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Abstract 

The purpose of this master thesis was to evaluate the estimation of pulse wave velocity 

(PWV) in the aorta using 4D flow MRI. PWV is the velocity of the pressure wave 

generated by the heart during systole and is a marker of arterial stiffness and a predictor of 

cardiovascular disease (CVD). PWV can in principle be estimated based on the time 

(travel-time) it takes for the pulse wave to travel a fixed distance (travel-distance), or based 

on the distance the pulse wave travels during a fixed time. In the commonly used time-to-

travel-a-fixed-distance approach, planes are placed at two or more locations along the aorta. 

The travel-time is found by studying velocity waveforms at these pre-defined locations 

over time and thereby by estimating the time-difference for the pressure wave to reach 

each of these locations. In the distance-travelled-in-a-fixed-time approach, the pulse wave 

is located by studying at the velocity along the aorta at pre-defined instances in time. The 

travel-distance for the pulse wave between two instances in time is set as the difference in 

location of the pulse wave, where the location is identified as the location when the 

velocity has reached a predefined baseline. The specific aims of this thesis was to 

investigate the effect of using multiple locations as well as the effects of temporal and 

spatial resolution in the time-to-travel-a-fixed-distance approach, and to evaluate the 

possibility of using the distance-travelled-in-a-fixed-time approach. Additionally, the 

possibility of combining the two approaches was investigated. The study of using multiple 

locations revealed that more planes reduces the uncertainty of PWV estimation. Temporal 

resolution was found to have a major impact on PWV estimation, whereas spatial 

resolution had a more minor effect. A method for estimating PWV using 4D flow MRI 

using the distance-travelled-in-a-fixed-time approach was presented. Values obtained were 

compared favourably against previous findings and reference values, in the case of healthy 

young volunteers. The combination of the time-to-travel-a-fixed-distance and distance-

travelled-in-a-fixed-time approaches appears feasible.  

Keywords: pulse wave velocity, aorta, magnetic resonance imaging, phase contrast, 4D 

flow MRI  
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Chapter 1  

1. Introduction 

1.1. Problem description 

During the contraction of the left ventricle, systole, the aortic root dilates and a pressure 

wave is generated. The pulse wave velocity (PWV) is the velocity at which the systolic 

pressure wave travels along the vessel. PWV changes with age and with changes in the 

vessel wall; for stiffer vessels, the PWV is higher. The Moens-Korteweg equation 

(Chandran et al., 2012) describes the following relationship between PWV and stiffness: 

      
   

     
 1.1-1 

where E is the elastic modulus of the vessel (Pa) and is here called stiffness, h is the 

thickness of the vessel wall (m), r is the radius of the vessel (m) and   is the density of 

blood (kg/m
3
). PWV reflects arterial stiffness and is an independent predictor of 

cardiovascular risk (Blacher et al., 1999; Boutouyrie et al., 2009; Cavalcante et al., 2011). 

PWV is an important measure in the initiation and progression of cardiovascular disease 

(CVD); for instance, an increase in aortic PWV is believed to be an indicator of aortic 

aneurysm (Blacher et al., 1999). The most common way to assess aortic stiffness is by 

measuring the carotid-to-femoral PWV (cfPWV), where the pressure wave is tracked in the 

carotid and femoral arteries using Doppler ultrasound (US) or tonometry measurements 

(Huybrechts et al., 2011; Wentland et al., 2014). The time it takes for the pulse wave to 

travel between these two sites, the travel-time, can be estimated by several methods, for 

instance by looking at the foot of the velocity (US) or pressure (tonometry) waveform, as 

explained in section 3.3 below. The distance between these sites, the travel-distance, is 

approximated by measuring the distance on the surface of the body. A more reliable 

estimation requires that both travel-time and travel-distance are measured with high 

accuracy. This is possible when using Magnetic Resonance Imaging (MRI). 

Conventionally, 2D Phase-Contrast (PC) MRI is used to estimate PWV (Wentland et al., 

2014), in combination with magnetic resonance angiography for the determination of 

travel-distance. With this technique 2D velocity encoded slices perpendicular to the vessel 
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of interest are acquired. Pressure or flow waveforms are extracted in at least two slices and 

the temporal shift between the waveforms along with the distance between the slices, 

estimated based on magnetic resonance angiography, is used to estimate PWV. An entire 

3D volume of time-resolved velocity encoded data can be acquired using 4D flow MRI and 

the placing of planes can be done automatically with computer aids after the acquisition. A 

disadvantage of 4D flow MRI is the low temporal resolution which ranges from 32-50 ms 

compared to 10-30 ms in 2D PC-MRI (Wentland et al., 2014). The temporal resolution has 

to be high enough to be able to capture the fast travelling pulse wave and the distance 

between the measurement sites has to be appropriately selected. When using two slices the 

theoretical minimum distance the pulse wave can be discerned for is 200 mm if the PWV is 

5 m/s and the temporal resolution is 40 ms.  

1.2. Goal and Specific Aims 

The overall goal of this thesis was to evaluate 4D flow MRI-based PWV estimation. Using 

4D flow MRI it is possible to use an arbitrary number of retrospectively defined planes and 

it is not completely known how this affects the estimation of PWV. Consequently, the first 

(1) specific aim of this thesis was to evaluate the effect of using multiple planes combined 

with traditional approaches for PWV estimation. High temporal and spatial resolution 

requires long scan times. A few studies (Kroner et al., 2012; Meloni et al., 2014; Sala et al., 

2014) have evaluated PWV estimation at multiple resolutions; but none of them used 4D 

flow MRI. Evaluation of the effects of different spatial and temporal resolutions on the 

estimated PWV could eventually lead to shorter scan times, as scan time and resolution are 

coupled. If it is found that a lower resolution is sufficient to accurately determine the PWV, 

then it would mean that shorter scan time can be used. Therefore the second (2) specific 

aim of this thesis was to assess the effect of different spatial and temporal resolutions on 

the estimated PWV. Conventional techniques to estimate PWV is based on the time-to-

travel-a-fixed-distance approach. A third (3) specific aim was to evaluate the possibility of 

using the complementary approach of estimating PWV by using the distance-travelled-in-

a-fixed-time approach. This could give valuable insight and eventually lead to improved 

techniques to estimate PWV. Lastly, the fourth (4) specific aim was to evaluate the 

possibility of combining techniques from the time-to-travel-a-fixed-distance approach with 

the distance-travelled-in-a-fixed-time approach. 

  



3 

 

Chapter 2  

2. Theoretical Background 

In this report the PWV was estimated by assessment of blood flow using temporally 

resolved 3D Cine Phase-Contrast MRI or also often called 4D flow MRI. 

