signal processing techniques, either in hardware or software, e.g., filtering, smoothing, or averaging, impose changes to the pulse feature in the time domain, thus inducing errors in the calculation of local PWVs and/or suppressed PWV dynamic features [33,34,35].








The measurement of pulses has mainly been conducted with electronic sensors, because of the mature development of these techniques in hardware [36]. However, Fiber Bragg Grating (FBG) has been more frequently used to monitor pulses in recent years, considering its unique advantages, e.g., its high sensitivity, immunity to electromagnetic interference, light weight, skin-friendly properties, low cost, and high flexibility. By now, FBG has been used to measure pulses noninvasively for different applications based on pulse waveform feature analysis [37,38,39], for example in cardiorespiratory [40], blood pressure [41], and arterial compliance [42]. So far, there has been only one study, published in 2015, that measured the carotid–radial PTT [43] using FBG for the analysis of systolic blood pressure. In that paper, two separate optical fibers each inscribed with an FBG unit were used to measure pulses at the wrist and at the carotid arterial sites; however, the cr-PWV presented in this paper was 0.45 m/s [43], which is far less than the cr-PWV scale found through other methods [44]. There has been no research published on the simultaneous measurement of more than one local PWV so far.



This paper presents a method for the simultaneous measurement of local PWVs in radial arteries based on the FBG technique. The pulses at the wrists and at the fossa cubitalis in each radial artery were measured simultaneously using two optical fibers, each of which was inscribed with two FBG units. Compared to the existing state-of-the-art local PWV methods, the method presented in this paper has the following advantages:




	
Simultaneous measurement of two local PWVs in two radial arteries without synchronization challenges. The optical signals at each pulsation site were measured simultaneously, as they shared the same optical path and were measured with the FBG Interrogator at the same time. The technical challenges in synchronizing electronic signals, e.g., the time delay due to transmission line theory, do not exist. Therefore, this method provides the possibility for investigation of the features of local PWVs within multiple main arteries simultaneously.



	
With a moderate level of SNR (3.7 ± 0.6), and without altering the waveform features, this method provides local PWVs with an error of about 3.52%, leading to an improvement in the accuracy and precision of the measurement.



	
The local PWV given by this method is independent from the wave reflection effect because it uses a segment of raw data rather than a single fiducial point.



	
This method allows the investigation of the dynamic features of local PWVs in a single radial artery and the investigation of local PWV differences in two radial arteries.



	
The pulse features in both the time and frequency domains are not altered due to the use of raw data; therefore, the accuracy in the calculation of local PWV is improved.









2. Materials and Methods


The PWV measuring system consists of 2 optical fibers inscribed with FBG sensors, which were attached to the skin at the pulse sites on radial arteries, an FBG Interrogator (GC-97001C-02-08, Arcadia Optronix Ltd., Zhuhai, China) functioning as both a light source and an optical detector to analyze the reflected spectra from the FBGs, and a computer for data storage, as shown in Figure 1, wherein Figure 1a presents a photo of the PWV measurement on a volunteer and Figure 1b presents the schematic of the system proposed in this paper.



Semi-cylindrical polydimethylsiloxane (PDMS) was prepared as the substrate for the FBGs. The PDMS (SYLGARD™ 184 Silicone Elastomer Base, Dow, Midland, MI, USA) and the curing agent (SYLGARD™ 184 Silicone Elastomer Curing Agent, Dow, USA) were mixed with a mass ratio of 10:1, then stirred for 10 min. The solution was injected into a cylindrical mold; then, the whole set was placed into an oven (DHG-9000(A)), which was preheated to 80 °C, for 1 h curing. Afterwards, the whole set was taken out to cool down to room temperature, and was cut in half to form semi-cylindrical PDMS substrates. The FBG unit on the optical fiber was placed between the selected pulse sites on the arms and the cylindrical side of the PDMS substrate, then fastened with a Velcro strap, a closer view of which is presented in Figure 1b. The fiber input was connected to the FBG Interrogator, and the fiber output was enclosed with an optical terminator. The FBG Interrogator worked at a sampling frequency of 1 kHz with a Least Significant Bit (LSB) of 1 pm. The separation between FBGs at the fossa cubitalis and at the wrist was measured manually. A demonstration video was provided as Supplementary Material S1 with this paper.




