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AN ASSESSMENT OF THE ACCURACY OF MAGENTIC RESONANCE PHASE 

VELOCITY MAPPING IN TURBULENT FLOW THROUGH ORIFICES 

SAHITYA PIDAPARTHI 

ABSTRACT 

 

Magnetic resonance phase velocity mapping (MRPVM) is an established clinical 

technique to measure blood flow. The acquired information can be used to diagnose a 

variety of cardiovascular disease. One of the main limitations of MRPVM is that it 

cannot quantify the flow under turbulent flow conditions. Such conditions develop in 

certain cases such as in heart valve stenosis and arterial stenosis. Specifically, heart valve 

stenosis is a serious disease in which the valve does not open as much as necessary for 

blood to pass through. As a result, the heart has to overwork to overcome the increased 

resistance. If untreated, the disease can lead to death. One of the diagnostic problems 

related to stenosis is that the flow through the stenotic orifice becomes turbulent, 

associated with velocity fluctuations, flow separation and recirculation downstream of the 

stenosis. Clinically, it is difficult to quantify turbulent flow. Especially in the case of 

MRPVM, turbulent flow leads to signal loss in the images, resulting in loss of valuable 

diagnostic information.   

This study aimed at investigating the effects of imaging parameters on the ability of 

MRPVM for turbulent flow quantification.  Two orifice models were used, one with a 
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75% area reduction and another with a 94% area reduction.  Axial MRPVM acquisitions 

were performed (flow rate: 1.2-10.5 L/min; upstream Re: 1271-11124, orifice Re: 2542–

44497) inside a 1.5 Tesla whole-body clinical MRI scanner. Three in-plane spatial 

resolutions (0.9 x 0.9, 1.5 x 1.5, and 2.0 x 2.0 mm
2
) and five echo times (2.65, 3.5, 5.0, 

7.5, 10.0 msec) were studied.  Images were acquired in both models at five locations: 6.0 

cm upstream from the orifice; at the orifice; 1.0 cm downstream from the orifice; 3.0 cm 

downstream from the orifice; and 5.0 cm downstream from the orifice.  The MRPVM-

measured flow rates were compared with the true flow rates known from rotameters to 

determine the accuracy.   

                 The results confirmed that MRPVM is highly accurate under laminar flow 

conditions, but under turbulent flow conditions, the accuracy was reduced.  Signal loss 

caused an underestimation in the flow rate which was higher in the 94% area reduction 

orifice model as compared to the 75% model. As Re increased, the signal loss and the 

underestimation in the flow rate increased. Overall, increasing the spatial resolution and 

shortening the echo time had an effect on improving the accuracy of the measurements, 

although the effect of resolution was smaller when compared to that of the echo time.  

Further in vitro studies using additional geometries and a larger range of Re as well as 

clinical studies are necessary to further investigate ways to improve the ability of 

MRPVM under turbulent flow conditions. 
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CHAPTER I 

 

INTRODUCTION 

 

The number of individuals suffering from various types of cardiovascular disease 

has been increasing. Approximately, 81 million Americans have been suffering from 

various types of heart and blood vessel diseases [1]. Cardiac malformation is the most 

common abnormality and roughly 0.5 % of the infants around the world are born with 

congenital cardiac malformation. Amongst these valvular defects account for 25% of the 

malformations [2]. Heart valve stenosis plays a significant role in many types of heart 

diseases. Valvular diseases have a high mortality rate and approximately 82000 valvular 

replacements are performed in United States every year [2]. Valvular heart diseases occur 

when the heart valves stop functioning normally. It can be either due to valvular stenosis 

or regurgitation. In case of stenosis, the valve leaflets become harder narrowing the valve 

opening. Based on the severity of the stenosis, the heart function is reduced. Valvular 

stenosis (atrioventricular valves or outflow tract valves) leads to an increase in the 

pressure gradient across the valve, whose magnitude depends on the degree of stenosis 
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and the blood flow rate across the valve. In case of higher degree of stenosis, there is a 

possibility for turbulent blood flow patterns across the valve. Mitral valve stenosis, 

tricuspid valve stenosis, aortic valve stenosis and pulmonic valve stenosis are examples 

for valvular stenosis. In all the cases, the valve opening is reduced, creating high 

resistance for blood flow across the valves. This increases the pressure across the valve 

and thereby increasing the blood flow velocity leading to complex turbulent flow 

conditions [3]. So it is very important to develop a reliable and practical diagnostic 

protocol which will accurately quantify the severity of the stenosis.   