2.1. Magnetic Resonance Imaging (MRI) 

In MRI, a sample is imaged noninvasively without the use of ionizing radiation. This is 

accomplished by the use of a fundamental property of elements called spin. Spins are like 

small magnetic dipoles that are precessing randomly within the sample. Since the 

precession orientation is random, the net magnetization in the sample is zero. Spins can be 

excited by external magnetic fields; the reaction is that they start to precess with an 

orientation either parallel or antiparallel to the external magnetic field. There is always a 

small abundance of spins in the parallel state, which is the low energy state, and hence the 

net magnetization is pointing in the same direction as the external magnetic field. By 

exciting the spins by a radio frequency (RF) pulse of just the right frequency, the frequency 

of precession, it is possible to transfer energy to the spins which then flip to the antiparallel 

or high energy state. The net magnetization vector will thus start to precess in the XY plane. 

Before sending an RF pulse, a gradient in the Z direction, the slice encoding direction, is 

applied. This changes the frequency at which the spins precess and the frequency varies 

linearly along the subject. Thus a specific slice of spins can be excited at once by applying 

an RF pulse with a certain frequency band. After the RF pulse a gradient in the Y direction, 

the phase encoding direction, is used to encode the spins in the slice with different phase. 

The last step is to read out the phases of each spin which is done by the use of an X 

gradient, the readout gradient. In 3D MRI a second phase-encoding gradient in the Z 

direction, which is also called the slice-encoding gradient, is used at the same time with the 

phase-encoding gradient in the Y direction, to encode the spins with different phase in both 

the Y and Z directions. The signal is acquired in what is called k-space, which is the spatial 

frequency domain or Fourier domain. By using different gradient strengths during the 

phase-encoding steps while keeping the readout gradient unchanged, it is possible to read a 

single line of k-space at a time. The image is obtained by converting the k-space data to 

spatial domain data and this is done by inverse Fourier transformation. Appropriate 
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sampling of k-space is crucial, as higher spatial resolution is acquired further out in k-space. 

Sampling far out in k-space requires a lot of time so a trade-off between spatial resolution 

and scan time has to be met. The sampling density in k-space decides the field of view 

(FOV), i.e. the size of the resulting image. The FOV has to be carefully chosen to avoid 

aliasing in the resulting image. 

2.2. Phase-Contrast Magnetic Resonance Imaging (PC-MRI) 

In PC-MRI the combination of a velocity map and a magnitude image (normal anatomical 

MRI image) is used to visualize and quantify blood flow (Gatehouse et al., 2005). 

Velocity-encoding is achieved by bipolar gradients, i.e. a pair of identical gradients with 

opposite polarity. Each gradient will induce a phase shift Φ in the protons of the blood in 

the direction of the gradient according to Eq. 2.2-1 (Chandran et al., 2012): 

                      2.2-1 

Here   is the phase shift (rad) limited to the range [-π π],            
   

 
  is the 

gyromagnetic ratio for hydrogen protons,       is the vector of the magnetic field gradient 

(T/m) and      is the position vector of the protons (m) and is given in Eq. 2.2-2: 

             2.2-2 

Here    is the initial position of the protons (m), u is the velocity (m/s) and t is the time (s) 

(higher order motion terms such as acceleration have been neglected). Combining Eq. 

2.2-1 and Eq. 2.2-2 leads to Eq. 2.2-3: 

                                 2.2-3 

For stationary protons in static tissue, where velocity u = 0, the phase shifts will have equal 

magnitude but opposite signs making the resulting phase shift after the applied bipolar 

gradients equal to zero. In the presence of moving protons, such as in blood flow, the first 

term in Eq. 2.2-3 will cancel out, but the protons will undergo various amount of phase 

shift given by Eq. 2.2-4 which is proportional to their velocity u: 

                   2.2-4 

If the velocity u is constant, Eq. 2.2-4 can be solved for velocity u to obtain Eq. 2.2-5: 
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  2.2-5 

After acquiring the phase shift   the velocity u can be calculated by using Eq. 2.2-5.  

The velocity encoding value, VENC, is given in Eq. 2.2-6: 

       
 

            
 2.2-6 

By using the VENC value the velocity calculation can be further simplified into Eq. 2.2-7: 

        
 

 
 2.2-7 

The velocity-encoding is carried out by assuming a maximum velocity, using the VENC 

value, which will correspond to a maximum phase shift of ± π. The VENC value can be 

tuned by adjusting the duration of the gradients or the strength of the gradients as seen in 

Eq. 2.2-6 above. There exist several techniques to finally encode the velocity; the simplest 

method being the four point method and is explained in more detail here (Pelc et al., 1991). 

The phase shift   is not solely arising from the velocity u of the spins, but also from some 

known and unknown background effects and the phase shift can be expressed as in Eq. 

2.2-8: 

                               2.2-8 

To extract the part of the phase shifts that are exclusively from the moving spins, 

i.e.               , a reference scan, without velocity-encoding gradients, is carried out. This 

reference scan is assumed to only give rise to unwanted phase shifts, i.e.       

           . After the reference scan a velocity-encoding gradient in a given direction is 

applied to obtain the phase shift      for that direction (dir = x,y,z). By subtracting the 

phase shift      obtained in the reference scan from the phase shift obtained from the 

velocity-encoding and then use Eq. 2.2-7 above, the velocity       in a given direction can 

be calculated by using Eq. 2.2-9: 

            
         

 
 2.2-9 

An appropriate choice of VENC is important to avoid velocity aliasing, as well as having 

proper sensitivity for flow velocity. The presence of flow velocities exceeding VENC will 

be encoded as if they had opposite direction, because of the limited range of the phase. The 
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sensitivity of the velocity measurement, the velocity-to-noise ratio (VNR), is altered by the 

VENC according to (Petersson, 2013) as can be seen in Eq. 2.2-10: 

     
 

  
  

    

    
     2.2-10 

According to Eq. 2.2-10, in areas where one of the velocity components      is low and if a 

too high VENC is chosen, the VNR will be low, which means that the sensitivity is low 

and no accurate measurement of flow velocity can be done. In other words, to simply 

choose a high VENC to overcome aliasing is not appropriate; the VNR has to be 

reasonable as well. A solution to overcome this double-sided problem using multiple 

VENC values was proposed in (Nett et al., 2012). 

2.3. 4D flow MRI 

4D flow MRI refers to three-dimensional (3D) time-resolved (3D + time = 4D) phase-

contrast MRI with three-directional velocity encoding (Wigstrom et al., 1996). Three-

directional velocity encoding can be achieved in different ways. One common method, 

which was used in this thesis, is the simple four-point method, in which one reference scan 

and three scans with motion-encoding in three mutually perpendicular directions (x, y, z) 

are acquired. Each of the four scans can be considered having its own k-space. The velocity 

in the three directions is obtained by phase-subtraction given in Eq. 2.3-1: 

 

         
       

 
 

         
       

 
 

         
       

 
 

2.3-1 

2.3.1. Cardiac gating and temporal resolution 

Temporally resolved measurements are achieved by synchronizing the data acquisition 

with the cardiac cycle by using an ECG signal. In this way, the cardiac cycle can be 

separated into a number of frames, i.e. images from different parts of the cardiac cycle. 

