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Abstract

Purpose: Arterial stiffness has predictive value for cardiovascular disease (CVD). Local artery 

stiffness can provide insight on CVD pathology and may be useful for diagnosis and prognosis. 

However, current methods are invasive, require real-time expertise for measurement, or are limited 

by arterial region. 4D Flow MRI can non-invasively measure local stiffness by estimating local 

pulse wave velocity (PWV). This technique can be applied to vascular regions, previously 

accessible only by invasive stiffness measurement methods. MRI PWV data can also be analyzed 

post-exam. However, 4D Flow MRI requires validation before it is used in-vivo to measure local 

PWV.

Methods: PWV, calculated from 4D Flow MRI and a benchtop experiment, was compared with 

Petersons Elastic Modulus (PEM) of in-vitro models. PEM was calculated using high-speed 

camera images and pressure transducers. Three transit-time algorithms were analyzed for PWV 

measurement accuracy and precision.

Results: PWV from 4D Flow MRI and reference benchtop experiments show strong correlation 

with PEM (R2 = 0.99). The cross correlation transit-time algorithm is the most accurate for these 

in-vitro models (4%-7% difference between 4D Flow MRI and benchtop), and the point to point of 

50% upstroke algorithm was the most precise (transit-time vs. distance data average R2 = 0.845, 

maximum benchtop SD = 0.77m/s).

Conclusion: 4D Flow MRI is a valid method for estimating local PWV in simple in-vitro models 

and is a feasible tool for clinical analysis. In addition, choice in transit-time algorithm depends on 

flow waveform shape. This study provides a validation for 4D Flow MRI local PWV measurement 

in simple models, but requires validation in more complex models before it is used in-vivo.
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INTRODUCTION

Cardiovascular disease (CVD) is a leading cause of mortality worldwide and accounts for 

37% of premature deaths[1,2]. Arterial stiffness shows independent predictive value for 

CVD when adjusted for classical risk factors, and can be estimated using pulse wave 

velocity (PWV)[3-5]. PWV is defined as the speed at which the pressure or flow wave in 

blood traverses the vasculature. The speed of this wave is an estimation of stiffness in the 

vessel in which it is traveling. Regional PWV is the measure of aortic stiffness over a certain 

arterial length, and is most commonly acquired using applanation tonometry between the 

carotid and femoral arteries[6]. Many longitudinal studies show regional PWV as an 

independent risk factor of fatal and non-fatal cardiovascular outcomes in populations with 

conditions such as hypertension, diabetes, and end-stage renal disease[7-9]. Although 

proven to have predictive value, carotid-femoral PWV averages the heterogeneous stiffness 

properties of arteries effected by aging and disease [10,11]. In addition, the carotid-femoral 

region contains both muscular and elastic arteries which stiffen due to different mechanisms 

and may be associated with different cardiovascular outcomes[3,12].

To account for the loss of information inherent to regional PWV, local artery stiffness can be 

quantified using various “single location” indices, where data is obtained at a single point 

along an artery. Local stiffness may provide more information on how CVD affects various 

arterial regions and may have predictive information for CVD in different 

populations[12-14]. Peterson’s Elastic Modulus (PEM), a common index of local stiffness, 

is the ratio of pulse pressure to relative change in lumen diameter, and is the inverse of the 

distensibility coefficient (DC)[3,15]. Pressure is acquired using applanation tonometry and 

diameter change is acquired using ultrasound or magnetic resonance imaging (MRI). PEM 

represents local stiffness of the artery as a whole, including pressure in the vessel, and is 

recommended for local stiffness measurement[3]. However, acquiring the PEM requires a 

high level of expertise. In addition, non-invasive measurements of PEM are limited to areas 

in which the local pulse pressure can be acquired with applanation tonometry[3,15]. 

Therefore, there exists a need for a simpler, versatile method for determining local artery 

stiffness.