3. Results and Discussions


3.1. Signal Preprocessing Analysis


The wavelength responses of the four FBGs attached to the wrist and the fossa cubitalis on both arms of volunteer No. 1 were collected using the FBG Interrogator, and examples of the raw data at the four pulse sites are presented in Figure 2a. The four curves are presented with different offsets in wavelength only for the purpose of better data presentation, which is not included in the signal processing method used in this paper. The pulse-induced wavelength shifts at the four sites varied in amplitude, which was mainly caused by three reasons, i.e., the variation in the pulse intensity, the variation in the blood vessel depth from the skin, and the variation in the tightness of the fixing straps holding the FBG onto the skin. The average signal-to-noise ratio (SNR) of the four measurements is 3.7 ± 0.6.



The FBG wavelength shift induced by pulses was within the range of 6.4 pm to 22.1 pm for the measurements presented in Figure 2a. The resolution in wavelength of the FBG Interrogator used in the sensing system was 1 pm, so the quantization error generated by the device was noticeable in the signal (the small spikes on the black curve in Figure 2a) and could not be neglected. Moving the average with different window sizes was used to process the signal in order to analyze its effect on the temporal features of the pulses, and these results are presented in Figure 2b.



The curves after moving the average with different window sizes displayed quite similar features with the raw signal on the time scale of 0.6 s, but on a time scale of 40 ms, the curves after moving the average with parameters of 10 and 20 were much smoother compared with using a parameter of 3; however, the peak of these curves was shifted with a time delay of 2 ms and 6 ms, respectively, compared to the peak of the curve after moving the average with a parameter of 3. Assuming the blood vessel length between the pulse sites at the wrist and at the fossa cubitalis was 30 cm and the local PWV within this radial artery segment was 14 m/s (a median value based on currently published results), the corresponding PTT would be 21.4 ms. Under the worst circumstance, the delay of 6 ms for each pulse and the overall delay of up to ±6 ms for both pulses would significantly impact the PTT and local PWV amplitudes. On the other hand, even though it was possible that the time delay induced by moving the average on the corresponding pulse pair was similar, considering the small scale of the PTT for local PWV, it would be preferred to avoid any false time delay as much as possible in order to improve the PTT accuracy. So, in order to preserve the original temporal features of the pulses, especially for low-SNR pulse signals, the raw data were used for calculation of the PTT without any signal preprocessing.




3.2. Local PWV in Radial Arteries


By nature, PWV is a parameter determined by the blood vessel properties, which can be calculated using the Moens–Korteweg equation (Equation (1)), where  E  is the elastic modulus of the blood vessel;  g  is the gravitational constant;  a  is the wall thickness;  ρ  is the blood density within the measured vessel; and  d  is the interior diameter of the vessel [45].


  PWV =     E g a   ρ d      



(1)







For PWV measured based on two-site methods, this can be calculated using Equation (2), where K is the length of the blood vessel between the two measuring sites, and PTT is the time interval for a single pulse wave to travel between the two measuring sites [46]. Equation (2) was used in this paper for local PWV calculation.


  PWV =  K  PTT    



(2)







Regarding the value of K in Equation (2), the experience equation for blood vessel length calculation based on height [24] is not applicable for a radial artery segment between the fossa cubitalis and wrist. Since the separation between the wrist and the fossa cubitalis is relatively small, the direct distance between the FBGs attached to both sites was measured and used as K in Equation (2). The actual length of the radial artery segment shall be longer than the K value we used; however, in terms of the amplitude of the calculated local PWV, the variation in K only “inflates” or “deflates” its amplitude at the same proportion for all local PWVs and for all volunteers. Its effect can thus be ignored, especially when the difference in local PWVs is discussed.



The waveform features of pulses measured at the wrist and at the fossa cubitalis are quite similar to the minimum effect of multiple reflection; meanwhile, the pulses at both sites were measured simultaneously. Therefore, the correlation coefficient is an ideal parameter for their time delay calculation, which is PTT in Equation (2). Equation (3) was used for calculating the correlation coefficient between the two pulses at the wrist (X in Equation (3)) and at the fossa cubitalis (Y in Equation (3)):


  r =   C o v   X , Y       V a r  X  V a r  Y       



(3)