There are two ways to do this; either prospectively or retrospectively. In prospective gating, 

the acquisition is directly triggered by the R-peak in the ECG signal and the acquisition is 

carried out at specific time intervals after the acquisition has been triggered. One line in 

each k-space for each time frame is sampled during one heart cycle. After a scheduled time 

(e.g. 80% of the projected duration of the cardiac cycle) the sampling stops and waits for a 
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new R-peak. The new R-peak triggers the acquisition of a new line in each k-space for 

each time frame. This goes on for a number of cardiac cycles until the complete k-space 

has been sampled. To sample a line in one k-space takes one repetition time (TR). The total 

time it takes to sample one line in each of the 4 k-spaces, i.e. 4*TR, is the width of one 

time frame and the highest temporal resolution that can be achieved, the true temporal 

resolution is given in Eq. 2.3-3 below. A disadvantage with prospective gating is that the 

end of diastole is not sampled, as the sampling stops at a scheduled time. As the heart rate 

varies, and hence the RR-interval between cardiac cycles varies, it is important to stop the 

sampling relative the shortest RR-interval that one expects, to be sure to capture data from 

a single cardiac cycle. In retrospective gating, the acquisition is carried out continuously. 

One line in each k-space is sampled and each line is assigned a trigger time which is the 

time delay to the latest R-peak. The samples are retrospectively mapped to a frame 

depending on the trigger time. During post-acquisition data processing, each cardiac cycle 

is normalized to the average cardiac cycle duration. The acquired temporal resolution is the 

same as in prospective gating but in retrospective gating it is possible to set the width of 

the time frames, by deciding which trigger times should be mapped to a specific time 

frame. The problem of missing the end of diastole and with varying heart rate and RR-

intervals is solved in retrospective gating where the sampling is continuous and covers the 

complete cardiac cycle. 

2.3.2. Scan time in 4D flow MRI 

The total scan time to acquire a 4D flow MRI dataset for both prospective as well as 

retrospective cardiac gating is given in Eq. 2.3-2: 

                                
 

  
         

 

   
 
 

  
  2.3-2 

HR is the heart rate (bpm), VPS is views per segment, PI is the parallel imaging factor, 

nPE is the number of phase-encoding steps and nSE the number of slice-encoding steps. To 

reduce scan time the VPS factor can be used. VPS is the number of views per segment, i.e. 

the number of k-space lines per time frame that are acquired in each cardiac cycle. 

Scanning two lines at a time, i.e. VPS = 2, reduces the scan time by a factor 2, but it also 

decreases the temporal resolution which depends on the VPS as given in Eq. 2.3-3: 

                              2.3-3 
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Another way to reduce scan time is to use parallel imaging. Here some lines of k-space are 

skipped, for instance when PI = 2, every second line in k-space is omitted. As every second 

line is omitted, the k-space sampling density is reduced by a factor of 2 and hence the field 

of view (FOV) is decreased by a factor of 2 and aliasing occurs if the other settings are 

kept unchanged. An appropriate algorithm to unfold the aliased image is needed, some of 

which are described in (Pruessmann et al., 1999). 

2.4. Estimation of pulse wave velocity 

To estimate the velocity of a pressure wave, travel-time and travel-distance of this wave 

have to be assessed. In principle, this can be done by using one of the two approaches, 

time-to-travel-a-fixed-distance or distance-travelled-in-a-fixed-time, which in this report 

also are referred to as the temporal approach and spatial approach, respectively. The two 

approaches are further described in (Dyverfeldt et al., 2014). In the temporal approach the 

distance between two locations in the vessel is fixed and the temporal shift between the 

velocity, flow or pressure waveforms recorded at these locations is estimated by using any 

of the methods given in section 3.3 below. The distance is handled as a discrete variable 

and a high temporal resolution is needed to get an accurate estimation of the temporal shift. 

In the spatial approach the time is fixed at two instances in time. The time is handled as a 

discrete variable and a high spatial resolution, given as the minimum distance between the 

measurement sites, is needed to get an accurate estimation of the travel-distance of the 

pulse wave. The PWV can be estimated using the temporal and spatial approaches by using 

Eq. 2.4-1: 

      
  

  
 2.4-1 

   is the travel-distance and    is the travel-time. Combining the temporal and spatial 

approaches into a spatio-temporal approach, may result in more robust estimation of PWV. 

A possible way to combine the two approaches into a spatio-temporal approach is to 

extend the temporal approach to handle more than two locations and estimate the temporal 

shift between multiple locations at the same time. By using linear regression between the 

travel-distance and the temporal shifts an estimation of PWV can be obtained, which is the 

inverse of the slope of the regression line. The same can be done using the spatial approach, 

which can be extended to handle multiple instances in time and estimate the travel-distance 

for these instances at the same time. By using linear regression between the time instances 
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and the travel-distance, an estimation of the PWV can be obtained as the slope of the 

regression line.   



10 

 

Chapter 3  

3. Materials and Methods 

3.1. 4D flow MRI data 

The material used in this thesis consisted of data from a total of 8 normal volunteers (N) 

(see Table 1). 

 

Table 1: Material used in this thesis.

 

The datasets had been corrected for common MRI artifacts prior to this thesis. For aim 1 

and 2 of the thesis only dataset N1 was used. For aim 3 and 4 of the thesis all the datasets, 

N1-N8, were used. The datasets were divided into two groups; the young group comprising 

the younger individuals (N1-N5) and the old group comprising the older individuals (N6-

N8). 

3.2. Data pre-processing 

4D flow MRI data had previously been acquired and consisted of the 8 datasets in Table 1. 

From this data the centerline of the aorta was automatically extracted by the use of an in-

house developed toolbox called PWV tool. Planes were placed along this centerline, with 

their origin at the centerline. Waveform data, in form of flow and mean flow velocity were 

extracted in these planes. The waveform data was used in different ways when looking at 

Subject 

ID 

Age 

<30 or 

50-59 

[years] 

Temporal 

resolution 

[ms] 

Spatial resolution 

in the x, y, z 

direction 

[mm] 

Matrix size 

nPE x nSE 

Heart 

rate 

[bpm] 

VPS PI 

N1 <30 17.4 2.32 x 2.32 x 2.40 112 x 57 45 1 3 

N2 <30 36.6 2.68 x 2.68 x 2.80 112 x 44 62 2 3 

N3 <30 43.1 2.34 x 2.34 x 2.50 128 x 28 55 2 2 

N4 <30 43.0 2.34 x 2.34 x 2.50 128 x 28 85 2 2 

N5 <30 43.1 2.34 x 2.34 x 2.50 128 x 28 65 2 2 

N6 50-59 39.9 2.71 x 2.71 x 2.70 144 x 25 67 2 2 

N7 50-59 40.3 2.78 x 2.78 x 2.80 144 x 25 60 2 2 

N8 50-59 39.7 2.78 x 2.78 x 2.80 144 x 25 54 2 2 
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the different aims of the thesis. From now on the data extracted in the planes are referred to 

as waveforms; with one waveform for each plane. 