4D Flow MRI has recently been investigated for its feasibility in estimating local stiffness by 

measuring local PWV[16-19]. Local PWV is the speed of the propagative wave through a 

very short segment in an artery, and represents the stiffness at that location [20]. This 

technique overcomes the regional limitations of PEM because it does not require a pressure 

measurement. It can, therefore, be applied to regions of vasculature where the local pressure 

cannot be measured, providing stiffness information that was previously only accessible with 

invasive methods. PWV from 4D Flow MRI can also be calculated post-exam, eliminating 

the need for an expert for real-time PWV or PEM measurement. With these strengths, 4D 

Flow MRI can be used in clinical and research scenarios to determine local stiffness and 
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explore pathologies of CVD. However, before it is clinically accepted, 4D Flow MRI must 

be validated as a reliable tool to estimate local PWV accurately. Previous attempts at 

validating 4D Flow MRI rely on in-vivo experiments where PWV was not compared with 

local vessel stiffness or invasive standards of PWV measurement[16,18]. In-vitro validation 

provides a unique opportunity to compare 4D Flow MRI PWV with highly accurate local 

stiffness measurements, and invasive PWV measurements.

In this study, 4D Flow MRI is validated for local PWV estimation in simple in-vitro models 

by (1) correlating 4D Flow MRI PWV to PEM and (2) comparing 4D Flow MRI PWV with 

an invasive reference PWV measured using a benchtop experiment. Although there are 

various indices that can be used to measure stiffness, PEM was used for comparison because 

it represents local artery stiffness as a whole, rather than just the elastic properties of the 

tube material[3]. In addition, the transit-time algorithm, which is not an inherent advantage 

of 4D Flow MRI, is analyzed for its effect on PWV. In-vitro validation is a necessary first 

step towards in-vivo implementation due to availability and control of experimental 

parameters. This study provides a basis and framework for validation of 4D Flow MRI for 

PWV estimation in anatomical in-vitro models and in-vivo blood vessels.

METHODS

In-Vitro Models

Four distensible tubes of varying stiffness were used for validation of 4D Flow MRI for local 

PWV calculation, as described in Table 1 (a 0.5 inch (12.7 mm) latex tube (Kent Elastomer 

Products, OH), a 0.625 inch (15.9 mm) penrose latex tube (Kent Elastomer Products, OH), a 

0.75 inch (19.1 mm) tygon tube (MSC Industrial Supply, MO) and a 0.75 inch (19.1 mm) 

silicone tube (MSC Industrial Supply, MO)), based on previously reported studies where 

tygon, latex and silicone were considered for their similarity to stiffness of arterial segments 

[21]. In addition, MRI-based PWV studies have used latex tubing [22]. These tubes are 

uniform in dimension and material properties and should theoretically exhibit a constant 

PWV, allowing for accurate comparison between experimental methods.

PWV Transit-Time Algorithms

PWV calculations from both benchtop and MRI experiments were performed in Matlab 

(Mathworks, MA). Different values of PWV were calculated based on (a) cross correlation 

(XCOR [23]), (b) point to point of 50% upstroke (TTM [23]) and (c) intersecting tangent 

(TTF [24]) algorithms (Figure 1). Transit time differences have been found to significantly 

effect PWV values [25]. XCOR and TTF methods were selected due to their demonstrated 

stability in previous studies [17]. The TTM method was selected based on the initial quality 

of PWV results. In all three methods, flow waveforms were normalized by converting flow 

to intensity values between 0 and 1, where 0 represents minimum flow and 1 represents 

maximum flow. The XCOR algorithm estimates transit time by comparing the upstroke 

region of two normalized flow waveforms. Only the upstroke portion was used due to 

attenuation of flow amplitude. This technique shifts the distal upstroke waveform in time 

and calculates the cross correlation at each time shift. The transit-time is the time shift where 

the correlation is maximum. The TTM algorithm estimates transit-time by comparing the 
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upstroke region of normalized flow, defined as a line fitted to data points between 20% and 

80% of flow upstroke. The point of interest occurs when flow reaches 50% of its maximum 

during upstroke. The transit-time is the difference between the 50% upstroke for proximal 

and distal waveforms. The TTF algorithm computes the transit-time by taking the difference 

between the “foot” of proximal and distal normalized flow waveforms. The “foot” is defined 

as the intersection between a line fitted to data points between 20% and 80% of flow 

upstroke, and the minimum value of flow.