where   C o v   X , Y     is the covariance of variables X and Y;   V a r  X    is the variance of variable X; and   V a r  Y    is the variance of the variable Y. A segment of the pulse at the fossa cubitalis (Y) was selected that covered the two peaks in a single pulse, shown as the red curve in Figure 3a,b; the same length of segment for its corresponding pulse at the wrist (X) was selected to calculate their correlation coefficients at various time delays (black curve in Figure 3a,b), and the overall results are presented as the red curve in Figure 3c. The correlation coefficient achieved a maximum value of 0.942 when the time delay was 29 ms, which was the PTT for the pulse to propagate from the fossa cubitalis to the wrist. As a comparison, the correlation coefficient at various time delays was also calculated for the same pair of pulses after moving the average with a parameter of 3, i.e., the black curve in Figure 3c, and the maximum coefficient was 0.964 at the same time delay with an improvement in the correlation coefficient of only 2.34%. Even though it obviously affected the pulse amplitude, the quantization error imposed much less effect on the correlation coefficient. The reason for this was that the pulse waves at the fossa cubitalis and at the wrist shared the same optical fiber and the same channel on the FBG Interrogator, so the noises induced by the equipment, the environment, and the participant were the same for both pulses on the same artery, thus would not affect the correlation coefficient calculation. This proves the reliability of this method in the calculation of PTT based on the correlation coefficient using raw data even with a low SNR, with the precondition that both pulses are measured simultaneously.



For special cases where the SNR of the pulse pair is ultra-low (2 pairs out of 383 pairs in our measurement), the correlation coefficient results using raw pulse data might be more noisy, as the red curve shows in Figure 3d, where there were two peaks with similar correlation coefficient values. The possible error in PTT calculation for these special cases could be avoided by setting a correlation coefficient threshold using raw data (e.g., 80%). When the raw data delivers a maximum correlation coefficient less than the threshold, the correlation coefficient using pulses after moving the average with a parameter of 3 could be used to calculate the PTT, as the black curve shows in Figure 3d, to serve as a reference PTT for the results using raw data by narrowing down the time window of interest.



The precision in PTT calculation was mainly determined by the sampling rate, i.e., 1 kHz; so, the PTT in Figure 3c was 29 ± 1 ms. The separation between the two pulse sites on the left forearm was 268 ± 0.2 mm; so, the PWV within the left radial artery could be calculated together with its error determined by both the error in PTT and the error in separation measurement. The local PWV was 9.25 ± 0.33 m/s, with an error of about 3.52%. This local PWV was within the same range of the ba-PWV for healthy adults at the same age of 21 years old. What is worth mentioning is that the separation between the two pulse sites for local PWV calculation was their separation measured on the skin, different from the separation for regional PWV calculated using the experience equation based on human height.




3.3. Analysis of General Local PWVs


For PWV in the radial artery, assuming that the blood vessel length between the pulse sites at the wrist and at the fossa cubitalis was 30 cm and that the local PWV range was from 6 m/s to 20 m/s, the PTT ranged from 15 ms to 50 ms, which is far less than the pulse period ranging from 500 ms to 1200 ms for a heart rate ranging from 50 bpm to 120 bpm. Therefore, the PTT from the fossa cubitalis to the wrist would be within one pulse delay, and the PTT for other local PWVs and even regional PWVs would be within one pulse delay for the majority of cases.



However, for extreme cases, for example, with ultra-low local PWV in a relatively longer artery segment, it was possible that the PTT between two pulse sites was larger than one pulse period. In this case, simple correlation analysis of the corresponding/non-corresponding pulse pair could not identify the difference, as the correlation coefficient of the two non-corresponding pulses had a maximum value that was close to that of the corresponding pulse pair. Taking the four pulse pairs in Figure 4a as an example, the segment from pulse (2) at the wrist in Figure 4a was compared with four pulses at the fossa cubitalis in Figure 4a accordingly, and the correlation coefficient with different time delays is shown in Figure 4b. The blue arrow indicates the maximum correlation coefficient between pulse (2) and pulse (b), which were the corresponding pulse pair; however, pulse (2) also presented a high correlation with pulses (a), (c), and (d), and its correlation with pulse (b) did not show a distinct difference in amplitude.



The heart rate variation [47] characteristic could be used to check if the PTT was within one pulse period for the majority of cases or longer for extreme cases, as shown in Figure 4c,d. The pulse duration of 383 pairs of pulses at the wrist and at the fossa cubitalis were calculated, and they showed a correlation coefficient of 0.943 in pulse duration when the pulses were analyzed in corresponding pairs, and this correlation coefficient reduced to 0.673 when the pulses were analyzed with one extra pulse delay added.