3.3. Aim 1: Effect of multiple planes 

To assess the effect of using multiple planes in the estimation of PWV a variable amount 

of planes was used. One plane was chosen to be the reference plane, this was the first plane 

of the centerline which was closest to the aortic root, and the distance to all other planes 

was counted in relation to this plane. For each plane the flow waveform was plotted over 

time. The temporal shift between the waveforms at the different locations was calculated 

using six different methods. If the temporal shift was found to be negative, it was neglected 

from further analysis, because this was assumed to be non-physiological. 

Time to foot (TTF) or also called zero crossing (ZC) method: By fitting a line to the 

upslope of the waveform between 20% and 80% (sometimes 70%); TTF is defined as the 

intersection between this line and the baseline. This method uses samples at the onset of 

the waveform. 

Time to peak upslope (TTU) or also called the derivative (DM) method: Peak 

derivative of upslope. Identified as the time when the first derivative of the waveform 

reaches its maximum value at the upslope. 

Time to foot method #2 (TTF2) or also called threshold (TH) method: Time at 20% of 

the waveform value at TTU. 

Fourier analysis (FA) method: Time difference estimated from phase-shift between two 

waveforms. 

Cross correlation (XC) method: Time difference estimated as time of maximum cross 

correlation between two waveforms. This method uses samples from the entire waveform. 

Center of mass (COM) method: Time differences estimated by looking at the portion of 

the waveform between 20% of upslope and 20% of downslope between two waveforms. 

The most documented methods are TTF, TTU, XC and FA (Dyverfeldt et al., 2014; Markl 

et al., 2010; Wentland et al., 2013). The methods can be divided into two groups, one 

group are the upslope methods, i.e. ZC, TTU and TH and the other group are the larger-

parts-of the-waveform methods, i.e. XC, FA and COM. ZC and XC have both been used 

frequently in the previous studies and more in-depth comparison between these two will be 

done in the discussion. 
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Some of the most important points and features of the waveform, which are used in the 

temporal approach, can be seen in Figure 1. 

 

Figure 1: This figure shows important points of the waveform from two planes in the aorta (Wentland et al., 

2013). Reprinted with permission. Published by Wiley Periodicals, Inc. Copyright © 2012 Wiley Periodicals, 

Inc. 

By using these methods the temporal shift between the reference waveform and any other 

waveform can be assessed. Two extreme cases were evaluated when looking at the effect 

of using multiple planes. Starting with two planes; the reference plane and the last plane of 

the centerline, the PWV was estimated by Eq. 2.4-1 using the distance between these 

planes and the temporal shift to the reference waveform. By using all available planes, the 

distance and temporal shifts were assessed in relation to the reference plane. By plotting 

temporal shift over distance for the different planes and using linear regression a linear 

relationship was found. By inverting the slope of the regression line an estimation of the 

PWV was obtained. All other cases were also evaluated, where a variable amount of 

intermediate planes was used. For these cases the last plane was always included and 

intermediate planes were placed equidistantly between the reference plane and the last 

plane. In Figure 2 an illustration of the aorta with centerline and planes can be seen. 
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Figure 2: Illustration of the aorta with centerline and planes including waveforms found in 3 different planes 

(Dyverfeldt et al., 2014). To the right the distance and temporal shift estimated with the ZC method is plotted 

for one dataset and the line corresponding to the inverse of the PWV is generated from linear regression. 

3.4. Aim 2a: Effect of temporal resolution 

Lower temporal resolution was simulated by downsampling the flow waveforms that were 

exported for each plane location using spline interpolation. For example, to simulate a 50% 

lower temporal resolution, the total number of frames was reduced to half this amount. The 

intermediate frames were placed equidistantly to simulate that the waveforms had been 

sampled in a coarser manner. The temporal resolution was changed in steps of about 1% 

starting with 100% and going down to 28%. A lower temporal resolution could not be 

tested because of limitations in the methods to calculate temporal shifts. 

3.5. Aim 2b: Effect of spatial resolution 

Downsampling of the spatial resolution of the 4D flow MRI datasets was achieved by 

cubic interpolation (to create larger voxels). In order to simplify the comparison of the 

results obtained at different spatial resolutions, the datasets were then upsampled by using 

nearest neighbor interpolation so as to conserve the original data dimensions, while still 

keeping the lower spatial resolution. The spatial resolution was changed from 100% to 

70% in steps of 10%. The PWV estimation was evaluated at the new spatial resolution in 

three different cases, 100% temporal resolution and multiple planes, 82 planes and varying 

temporal resolution, and 2 planes and varying temporal resolution. The original centerline 

obtained when using 100% spatial resolution was kept the same for all the spatial 

resolutions. 
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3.6. Aim 3: Distance-travelled-in-a-fixed-time 

In this approach the time is fixed to certain predefined instances in time and the location of 

the pulse wave at these instances is estimated. This gives an estimate of the distance the 

pulse wave travels between subsequent time instances. Mean flow velocity along the aorta 

was evaluated at different instances in time. For each instance the variation of mean flow 

velocity along the aorta shows a characteristic shape as seen in Figure 3. 

 

Figure 3: Mean flow velocity along the aorta for 3 different instances in time. In time instance 1 (29.1 ms), 

the mean flow velocity is at a low level along the entire vessel. For this time instance it is assumed that no 

flow has been initiated and this is identified as the baseline. In time instance 2 (58.2 ms), the mean flow 

velocity has reached a value higher than the baseline up to 90 mm downstream. At 90 mm the mean flow 

velocity is at the baseline and the pulse wave is assumed to be at 90 mm (red dot in the figure). In time 

instance 3 (87.3 ms), the mean flow velocity has reached a value higher than the baseline up to 220 mm 

downstream and the location of the pulse wave is identified as 220 mm downstream (blue dot in the figure). 

In the end of diastole, before the beginning of systole, the mean flow velocity is at a low 

and steady state value, which was here assumed to be the baseline; where the presence of 

flow was at a minimum. For other instances, the mean flow velocity was dependent on the 

location along the aorta. In the early stages of systole, the mean flow velocity in the distal 

parts of the aorta was still at the baseline, as it takes a time for the pulse wave to travel 

distally and initiate the flow. The location of the pulse wave was assumed to be where the 

mean flow velocity returned to the baseline or a value close to the baseline and was 

estimated for at least two instances in time in the early stages of systole. The distance 

between the locations of the pulse wave at two instances in time was used as an estimate of 
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travel-distance. Two approaches were used to estimate PWV, one manual approach to 

evaluate the possibility of assessing the location of the pulse wave and one approach that 

automatically detects the location of the pulse wave. 