Clinically it has been very difficult to quantify turbulent flow. Among all the 

clinical modalities, hydrogen based magnetic resonance (MR) imaging is a widely used 

imaging modality which provides important information about cardiovascular anatomy 

and function non-invasively without using ionizing radiation. Magnetic resonance phase 

velocity mapping (MRPVM) is a special MR technique able to accurately quantify blood 

flow. MRPVM is the only clinical technique which can measure the flow velocity in all 

of the three spatial directions. Although it has been shown to be accurate and precise 

under laminar flow conditions, it has limitations under turbulent flow conditions. 

The first blood flow measurement was reported by Moran in 1982. He used a 

velocity encoding gradient along with the conventional MR and obtained flow images 

[4]. Later, phase changes were used for blood flow measurements by Van Dijk in 1983 

[37]. The first clinical measurement of blood flow was reported by Bryant et al in 1984. 

By using phase difference technique in combination with gradient recalled echo sequence 

flow measurements were carried out in femoral and carotid arteries in vivo. Results were 
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validated in vitro using a continuous flow water phantom and in vivo using Doppler 

ultrasound [38]. Studies conducted by Yokosawa et al in the year 2005 showed that 2D 

cine phase contrast MRI can be used to study complex blood flow patterns in human 

body. Their results confirmed that 2D cine PCMRI was accurate only at lower flow rates 

[5].  

This study aimed at determining the effects of vessel geometry and imaging 

parameters, such as echo time (TE) and spatial resolution, on the quality of the acquired 

MRPVM data under turbulent flow conditions. Axial MR images were acquired for two 

area reduction orifice models (75% and 94% area reduction) under steady flow conditions 

in a 1.5T Siemens MR scanner for different flow rates ( 1.2 L/min – 10.5 L/min), five 

slice locations and varying imaging parameters (echo times and in-plane spatial 

resolutions). The images were then analyzed at Cleveland Clinic Foundation using Argus 

software and at Cleveland State University using Transform software. The results were 

then compared to study the effect of geometry and imaging parameters on MRPVM 

measurements. 
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CHAPTER II 

 

LITERATURE REVIEW 

 

This chapter provides details about the history of flow measurements through 

valvular stenosis as well as the principles and some history about MRPVM. 

2.1 Previous and Current Techniques to Measure Flow through Valvular Stenosis 

Doppler echocardiography played a significant role in evaluating the valvular heart 

disease [6-9]. Analyzing the Doppler blood velocity data can be useful in determining the 

severity of valvular stenosis. The detection of presence or absence of stenosis is usually 

based on detection of turbulence and increased flow in the stenosis area [10]. 3D 

echocardiography can be very useful in the assessment of complex cardiac morphology. 

Specially using 3D echocardiography, additional slices can be generated with the same 

volume of data available but at a later time [11]. The use of cardiac catheterization has 

been limited to preoperative evaluation of the coronary arteries or to find the 

discrepancies between clinical findings and echocardiographic data [12]. The main issue 

http://radiographics.rsna.org/content/20/5/1279.full#ref-5
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in echocardiography is to collect the data accurately as the velocity is calculated from 

Doppler frequency shift. For this the ultrasound must be aligned parallel to the flow. But 

the direction of the stenotic jet is unpredictable, so it is very important to take every 

precaution to avoid the error [13]. The 3D MR imaging, being a non-invasive technique, 

serves as an alternative to echocardiography [14-16]. MR imaging allows accurate 

measurement of velocity profiles similar to color Doppler ultrasonography or duplex 

Doppler and doesn‟t have any limitations to acoustic penetrations to various regions of 

the heart [17, 18]. Study conducted by Bluestein and Einav using Laser Doppler 

Anemometry in a pulse duplicator system using prosthetic heart valves at mitral and 

aortic valve positions showed that the highest level of turbulence was closely related to 

degree of stenosis, valve position and was observed in the decelerating phase. The flow 

was later laminar in the accelerating phase [19]. Study conducted by Caruthers et al 

proved that velocity encoded MRI can be used as a reliable technique to evaluate the flow 

through stenotic aortic valves [20]. 