Optics Experiment for Wall Stiffness Calculation

PEM values were calculated for all four models using optical images from a high-speed 

camera. Each model was prepared by applying spray paint on the surface to enhance contrast 

for data acquisition. Figure 2 shows the experimental setup. Models were perfused with 

pulsatile flow using a positive displacement pump (PD-1100, BDC Laboratories, CO). A 1.5 

L compliance chamber was placed at the pump outlet to adjust damping. A variable 

resistance valve was placed at the pump inlet to adjust the resistance of the system. 

Connected to the outlet of the compliance chamber were 25 ft of 0.75 inch PVC tubing 

(MSC Industrial Supply, MO), the in-vitro model test unit, and 25 ft of 0.75 inch PVC 

tubing connecting back to the pump. The in-vitro model test unit was comprised of 6 inch 

sections of 0.75 inch tygon tubing (MSC Industrial Supply, MO) connected to either end of 

the model with 0.75 inch coupler fittings. Tygon sections were required for the use of a clip-

on transit time ultrasonic flow probe (16PXL, Transonic, NY), used in benchtop experiment 

data acquisitions. Wave reflections were minimized by the simplicity of the flow loop, with 

only the coupler fittings as flow junctions, and the pump inlet 25 ft from the model test unit. 

Single use luer-lock pressure transducers (PRESS-S-000, Pendotech, NJ) were connected in 

a T-fashion to both coupler fittings for pressure measurement. All components of the test 

unit were attached to an acrylic fixture that prevented fitting rotation during pumping. The 

pump was set to produce a 35% systole waveform at 60 BPM and 4 L/min. The pump piston 

displaces the fluid volume in the cylinder in 35% of the cycle period. These parameters are 

characteristic of physiological conditions. The compliance chamber and resistance valve 

were adjusted so the pressure immediately upstream of the model had a mean value of 70 

mm Hg and amplitude of 80 mm Hg. These values were defined by analyzing the lowest 

standard deviation of PWV at different pump settings. Pressure data, before and after the 

model, were acquired during two cycles for quantification of pressures at peak systole and 

diastole (Figure 3D). The pressure pulse for PEM calculation was taken as the average of 

proximal and distal pulses. The in-vitro model test unit was fixed to a rigid structure and 

illuminated with LED lights. A high speed camera (Phantom v341, Vision Research, NJ), 

equipped with 60 mm f/2.8D lenses (Nikon Inc., NY), was used to image each model for 

two cycles at 200 Hz for a total of 400 images. Data gathered from image acquisition was 

exported to strain analysis software (StrainMaster, Lavision, MI) for quantification of 

diastolic and systolic diameters.

Two-dimensional (2D) deformation for a 50-mm section of tubing was calculated using 

strain analysis software (StrainMaster, Lavision, MI). In this program, surface images 

(Figure 3a) acquired by the high-speed camera are discretized into small cells with distinct 

patterns. The software creates a displacement field by measuring the displacement and 
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deformation of each cell (Figure 3b). A computer-generated line is manually placed along 

the diameter of each model in the first recorded image. A virtual strain gauge was used to 

automatically quantify the change in length of this line for each subsequent image. It was 

assumed that the thickness of the tubes was constant. The minimum line length was exported 

as the outer diastolic diameter and the maximum line length was exported as the outer 

systolic diameter (Figure 3c). The inner diameter was determined by subtracting two times 

the thickness from the outer diameter measurements. PEM, introduced by Peterson et al. 