3.6.1. Manual identification and linear regression 

To prove the concept of estimating PWV by assessing the location of the pulse wave as 

described above a manual identification was done. The location of the pulse wave was 

determined by selecting at least two instances in time and by looking at the mean flow 

velocity for each instance and manually identifying where the mean flow velocity had 

reached a value close to or at the baseline. If the temporal resolution was high, several 

instances could be used at once and a linear regression between the travel-distance and 

travel-time could be made to estimate the PWV more accurately. 

3.6.2. Threshold method 

The location of the pulse wave was automatically determined by identifying where the 

mean flow velocity had reached a certain threshold value, which was the average of the 

mean flow velocity in late diastole. The velocity was studied in two instances in time and 

the distance between the locations of the pulse wave was used as the travel-distance of the 

pulse wave. 

3.7. Aim 4: Time-to-travel-a-fixed-distance combined with distance-

travelled-in-a-fixed-time 

The combination of the two approaches, time to travel-a-fixed-distance and distance-

travelled-in-a-fixed-time, is possible by combining data from, estimated temporal shifts 

between the waveforms in multiple planes and their distances, and location of the pulse 

wave for multiple instances in time. By using linear regression on this combined data, it is 

possible to get an estimation of PWV that uses both the approaches simultaneously. 

3.8. Data analysis 

To present the results obtained using multiple planes and varying temporal resolution the 

estimated PWV was presented in 3D surface plots, where the number of planes was on the 

x-axis, temporal resolution was on the y-axis and PWV was on the z-axis. This was done 

for all the reported methods in aim 1 and 2.  
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The accuracy in the estimation was presented in a 3D surface plot where the z-axis was the 

PWV accuracy given in percentage and the x- and y-axis were the same as above. The 

accuracy was calculated by first finding the 95% confidence interval (CI) of the estimated 

slope of the linear fitted curve. The CI is set so that 95% of all data points lie within the CI 

(Armitage et al., 2001). The width of the CI depends on the standard deviation (SD) in the 

estimation such that the width is ±1.96 SD. If the width of the CI is small, i.e. SD is small, 

all the data points lie near the estimated value and hence the accuracy in the estimation is 

high. Remember that PWV is the inverse of the slope of the linear fitted line given in 

section 3.3, i.e. the accuracy of the slope is equivalent with the accuracy of the PWV. The 

accuracy is given by comparing the width of the CI with the size of the estimated value as 

given in Eq. 3.8-1: 

                                         
            

     
      3.8-1 

             (%) is the accuracy of the estimated PWV,         is the SD in the estimated 

slope and slope is the estimated value of the slope. Using all the data with 100 % temporal 

resolution and maximum number of planes was in this case considered the true (unbiased) 

value.  
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Chapter 4  

4. Results 

Here are the results for the different aims of the thesis presented. Section 4.1 includes the 

results of the pre-processing of the data. Section 4.2 covers the results using multiple 

planes and varying temporal and spatial resolution, section 4.3 the results for distance-

travelled-in-a-fixed-time and 4.4 the results when combining the two approaches, time-to-

travel-a-fixed-distance and distance-travelled-in-a-fixed-time. 

4.1. Data pre-processing  

The segmented aorta, as obtained using the segmentation tool, where the aorta was 

segmented from the 4D flow MRI dataset, is given in Table 2. The theoretical maximum 

PWV that is possible to detect, for both approaches, is estimated by dividing the length of 

the segmented aorta by the temporal resolution given in Table 1. Reference PWV values 

were found in (Reference Values for Arterial Stiffness, 2010). It should be noted that these 

reference values were calculated using cfPWV as explained in the introduction and not 

with MRI and the difference between the PWV obtained with the two techniques might be 

significant. 

 

Table 2: Results from data pre-processing. 

Subject 

ID 

Segmented 

aortic 

length 

[mm] 

Number 

planes 

Plane 

spacing 

[mm] 

PWV 

reference 

(mean±2SD) 

[m/s] 

Theoretic 

maximum 

PWV 

[m/s] 

N1 196 82 2.4 6.2 ± 1.4 11.3 

N2 285 102 2.8 6.2 ± 1.4 7.8 

N3 330 132 2.5 6.2 ± 1.4 7.7 

N4 354 142 2.5 6.2 ± 1.4 8.2 

N5 354 142 2.5 6.2 ± 1.4 8.2 

N6 437 163 2.7 8.3 ± 3.8 11.0 

N7 494 177 2.8 8.3 ± 3.8 12.3 

N8 467 167 2.8 8.3 ± 3.8 11.8 
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4.2. Aim 1 and 2: Effect of multiple planes and varying temporal and 

spatial resolution 

This section covers the results when using multiple planes and varying temporal and spatial 

resolution.  

PWV obtained when using waveforms at only two locations are shown in Table 3. The two 

locations were the first and the last plane of the centerline, except for in dataset N7 where 

the last plane was chosen 3 indices before the end of the centerline because of poor data 

quality at the last location. Mean values obtained for the different method groups are given. 

The upslope methods are ZC, TTU and TH and the larger-parts-of-waveform methods are 

XC, FA and COM. 

 

Table 3: PWV obtained using two locations along the aorta. 

Dataset 

PWV 

ZC 

[m/s] 

PWV 

XC 

[m/s] 

PWV 

FA 

[m/s] 

PWV 

COM 

[m/s] 

PWV 

TTU 

[m/s] 

PWV 

TH 

[m/s] 

PWV 

mean 

upslope 

methods*  

[m/s] 

PWV 

mean 

larger-

parts-of-

waveform-

methods** 

[m/s] 

PWV 

mean 

all 

methods 

[m/s] 

N1 4.3 5.3 5.3 5.5 4.1 4.0 4.1 5.4 4.8 

N2 5.4 4.1 3.7 4.3 3.3 8.5 5.7 4.0 4.9 

N3 3.0 4.8 3.9 6.2 4.0 3.2 3.4 5.0 4.2 

N4 5.7 5.7 5.2 5.1 6.4 5.9 6.0 5.4 5.7 

N5 4.4 4.7 4.6 4.9 4.4 4.2 4.3 4.7 4.5 

N6 6.6 9.5 11.5 11.8 5.6 4.9 5.7 10.9 8.3 

N7 10.2 6.9 7.3 7.6 4.9 6.3 7.1 7.3 7.2 

N8 6.0 8.3 7.8 9.7 5.0 5.3 5.4 8.6 7.0 
* The upslope methods are ZC, TTU and TH.  