3.4. Local PWV Variation in Two Radial Arteries


For volunteer No. 1, who sat still and kept calm during the measurement, the four pulse sites on both radial arteries were measured simultaneously, and for each radial artery, the pulse pairs at the fossa cubitalis and at the wrist were analyzed separately so that the dynamic features of the local PWVs in a single radial artery could be observed, as shown in Figure 5a. The black stars indicate the local PWVs calculated using 30 pulse pairs on the left radial artery, while the red dots represent local PWVs on the right radial artery. It can be observed that the local PWVs varied in amplitude, i.e., the right radial PWV varied from 12.60 m/s to 16.80 m/s and the left radial PWV varied from 9.84 m/s to 13.67 m/s. Even though there is overlap in their ranges, 27 out of 30 right radial PWVs were larger than the left radial PWVs, and the average right radial PWV (14.12 m/s) was also larger than the average left radial PWV (11.44 m/s). Five more measurements were taken, with each measurement having a 1 min duration, for the same volunteer who kept the same status, and the average and the standard deviation of the left and right radial PWVs for each measurement are shown in Figure 5b. This showed a stable state of the larger right radial PWV compared to the left, with a difference of 3.04 m/s averaged out of five measurements.



The same measurements were taken on four other volunteers (herein referred to as No. 2 to No. 5), and their average left and right radial PWVs are shown in Figure 6. The raw experimental data and the processing program were provided as Supplementary Material S2 and S3, respectively. The results all show a stable difference between the left and right radial PWVs within the range of 2.00 m/s to 3.00 m/s on average. The five volunteers were male, aged 19 to 21 years old, and physically fit and healthy, and based on their measurements using this method, the average left radial PWV ranged from 9.44 m/s to 12.35 m/s and the average right radial PWV ranged from 11.50 m/s to 14.83 m/s, and the average right radial PWV was larger than the average left radial PWV with a difference ranging from 2.27 m/s to 3.04 m/s. A possible reason for the noticeably larger right radial PWVs could be that the hardness of the right radial artery was increased due to the more frequent usage of the right arm as all five volunteers were right-handed, but this would need future work to be confirmed. However, as a proof of concept, this method presented here provides a possible and reliable solution for PWV feature analysis within the main arteries for both healthy people and people with cardiovascular diseases, showing that the simultaneous measurement of multiple PWVs is possible to bring more abundant information to clinical applications.