[26], was calculated from the diastolic and systolic inner diameters and pressures (Figure 

3d). This index, shown in equation 1, is proposed to determine the local stiffness of an artery 

as a whole [27]. Ds and Dd are the systolic and diastolic inner diameters, respectively. Ps and 

Pd are the systolic and diastolic pressures, respectively. The experiment was performed twice 

to ensure repeatability.

PEM = Dd(Ps − Pd)
Ds − Dd

(Eq. 1)

Benchtop Experimental Determination of PWV

PWV was calculated in each model using data acquired from a benchtop experiment (Figure 

4). The pump, tubing length, in-vitro model test unit, and fittings were configured exactly as 

they were during the optics experiment. The compliance chamber and resistance valve were 

also adjusted in the same manner. Flow was acquired using a clip-on transit time ultrasonic 

flow probe (16PXL, Transonic, NY) attached to the 6-inch tygon tubing connected to the 

model. Measurements were performed at both ends of the tube separately and included ECG 

signal data for flow alignment. The ECG was generated by the PD-1100 pump system and 

was in sync with the piston movement. Data was acquired for 14 cycles and imported to 

Matlab for PWV calculation.

A Matlab program was created to calculate PWV from experimental data. The ECG signals 

acquired during the proximal and distal acquisition were used to align the flow waveforms 

as if they were obtained simultaneously (Figure 5). Flow waveforms were smoothed using a 

savitsky-golay filter. PWV was calculated using the equation, Δd/Δt, where Δd is the 

distance between flow measurement sites and Δt is the transit-time automatically calculated 

through the XCOR, TTM and TTF algorithms. This results in a “regional” PWV 

measurement, but is theoretically equal to the local PWV due to constant model material 

properties and geometry. This calculation is made once for each cycle for a total of 14 

cycles. The experimental procedure was repeated 3 times for a total of 42 PWV 

measurements. PWV is expressed as the average of those calculations, plus or minus one 

standard deviation (SD).

MRI Scanning for Determination of PWV

Each in-vitro model was prepared for MRI scanning using the setup shown in Figure 6. The 

pump, tubing length, in-vitro model test unit and fittings were configured exactly as they 

were during the optics and benchtop experiment. The compliance chamber and resistance 

valve were also adjusted with the same parameters. MRI scanning was completed on a 
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clinical 3T scanner (Discovery MR 750, GE Healthcare, WI) using a cardiac coil. 4D Flow 

MRI was performed with a 5-pt phase contrast vastly undersampled isotropic projection 

(PC-VIPR) technique, with parameters set to provide high temporal resolution [28]. Imaging 

parameters were: FOV = 22 x 22 x 22 cm; 1.375 mm acquired isotropic spatial resolution; 

echo time (TE) = 2.2 ms; repetition time (TR) = 5.3 ms; temporal resolution = 20 ms; scan 

time approximately 14 minutes; and velocity encoding (VENC) = 125 cm/s to account for 

expected peak velocities and to avoid velocity aliasing. Time resolved 4D Flow data were 

reconstructed to 50 time frames per cardiac cycle to provide sufficient temporal resolution. 

Phase offsets for Maxwell and eddy currents were corrected automatically during 

reconstruction[29,30]. Velocity weighted angiograms were calculated from the final velocity 

and magnitude data for all 50 time frames [28]. Reconstructed 4D Flow MRI data was 

imported into EnSight (CEI, NC) for flow quantification. A 130 mm spline was placed along 

the longitudinal axis of each model. 40 2D planes were automatically placed at equal 

distances from each other, normal to the created spline (Figure 8a). Flow waveforms were 

obtained for the entire pump cycle in each 2D plane and exported (Figure 8b). Datasets for 

each model were imported into Matlab for PWV calculation.