** The larger-parts-of-waveform methods are XC, FA and COM. 

 

Table 4 shows PWV estimated using multiple (all available) planes. In dataset N7 the three 

last planes of the centerline was neglected, because of poor data quality. N/A means value not 

available or non-physiological. Mean values obtained for the different method groups are 

given. The upslope methods are ZC, TTU and TH and the larger-parts-of-waveform methods 

are XC, FA and COM.  
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Table 4: PWV estimated with waveforms extracted at multiple locations. 

Dataset 

PWV 

ZC 

[m/s] 

PWV 

XC 

[m/s] 

PWV 

FA 

[m/s] 

PWV 

COM 

[m/s] 

PWV 

TTU 

[m/s] 

PWV 

TH 

[m/s] 

PWV 

mean 

upslope 

methods* 

[m/s] 

PWV 

mean 

larger-

parts-of-

waveform-

methods** 

[m/s] 

PWV 

mean 

all 

methods 

[m/s] 

N1 4.4 4.0 3.7 3.8 4.2 4.3 4.2 3.8 4.0 

N2 5.9 4.0 3.7 4.2 3.4 7.4 5.6 4.0 4.8 

N3 3.9 4.6 4.5 4.9 3.8 3.5 3.7 4.6 4.2 

N4 6.8 6.4 6.7 6.0 5.8 5.6 6.0 6.3 6.2 

N5 4.1 5.2 5.4 5.7 4.3 4.1 4.2 5.4 4.8 

N6 5.6 8.8 10.4 10.1 5.0 6.1 5.6 9.8 7.7 

N7 N/A 6.7 8.9 8.6 5.4 11.0 8.2 8.0 8.1 

N8 5.3 7.1 7.2 8.6 4.1 5.8 5.1 7.6 6.3 
* The upslope methods are ZC, TTU and TH.  

** The larger-parts-of-waveform methods are XC, FA and COM. 

 

Table 5 shows the accuracy of the different methods when using 100% spatial resolution in 

dataset N1. The accuracy at different temporal resolutions was averaged and the mean 

PWV ± 1 SD is given in the table. 
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Table 5: Accuracy of the different methods for varying amount of planes. 

Method ZC XC FA COM TTU TH 

Accuracy 

using all 

82 planes 

97±1% 93% 91% 91% 97% 97% 

Accuracy 

using 25% 

of the 

planes 

94±1% 85% 81% 80% 92% 93% 

Accuracy 

using 

12.5% of 

the planes 

91±2% 79±1% 74% 72±1% 92% 92±1% 

 

Surface plots showing how the different methods were affected by varying temporal 

resolution and varying amount of planes, are given in Figure 4 and Figure 5. How the 

accuracy of the estimation, as assessed with Eq. 3.8-1, varied is also given for these 

methods. 
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Figure 4: Estimated PWV obtained using multiple planes along the aorta and for varying temporal resolution. To the right the accuracy of 

the PWV estimation is given for the same settings. The axes are; x-axis temporal resolution (%), y-axis number of planes and z-axis is 

PWV (m/s) (left) and PWV accuracy (%) (right). 

a) b) 

c) d) 

e) f) 
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Figure 5: Estimated PWV obtained using multiple planes along the aorta and for varying temporal resolution. To the right the accuracy 

of the PWV estimation is given for the same settings The axes are; x-axis temporal resolution (%), y-axis number of planes and z-axis is 

PWV (m/s) (left) and PWV accuracy (%) (right). 

a) b) 

c) d) 

e) f) 
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The results of changing the spatial resolution are given in Figure 6, Figure 7 and Figure 8. 

The PWV values given in the legends are the estimated PWV when the maximum amount 

of planes was used and when the highest temporal resolution was used plus minus the SD 

calculated over all the number of planes or temporal resolutions. As an example in Figure 

6a, Figure 6b and Figure 6c the ZC method was used. In a, the number of planes varied 

between 2 and 82. The estimation gave different PWV values depending on the amount of 

planes, and in the legend of Figure 6a the PWV is given as the estimated PWV when the 

maximum amount of planes was used ± 1 SD as calculated by all the PWV values assessed 

using varying amount of planes. It is also possible to discern limits for the temporal 

resolution in the different cases. 
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Figure 6: Estimated PWV using ZC (a, b, c) and XC (d, e, f) obtained with varying spatial resolution. In the 

legends the PWV is given for different spatial resolutions and for three different cases: a & d 100% temporal 

resolution and varying amount of planes, b & e all available 82 planes and varying spatial resolution, and c & 

f 2 planes and varying temporal resolution. The PWV is given as estimated value ±1 SD as calculated over all 

the estimated PWV values in the different cases. In b, a temporal resolution over 55% gave best estimation of 

PWV using ZC. In e, a temporal resolution over 48% gave best estimation of PWV using XC. 

a) b) c) 

d) e) f) 
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Figure 7: Estimated PWV using TTU (a, b, c) and FA (d, e, f) obtained with varying spatial resolution. In the 

legends the PWV is given for different spatial resolutions and for three different cases: a & d 100% temporal 

resolution and varying amount of planes, b & e all available 82 planes and varying spatial resolution, and c & 

f 2 planes and varying temporal resolution. The PWV is given as estimated value ±1 SD as calculated over all 

the estimated PWV values in the different cases. In b, a temporal resolution over 55% gave best estimation of 

PWV using TTU. In e, no limit on temporal resolution for FA was found. 

a) b) c) 

d) e) f) 
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Figure 8: Estimated PWV using COM (a, b, c) and TH (d, e, f) obtained with varying spatial resolution. In 

the legends the PWV is given for different spatial resolutions and for three different cases: a & d 100% 

temporal resolution and varying amount of planes, b & e all available 82 planes and varying spatial resolution, 

and c & f 2 planes and varying temporal resolution. The PWV is given as estimated value ±1 SD as 

calculated over all the estimated PWV values in the different cases. In e, a temporal resolution over 60% 

gave best estimation of PWV using TH. In b, no limit for COM was found. 

a) b) c) 

d) e) f) 
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4.3. Aim 3: Distance-travelled-in-a-fixed-time 

The following results were obtained when using the distance-travelled-in-a-fixed-time 

approach. In Table 6 the PWV as estimated by the distance-travelled-in-a-fixed-time 

approach is given, note that N/A means not available. 

 

Table 6: Estimated PWV obtained using the distance-travelled-in-a-fixed-time approach, note that N/A 

means not available.