4. Conclusions


This paper presents a method for the simultaneous measurement of two local radial PWVs based on the Fiber Bragg Grating technique, wherein correlation analysis of the corresponding pulses at the fossa cubitalis and at the wrist was used to calculate the PTT and the corresponding local PWVs. Based on the measurements of five male volunteers aged 19 to 21 years old, the average left radial PWV ranged from 9.44 m/s to 12.35 m/s and the average right radial PWV ranged from 11.50 m/s to 14.83 m/s, and for each volunteer, the average right radial PWV was higher than the average left radial PWV with an obvious difference ranging from 2.27 m/s to 3.04 m/s. This method supports the dynamic analysis of local PWV, and supports the analysis of local PWV features within different arteries. This method can be further developed to allow the simultaneous measurement of multiple local PWVs and multiple regional PWVs, so it has high potential in clinical applications as it can provide more detailed and abundant information for the evaluation of blood vessel properties.
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Figure 1. (a) A photo of the PWV measurement with the FBG units attached to four pulse sites on a male volunteer, i.e., at the fossa cubitalis and the wrist on both the left and the right arms, where the two pulse sites on the same arm shared the same optical fiber. The volunteer sat still and kept calm during the measurement process. (b) A schematic of the PWV measuring system consisting of two optical fibers (red wire), an FBG Interrogator, and a computer. A closer view of the pulse measurement at the pulse site is presented as well, where the FBG unit on the optical fiber was placed in between the PDMS substrate and the skin. 
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Figure 2. (a) An example of the raw experimental data of FBG wavelengths measured at the wrist and at the fossa cubitalis on the left and the right arms of volunteer No. 1. Corresponding to the four curves from top to bottom, the pulse sites were the right fossa cubitalis, right wrist, left fossa cubitalis, and left wrist, respectively. The four curves are presented with different offsets in wavelengths for the purpose of better data presentation, which is irrelevant to the PTT or PWV calculation. (b) A comparison of the raw data of a single pulse (black curve) with the curves after moving average with different sizes of windows of the sample numbers, wherein moving average for the red curve was with a parameter of 3, for the light blue curve with a parameter of 10, and for the blue curve with a parameter of 20. The inset figure shows the magnified features around the pulse peak within a time window of 40 ms. 
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Figure 3. The calculation of PTT via the correlation analysis of pulses at the wrist and at the fossa cubitalis. The pulse segment at the fossa cubitalis, the red curve in (a,b), was compared with the pulse segment at the wrist, the black curve in (a,b), wherein the wrist pulse segment shifted within its own pulse duration (the blue curve). The correlation coefficient of the pulse segments at the two sites was 0.9418 at a time delay of 29 ms (a), and 0.7872 at a time delay of 50 ms (b), respectively. (c) The correlation coefficient of the two corresponding pulse segments at the wrist and at the fossa cubitalis at different time delays, wherein the red curve shows the results using raw experimental data and the black curve is based on data after moving the average with a parameter of 3. (d) The correlation coefficient of two corresponding pulse pairs with an ultra-low SNR, using raw experimental data (red curve) and using data after moving the average with a parameter of 3 (black curve). There are two peaks in the red curve (indicated by the blue arrows) presents similar amplitude, which could be determined based on the black curve at the same time delay. 
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Figure 4. (a) The pulse waves within the radial artery of the right forearm at the wrist (red curve) and at the fossa cubitalis (blue curve) of volunteer No. 1, respectively. (b) Pulse (2) of the red curve in (a) at the wrist was selected and its correlation coefficients with four other pulses of the blue curve at the fossa cubitalis were calculated. The blue arrow shows the correlation coefficient of pulse (2) and pulse (b). (c) The correlation analysis of 383 pulse periods of corresponding pulse pairs. (d) The correlation analysis of the same pulses in (c) but with one extra pulse period delay. 
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Figure 5. (a) A scatter diagram of 30 pairs of local PWVs in the left (black) and right (red) radial arteries for volunteer No. 1. Thirty pairs of pulses were measured continuously and each pair was used to calculated a local PWV, and the variation in PWV across time reflects the heart rate variation, and the separation between the red dots and the black stars can be obviously observed. (b) Each dot in this figure represents the average of left (black)/right (red) radial PWVs based on 1 min measurements on volunteer No. 1, and these 1 min measurements on volunteer No. 1 were repeated five times. A stable difference in average radial PWVs between the left and right can be observed. 
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Figure 6. These four figures present the average left and right radial PWVs from volunteer No. 2 to volunteer No. 5. The calculation of average radial PWV was the same as that described for Figure 5b, i.e., based on 1 min measurements which were repeated five times. A stable difference in average radial PWV between the left and right is also observed on each volunteer from No. 2 to No. 5, which presents the same conclusion as Figure 5b. 
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Table 1. Comparison of features of regional PWV and local PWV.
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	Features
	Regional PWV
	Local PWV





	Artery of interest
	Two different arteries.
	Single artery.



	Arterial length
	Relatively long. For human heights of 150 cm to 200 cm, the arterial length for ba-PWV is from 165.1 cm to 216.7 cm, using the experience equation of blood vessel length calculation based on height [24].
	Relatively short: e.g., usually <30 cm for radial local PWV between the fossa cubitalis and wrist.

Length is not used for the calculation of local PWV if the measurement is based on an ultrasonic technique [5].



	Error in arterial length
	Usually large error due to two reasons: 1. Error induced by the experience equation in calculating blood vessel length based on height, as it has been proven that the blood vessel length is significantly longer than the experience-calculated value [25]; 2. Variation in blood vessel length due to individual difference.
	Comparatively lower error [26], as the arterial length is of a much smaller scale; thus, the errors induced by the experience equation and by individual vessel variation are considerably lower.



	Arterial stiffness
	PWV measurement is averaged over different arteries.
	Specific measurement within a single artery or an arterial segment.



	Pulse waveform feature
	Highly affected by the multiple reflected pulse waves between different arteries [13].
	Much less affected by reflected pulse waves, especially when the arterial segment is short.



	Dynamic features of PWV
	Cannot be captured.
	Can be captured with some methods.



	Clinical application
	Widely used, especially ba-PWV and cf-PWV (gold standard).
	Not yet. The published local PWV amplitudes obtained through different methods vary in a large range.
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