A Matlab program was written to calculate PWV from processed 4D Flow data. Flow 

waveforms were smoothed using a savitsky-golay filter (figure 7) and upsampled to achieve 

the same time step as the benchtop experiment. Transit-time between flow at the first 2D cut 

plane and flow at each subsequent cut plane was calculated based on the XCOR, TTM and 

TTF algorithms. Transit-time was plotted against the distance of each cut plane to the first 

cut plane. PWV is expressed as the inverse slope of a line fitted to the transit-time vs 

distance data (Figure 8c), as previously described by Markl et al. [17].

RESULTS

4D Flow MRI Validation for Local Stiffness Estimation

PEM values and PWV values are shown in Table 2. PEM has the units of kPa and is 

expressed as a mean ± SD averaged from 2 separate experiments. PWV using XCOR, TTM 

and TTF algorithms are listed for both Benchtop and MRI experimental procedures. 

Benchtop PWV is expressed as a mean ± SD averaged over 42 pump cycles. 4D Flow MRI 

PWV is expressed as the inverse slope of a line fitted to distance vs. transit-time data, where 

time-resolved flow waveforms are inherently averaged over the length of the scan. 4D Flow 

MRI data shows increasing PWV with increasing PEM in every case. In addition, the TTM 

algorithm gives the lowest estimate for PWV and the TTF algorithm gives the highest 

estimation for every model.

4D Flow MRI PWV is plotted with respect to PEM values in Figure 9a to determine the 

strength of correlation for each transit-time algorithm used. In Figure 9b, the correlation of 

benchtop PWV and PEM is examined to verify its use as a comparative tool for 4D Flow 

MRI PWV. Both 4D Flow MRI PWV and benchtop PWV are strongly correlated with PEM, 

with R2 values of 0.99 for all transit time algorithms.

In addition to correlation with PEM, benchtop and MRI experiments were compared. The 

percent difference is shown in table 3 for each transit-time algorithm and model. The XCOR 
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algorithm shows the lowest average percent difference (6%), followed by the TTF algorithm 

(10%) and the TTM algorithm (12%). In addition, the XCOR algorithm shows the closest 

grouping of percent differences (4% - 7%) when compared with the other methods (1% - 

20% for TTM, 2% - 26% for TTF).

Effect of Transit-Time Algorithm

Transit-time algorithms were analyzed within each PWV experimental methodology for 

their effect on the results. Figure 10 shows the difference in mean and SD for benchtop 

PWV. Each transit time algorithm returns values of PWV that increase with increasing 

model PEM. However, the standard deviation is smallest for the TTM algorithm PWV and 

largest for the TTF algorithm PWV in every case. In addition, SDs were lower for models 

with lower stiffness than models with higher stiffness.

Figure 11 shows the distance vs. transit-time data and linear regression used to calculate 

PWV for each model studied with 4D Flow MRI. R2 values are given to quantify the 

stability (how scattered data points are) of each calculation. In general, TTM PWV R2 

values are higher than the other two transit-time methods, averaging 0.845. The XCOR 

algorithm produces a lower average R2, 0.813, followed by the TTF algorithm with an 

average R2 of 0.767.

DISCUSSION

PWV was measured in four in-vitro models of varying stiffness using two experimental 

methodologies and three transit-time algorithms. PEM, calculated from high-speed camera 

images and pressure measurements was correlated with both measurements of PWV to 

determine their validity for evaluating local stiffness in simple in-vitro models. Correlation 

was assessed in unison with a PWV comparison between 4D Flow MRI and a reference 

benchtop experiment. Our results suggest that (1) 4D Flow MRI is a valid method for 

estimating local PWV in simple in-vitro models and (2) the accuracy of the transit time 

algorithm depends on the model flow conditions.

4D Flow MRI Local PWV Validity

The comparison between PWV from both experiments with PEM is an effective analysis for 

validation because the in-vitro models are uniform in dimension and material properties. 