Dataset 

PWV 

manual 

identification 

[m/s] 

PWV spatial 

threshold 

[m/s] 

N1 5.9 5.9 

N2 4.8 4.1 

N3 3.5 3.7 

N4 4.3 4.7 

N5 4.5 4.3 

N6 N/A 2.8 

N7 10.5 9.1 

N8 N/A 2.7 

 

The following figures are representative examples showing the results when the location of 

the pulse wave was manually identified. Mean flow velocity in three instances in time, 

plotted over distance to the aortic root to get the travel-distance of the pulse wave and 

estimate the PWV, is given in Figure 9, Figure 10 and Figure 11. 
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Figure 9: Mean flow velocity along the aorta with distance counted from aortic root for dataset N5 at the 

onset of the flow. The pulse wave is marked (red and blue dots in the figure) and it was located in time 

instance 2 (58.2 ms) at 92.9 mm downstream and time instance 3 (87.3 ms) at 223.5 mm downstream, giving 

a travel-distance of 130.6 mm, a travel-time 29.1 ms and a PWV of 4.5 m/s. 

 

Figure 10: Mean flow velocity along the aorta with distance counted from aortic root for dataset N7 at the 

onset of the flow. The pulse wave is marked (red and blue dots in the figure) and it was located in time 

instance 2 (63.3 ms) at 59.0 mm downstream and time instance 3 (94.9 ms) at 390.4 mm downstream, giving 

a travel-distance of 331.4 mm, travel-time of 31.6 ms and a PWV of 10.5 m/s. 
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Figure 11: Mean flow velocity along the aorta with distance counted from aortic root for dataset N8 at the 

onset of the flow. The pulse wave could only be located in time instance 2 (70.1 ms) at 399.7 mm 

downstream, and is marked with a red dot in the figure. The PWV is at least 11.4 m/s (399.7 mm divided by 

35 ms). 

 

For dataset N1 the temporal resolution was high and the mean flow velocity in five 

instances in time, plotted over distance to the aortic root to get the travel-distance of the 

pulse wave and estimate the PWV, is given in Figure 12. 
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Figure 12: a) Mean flow velocity along the aorta with distance counted from aortic root for dataset N1 at the 

onset of the flow. The pulse wave is marked (red, blue and pink dots in the figure) and it was located in time 

instance 2 (43.0 ms) at 38.7 mm downstream, time instance 3 (53.0 ms) at 87.1 mm downstream, and time 

instance 4 (64.0 ms) at 159.6 mm downstream. b) Using linear regression between the time instances and the 

pulse wave locations a PWV of 5.9 m/s was obtained. 

 

4.4. Aim 4: Time-to-travel-a-fixed-distance combined with distance-

travelled-in-a-fixed-time 

Using ZC and 2 planes in the time-to-travel-a-fixed-distance approach and all available 

time instances in the distance-travelled-in-a-fixed-time approach yields the results shown 

in Figure 13 a-d. Using ZC and all available 82 planes in the time-to-travel-a-fixed-

distance approach and all available time instances in the distance-travelled-in-a-fixed-time 

approach yields the results shown in Figure 13 e-h. 

a) 

b) 
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Figure 13: PWV estimation by combining approach 1 (time-to-travel-a-fixed-distance) and approach 2 

(distance-travelled-in-a-fixed-time). In a-d ZC and 2 planes in the first approach was used while in e-h ZC 

and all planes were used. The combined PWV shows more influence from the second approach when the first 

approach has few data points. 

a) b) 

c) d) 

e) f) 

g) h) 
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Chapter 5  

5. Discussion 

This master thesis investigated the estimation of PWV in the aorta by using 4D flow MRI. 

Four specific aims were investigated, in section 5.1 the effect of using multiple planes is 

discussed, in sections 5.2 and 5.3 the effect of using varying temporal resolution and 

spatial resolution, respectively, in section 5.4 the distance-travelled-in-a-fixed-time 

approach and finally in 5.5 the combination of the two approaches is discussed. 

5.1. Aim 1: Effect of multiple planes 

The number of planes used in the PWV estimation was found to affect the estimation of 

PWV. The effect was most pronounced for the larger-parts-of-the-waveform methods, i.e. 

XC, FA and COM. As the number of planes was decreased, the estimated PWV changed 

more in these methods compared with the upslope methods, i.e. ZC, TTU and TH, see 

Figure 4 and Figure 5. Using only 2 planes compared to using all planes gave the biggest 

difference, for ZC the difference was ±0.1 m/s and for XC it was ±1.3 m/s, as seen in Table 

3 and Table 4. 

The accuracy in the estimated PWV decreased when using fewer planes for both of the 

method groups. When comparing the cases of using all planes and 1/8
th

 of the planes the 

total accuracy drop was 5-6% for the upslope methods and 14-19% for the larger-parts-of-

the-waveform methods, as seen in Table 5. 

The effect of multiple planes is also visible in the plots where the spatial resolution was 

changed. Looking at 100% spatial resolution, as seen in Figure 6 a & d, Figure 7 a & d and 

Figure 8 a & d; for ZC (Figure 6a) the SD when using multiple planes was 0 m/s and for 

XC (Figure 6d) the SD was 0.3 m/s. The upslope methods yielded similar results, with SD 

ranging from 0 to 0.1 m/s, as expected because they all use the beginning of the upslope of 

the waveform with many common samples and their implementation was similar. XC, FA 

and COM had similar behaviour, which was also expected, with SD ranging from 0.3 to 

0.4 m/s using multiple planes. 

All in all the upslope methods were less affected by the number of planes as compared 

with the larger-parts-of-the-waveform methods. 
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5.2. Aim 2a: Effect of temporal resolution 

The effect of using varying temporal resolution depends mainly on which method group is 

used to estimate the temporal shifts, while the specific methods in these method groups 

give comparable results (see Figure 4 and Figure 5). It is worth to notice that the temporal 

resolution was simulated to a lower value. The results might look different if the temporal 

resolution was set in reality before the scan. 

The effect of varying temporal resolution was more pronounced in the upslope methods 

compared to the larger-parts-of-the-waveform methods. 

For the XC method using all 82 planes, 100% spatial resolution and varying temporal 

resolution (Figure 6e); the SD was 0.1 m/s. When the temporal resolution was lower than 

48%, approximately 36 ms, the estimation was noisier. The range of the estimated values 

was low, the difference of the estimated values compared to the value at maximum 

temporal resolution was -0.2 to 0.1 m/s for XC.  

For the ZC method using all 82 planes, 100% spatial resolution and varying temporal 

resolution (Figure 6b); the SD was 0.2 m/s. The estimation was good and stable for 

temporal resolution over 55%, approximately 32 ms. The range of the estimated values was 

-0.6 to 0.5 m/s compared to the value at maximum temporal resolution. 

5.3. Aim 2b: Effect of spatial resolution 

The upslope methods were all robust toward varying spatial resolution. For ZC the SD was 

stable at 0.2 m/s using all 82 planes (Figure 6b) and 0 to 0.1 m/s using 100% temporal 

resolution and varying amount of planes (Figure 6a). For the XC method the SD was stable 

at 0.1 m/s using all 82 planes (Figure 6e) and 0.2 to 0.3 m/s using 100% temporal 

resolution and multiple planes (Figure 6e). 