Both regional PWV from the benchtop experiment and local PWV from 4D Flow MRI 

should be equivalent. PWV from 4D Flow MRI and the benchtop experiment are strongly 

correlated with PEM, with R2 values of 0.99 for all estimations. This demonstrates that 

PWV, calculated from both methods, is a reliable metric for predicting changes in local 

model stiffness in this study. However, correlation data does not show that 4D Flow MRI 

produces accurate PWV values in an absolute sense. The comparison between 4D Flow MRI 

and reference benchtop PWV calculation methods shows good agreement and provides 

insight on the absolute accuracy of 4D Flow MRI PWV. Validity of 4D Flow MRI as a tool 

for local PWV calculation is increased by showing that PWV has a 4% to 7% difference 

with the reference invasive method (benchtop) for the XCOR transit time algorithm. By 

establishing 4D Flow MRI as a valid method of measuring local PWV in simple models, the 
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validation methods can be extended to anatomical in-vitro models, where stiffness and 

geometry are anatomical and heterogeneous. Validation of 4D Flow MRI local PWV in more 

realistic models will allow its use for (1) the reliable investigation of how local arterial 

stiffness contributes to the pathology of CVD and (2) the potential use of local PWV for 

prognosis and diagnosis of CVD. The small and relatively widespread sample size may limit 

the strength of these results. To add validity, additional models should be measured for PEM 

and PWV using the experimental methods described.

Transit-Time Algorithm

Theoretically, PWV should be constant in a tube with uniform dimensions and material 

properties, assuming that the mean pressure in the tube remains constant. With these 

assumptions, the distance vs. transit-time data used for MRI PWV calculation should display 

linear characteristics. However, for models 1 and 2, data shows a non-linear increasing 

curve, which indicates a decreasing local PWV. This could be due to a mean pressure drop 

along the length of the models[31], or an attenuation of the flow wave amplitude as the 

elasticity of each model adds compliance to the flow loop. Calculating the PWV of different 

segments would yield different values. For example, PWV in tube 1 evaluated over the first 

half of the tube equals 2.62 m/s for the XCOR algorithm. Evaluated over the second half, 

PWV equals 0.57 m/s. However, when averaged over the entire length, PWV is equal to 1.03 

m/s (the value used for comparison with the benchtop experiment). This shows that 4D Flow 

MRI can detect changes in local stiffness, but if averaged over the length of an artery, 

displays regional stiffness. Another reason for non-linearity is the temporal resolution 

limitations of 4D Flow MRI, which leads to scattered distance vs. transit-time data points. 

R2 values, assessing stability, are highest for the TTM algorithm when compared with 

XCOR and TTF methods for simple in-vitro models using 4D Flow MRI. However, R2 

values cannot be used exclusively for algorithm analysis if local PWV changes along the 

length of a vessel, as was found in models 1 and 2. To supplement the R2 values, PWV from 

benchtop experiments show that TTM PWV has the lowest SD for every model. This 

suggests that TTM may be the most precise method for transit-time estimation. However, 

lower percent differences of the XCOR method between experiments shows XCOR as the 

most accurate method for these experiments. These results demonstrate the importance of 

transit-time algorithms on PWV, but do not necessarily show that TTM or XCOR are the 

best algorithms for every case. Markl et al. reported the TTF method as more stable than 

other methods when using 4D Flow MRI to calculate PWV for in-vivo vessels[17]. This 

discrepancy may occur due to differences in waveform shape between in-vivo vessels and 

the in-vitro models of this study. Choice of transit time algorithm should include an analysis 

of propagative waveform shape being measured, and how those waveforms change as a 

function of length. It is possible that different regions of vasculature will benefit from the 

use of different algorithms.