It is worth to notice that the spatial resolution was changed in such a way that the original 

centerline could be used. The true centerline could be a bit different for varying spatial 

resolution. The influence of this was not considered and can be a limitation in this thesis, 

as the position of the centerline affects the appearance of the flow waveforms. 

5.4. Aim 3: Distance-travelled-in-a-fixed-time. 

Estimation of PWV with 4D flow MRI using the distance-travelled-in-a-fixed-time 

approach has proven to be possible in this master thesis. The estimated PWV using this 

approach was comparable to the complementary approach, time-to-travel-a-fixed-distance, 
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at least in the case of normal young individuals (N1-N5). The absolute difference between 

the PWV obtained in datasets N1-N5 using the distance-travelled-in-a-fixed-time approach 

compared to the time-to-travel-a-fixed-distance approach was 0 to 1.6 m/s and 0.3 to 1.4 

m/s using ZC and XC, respectively, with 2 planes in the time-to-travel-a-fixed-distance 

approach. The absolute difference between the PWV obtained in the distance-travelled-in-

a-fixed-time approach compared to the time-to-travel-a-fixed-distance approach was 0.3 to 

2.5 m/s for the ZC method and 0.8 to 2.1 m/s for the XC method when using all available 

planes. 

There were limitations in this approach regarding temporal resolution. If the temporal 

resolution was low, the flow changed a lot between two instances in time and if the length 

of the aortic segment that was studied was not long enough, the pulse wave passed through 

the entire segment without being detected. 

For dataset N1 the temporal resolution was high and it was possible to detect the pulse 

wave for multiple instances in time as seen in Figure 12. The temporal resolution in the 

other datasets was low and the pulse wave could only be seen for maximum two instances 

in time. The segmented aorta, from the datasets with lower temporal resolution (N2-N8), 

was long enough to detect the pulse wave as long as it did not travel faster than about 8 m/s 

for the young group and 11 m/s for the old group, as seen in Table 2.  

The pulse wave could not be detected in dataset N6 and N8 using the manual approach. 

The main reason was believed to be that the PWV was actually higher than the 

theoretically maximum PWV that is allowed, and this could make estimation of PWV 

impossible when using this method. The PWV obtained in these datasets with the 

automatic threshold method were lower than the reference values in Table 2. The values 

were also lower than the values obtained from the time-to-travel-a-fixed-distance approach, 

as seen in Table 3 and Table 4. 

Mean flow velocity along the aorta was plotted for different instances in time for dataset 

N8 in the older group, as seen in Figure 11. Here it can be seen that the pulse wave did not 

start for time instance 1 as no flow had been initiated there. For time instance 2 the pulse 

wave had already almost reached the end of the aorta. For the next instances in time the 

pulse wave had already passed through the entire segment and could no longer be detected. 

That meant the tracking of the location of the pulse wave using the new method was not 

possible in this dataset as two neighbouring instances in time, for which the location of the 

pulse wave could be determined, were not available. 
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When the PWV was estimated with the previous methods, in the first approach, the PWV 

was found to be about 8 m/s in the older group, see Table 3 and Table 4. This indicates that 

the PWV was not too high to be able to be detected for at least two adjacent time instants 

even for the old group. A reason why it was not possible to detect the pulse wave for two 

adjacent instances in time in datasets N6 and N8 could be that because of the low temporal 

resolution and high PWV, it was more difficult to track it. A possible scenario could be 

that the pulse wave was just about to start for the first instance in time, but its location 

could not be determined, and for the next instance in time the pulse wave had already 

almost reached the end of the vessel which led to that further determination of the location 

could not be made. It could also be possible that the PWV was underestimated in the time-

to-travel-a-fixed-distance approach for these datasets. 

5.5. Aim 4: Time-to-travel-a-fixed-distance combined with distance-

travelled-in-a-fixed-time 

Combination of the time-to-travel-a-fixed-distance and distance-travelled-in-a-fixed-time 

has proven to be possible. The combination is more robust if one of the approaches has few 

data points.  

There were a total of 82 planes in dataset N1 and the time-to-travel-a-fixed-distance 

approach generated a total of 82 data points when all these planes were used. Since these 

data points were so many compared to the 3 data points that were generated by using the 

distance-travelled-in-a-fixed-time approach; the estimated PWV would almost exclusively 

be depending on the data points from the time-to-travel-a-fixed-distance approach. When 

decreasing the number of planes to 2, the influence of the 3 data points from the 

complementary approach was more pronounced on the estimated PWV as seen in Figure 

13 a-d. A similar accuracy measure as obtained when using multiple planes can be 

introduced in this combined approach even when only 2 planes from the time-to-travel-a-

fixed-distance approach are used as more data points are obtained from the other approach. 

5.6. Limitations and Future work 

The temporal resolution was only reduced by simulations and true limits for a good 

estimation could not be assessed. The true limit for the temporal resolution is still left to be 

investigated. 
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One way to extend this work is to look at smaller segments of the aorta, for instance by 

choosing the first and last plane to be just a fraction of the whole segmented aorta. This 

was tested during the process of this thesis, meaning it is possible, but it was not included 

in the report. Estimation of PWV in smaller segments would give estimation of regional 

PWV rather than global PWV. This could be interesting in the case of locating areas with 

CVD, as a regional increase of PWV could be an indicator for different CVD. Decreasing 

the length of the segment strengthens the limitation of high temporal resolution, because 

the pulse wave has to be detected in a shorter distance.  

The flow waveforms have been found to depend on the position in the aorta. As mentioned 

in section 5.3 it could be relevant to check whether the effect of spatial resolution is same 

when a new centerline is calculated for the new spatial resolution.  
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Chapter 6  

6. Conclusion 

One effect of using multiple planes in the estimation of PWV is that an accuracy measure 

can be introduced. PWV estimation using multiple planes is robust, as the estimated PWV 

is less noisy compared to PWV estimated using few planes. The biggest difference is seen 

when using many planes as compared to two planes. 

An effect of temporal resolution on the PWV estimation was observed. In the case of a 

normal healthy volunteer under 30 years of age the maximum temporal resolution needed 

was found to be approximately 32 ms. Higher temporal resolution resulted in no significant 

difference in the estimated PWV. 

The effect of varying spatial resolution was not clear. A variation of the estimated PWV 

was observed, but no limit for the spatial resolution was found. 

Estimation of PWV with 4D flow MRI using the distance-travelled-in-a-fixed-time 

approach has proven to be possible. The results show comparable results with the 

conventional time-to-travel-a-fixed-distance approach in the case of healthy normal 

volunteers with age under 30 years. 

It was possible to combine the two approaches, time-to-travel-a-fixed-distance and 

distance-travelled-in-a-fixed-time. The combination can be useful if one of the approaches 

has few data points as data points from the other approach are available and this could help 

to give more accurate estimation of PWV.  
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