Previous research studies have analyzed and compared MRI-based PWV calculation 

methods. PWV calculated from 4D Flow MRI has been compared with 2D PC MRI methods 

in in-vivo vessels[16,18]. These studies demonstrate the feasibility of 4D Flow MRI for 

measuring PWV, but do not analyze its ability to measure local stiffness. There is also no 

invasive reference due to the in-vivo nature of these studies. Other MRI-based PWV 
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calculation methods have been studied on in-vitro models similar to those described in this 

study[22,32]. This overcomes the invasive limitation of in-vivo studies and make valid 

comparisons to relatively standard PWV calculation methods. However, 4D Flow MRI is not 

considered and there is no evidence of comparison between PWV and model stiffness. There 

have also been studies which attempted to explore and validate local PWV measured from 

ultrasound or calculated from analytical equations and methods[33-37]. However, ultrasound 

methods require experts for measurement and are limited to certain arterial regions. 

Analytical calculation models lack validation. To our knowledge, the present study is the 

first of its kind to validate 4D Flow MRI for local PWV measurement in in-vitro models. 

The in-vitro nature gives us control over experimental parameters and allows the use of high 

speed cameras for reliable PEM value calculation. However, further validation is required in 

order for its use in clinical settings. The findings and methods of this study provide a 

framework for future investigation of local PWV using 4D Flow MRI.

A limitation of 4D Flow MRI is the temporal resolution, with typical values between 30 and 

52 ms [19]. This limits the detection of waveform changes for high PWVs. For this study, 

the temporal resolution was increased to 20 ms. However, this required a sacrifice in spatial 

resolution and scan time, which may not be acceptable for in-vivo studies. The mean 

pressure and amplitude of the flow wave may also have an effect on local PWV, and should 

be examined for future in-vitro studies. In addition, 4D Flow MRI data processing 

procedures such as data reconstruction, spline placement, number of generated cut-planes, 

and upsampling methods may alter results. A limitation of the benchtop experiment is the 

use of coupler fittings, proximal and distal to the model. The effects of these fittings on wave 

shape and speed were not studied.

In addition to limitations for the current study, future research will require a reduction in the 

number of assumptions. Flow during the benchtop experiment was acquired before the 

proximal and after the distal coupler, whereas 4D flow MRI measures flow along the model 

(between couplers). Although models in this study had uniform stiffness and geometry, the 

local PWV may change due to changes in mean pressure and flow amplitude. Future 

anatomical models of varying stiffness will require a benchtop experiment which can detect 

local changes in stiffness along the in-vitro model due to material properties, dimensions, 

mean pressure and flow amplitude. Irregular vessel characteristics and wave reflections may 

also cause changes in PWV or waveform shape[38,39]. As a consequence, the transit time 

calculated using characteristics of the flow waveform may change. Saline bags were also 

used to mimic surrounding static tissue and may fail to accurately represent tissue for in-

vitro experiments [22]. Validated tissue mimicking substances should be used in the future 

to prevent velocity artifacts.

In summary, 4D Flow MRI is a valid method for measuring local PWV in simple in-vitro 

models. Although the TTM and XCOR algorithm showed good precision and accuracy, 

respectively, different vascular regions will likely require specific transit time algorithms. 

The methods in this study also provide a framework for validating 4D Flow MRI. Future 

studies should include the validation of 4D Flow MRI local PWV for anatomical in-vitro 

models and in-vivo vessels where model geometry, material properties, mean pressures, flow 

amplitudes and wave reflections are considered. If established as a valid tool, 4D Flow MRI 
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gains clinical credibility for estimating local PWV and can be used to investigate how local 

stiffness plays a role in CVD pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Three different transit-time algorithms for calculation of PWV. (a) XCOR transit-time is the 

difference between the original distal waveform and the shifted waveform; (b) TTM transit-

time is the difference between 50% of the upstroke of proximal and distal waveforms; (c) 

TTF transit-time is the difference between the foot of proximal and distal waveforms
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Fig. 2. 
Optics experimental setup. (a) Pulsatile pump; (b) 1.5 L compliance chamber; (c) 25 ft PVC 

tubing; (d) luer-lock pressure transducer; (e) in-vitro model; (f) LED illumination; (g) high 

speed camera; (h) 25 ft PVC tubing; (i) resistance valve
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Fig. 3. 
(a) High resolution image showing the surface of the model; (b) displacement color map 

obtained from virtual comparison of subsequent images; (c) systolic and diastolic diameter 

determined from minimum and maximum wall displacement with respect to time; (d) 

systolic and diastolic pressure, measured experimentally, with respect to time
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Fig. 4. 
Schematic of bench top experimental setup. (a) Pulsatile pump; (b) 1.5 L compliance 

chamber; (c) 25 ft of PVC tubing; (d) PXL16 transit time ultrasonic flow probe; (e) luer-lock 

pressure transducer; (f) in-vitro model; (g) 25 ft of PVC tubing; (h) resistance valve
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Fig. 5. 
(a) flow waveforms for proximal and distal locations are separately measured for 14 cycles; 

(b) each set of waveforms is examined individually; (c) proximal and distal waveforms are 

aligned using the ECG signal from each acquisition
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Fig. 6. 
MRI experiment setup. (a) Pulsatile pump; (b) 1.5 L compliance chamber; (c) 25 ft of PVC 

tubing; (d) wall separating scan room and control room; (e) cardiac coil; (f) 25 ft of PVC 

tubing; (g) resistance valve
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Fig. 7. 
(a) Raw 4D Flow MRI waveforms; (b) smoothed flow waveforms
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Fig. 8. 
MRI PWV Calculation. (a) Cut-planes placed along the model in EnSight; (b) flow 

waveforms of each cut-plane; (c) line fitted to transit-time vs distance data for PWV 

estimation
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Fig. 9. 
PEM values of each model compared to estimations of benchtop and 4D Flow MRI PWV 

using XCOR, TTM and TTF transit-time algorithms
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Fig. 10. 
Effect of transit-time algorithm on benchtop PWV. Data was acquired for 42 pump cycles; 

waveforms from each cycle were aligned using ECG gating; transit-time was automatically 

calculated
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Fig. 11. 
Stability of transit-time algorithm for 4D Flow MRI PWV
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Table 1.

Model Specifications

Model Material Inner Diameter (mm) Thickness (mm)

1 Latex 15.90 0.30

2 Latex 12.70 0.30

3 Tygon 19.10 3.20

4 Silicone 19.10 3.20
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Table 2.

Pulse Wave Velocity vs Petersons Elastic Modulus

XCOR [m/s] TTM [m/s] TTF [m/s]

Model
#

PEM [kPa]
(n=2)

Benchtop
(n=42)

MRI* Benchtop
(n=42)

MRI* Benchtop
(n=42)

MRI*

1 47.94 ± 0.68 1.10 ± 0.03 1.03 0.93 ± 0.02 0.86 1.26 ± 0.06 1.34

2 79.32 ± 1.01 1.59 ± 0.09 1.7 1.32 ± 0.04 1.06 1.82 ± 0.15 2.29

3 691.93 ± 15.65 5.49 ± 0.96 5.29 4.62 ± 0.35 4.65 5.87 ± 1.23 5.99

4 1120.57 ± 3.29 7.91 ± 1.64 8.46 6.28 ± 0.77 7.44 9.00 ± 2.17 9.62

*
4D Flow MRI inherently averages data over the scan time at a rate of 60 BPM and produces a single time-dependent flow waveform for each cut-

plane.
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Table 3:

4D Flow MRI PWV Error

XCOR TTM TTF

Tube
#

Benchtop
(m/s)

MRI
(m/s)

%
Difference

Benchtop
(m/s)

MRI
(m/s)

%
Difference

Benchtop
(m/s)

MRI
(m/s)

%
Difference

1 1.10 1.03 6% 0.93 0.86 7% 1.26 1.34 7%

2 1.59 1.7 7% 1.32 1.06 20% 1.82 2.29 26%

3 5.49 5.29 4% 4.62 4.65 1% 5.87 5.99 2%

4 7.91 8.46 7% 6.28 7.44 18% 9.00 9.62 7%
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