2.2 Magnetic Resonance Imaging and Magnetic Resonance Phase Velocity mapping 

MR imaging is a clinical imaging modality whose principles are based on nuclear 

magnetic resonance. Very few nuclei containing an odd number of protons and neutrons 

exhibit those specific magnetic properties [22]. One such nucleus is the hydrogen proton. 

Human body is largely composed of water, and each water molecule contains two 

hydrogen nuclei. Thus hydrogen protons are in abundance in human body. NMR 

potential has been exploited in late 1946 by two different groups, however Felin Bloch 
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and Edward Purcell were the persons who identified its applications in natural science 

and were awarded the noble prize for the same in the year 1952 [34-36].   

Each proton in the hydrogen nuclei carries an electric charge and spin around its 

own axis. This creates a small electromagnetic field and the proton behaves like a small 

bar magnet. Thus hydrogen proton has two energy states (-1/2 0r +1/2). It can either be in 

a low or high energy state, resulting in protons being aligned in parallel or antiparallel to 

the direction of an externally-applied static magnetic field. In the absence of a strong 

external magnetic field, the protons will be aligned in random direction. However, when 

an external magnetic field B0 is applied, more than 50% of the protons have their 

magnetic moment vector being aligned in the direction of the applied magnetic field. 

Each proton starts wobbling or precessing as a result of its spin (angular momentum) and 

the external magnetic field. The frequency of the precession of the proton is given by the 

“Larmor Equation” [23]:          

                      γB0                        Eq: 2.1      

 

where, 

B0 is the external magnetic field (T) 

 is the precession frequency (Hz) and   

γ is the gyromagnetic ratio (Hz/T) 
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The gyromagnetic ratio depends on the element; for example, it is equal to 42.58 

MHz/T for the hydrogen nucleus. 

The imaging cycle consists of the following different steps: 

1. Application of the radio frequency (RF) energy pulse 

2. Creating gradients in the magnetic field and slice selection 

3. Phase and frequency encoding 

4. Signal  readout 

5. Image reconstruction 

The first step in MR imaging is the excitation of protons in the object of interest. 

This can be achieved by the application of an RF pulse perpendicular to the main 

magnetic field. Let B1 be the magnetic field strength of the RF pulse. Now the protons 

start precessing about the axis of B1at a frequency 1  γB1. So, the protons are 

precessing at a frequency of  about B0 field and at a frequency of 1 about the B1 field 

resulting in flipping the net magnetization vector from z-axis into x-y plane [23]. For the 

RF pulse to have any effect on the protons, the frequency of RF pulse should be same as 

the proton precession frequency. In order to select the protons in a particular slice, the 

frequency of the precession of the protons in this slice should differ from the frequency 

of precession of the other protons. This can be achieved by applying a gradient which 

creates a variation of precessional frequency, thus allowing RF pulse to excite the protons 

in particular slice of interest. Thus slice selection is achieved [21].   
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Once the RF pulse is turned off, the protons have to give up their excess energy and 

start realigning in the direction of external magnetic field. This process of the protons 

returning to their lower energy states is termed as relaxation. The time taken for the 

protons to realign along the longitudinal or the z-axis is called as the longitudinal (T1) or 

spin-lattice relaxation and the time taken for the decay of magnetization along the x-y 

plane is called as the  spin-spin or transverse (T2) relaxation. Due to spin dephasing in T2 

relaxation, it occurs five to ten times faster than the T1 recovery. External magnetic filed 

inhomogeneties, changing the TR and TE can change the T1 and T2 relaxation times 

[23].  

Now, it is time for phase and frequency encoding of the signal. This is achieved by 

applying two different gradients Gx and Gy in X and Y directions respectively.  Gy is 

applied for phase encoding and Gx is applied for frequency encoding. Gy is applied prior 

to Gx. Application of Gy gradient causes a difference in precessional frequency of the 

protons at different Y levels and application of Gx gradient causes a difference in 

precessional frequency of the protons at different X levels, thus leading to spatial 

encoding of the signal. This fills one line in the k-space. The entire process is repeated, 

with the only change being the Gy gradient, to get required amount of data to fill the k-

space. The information in the k-space is in time domain and an inverse 2D discrete 

Fourier transform gives the final reconstructed image [23].  

In addition to its ability as a reliable clinical imaging modality, MR imaging 

provides valuable flow related information in various applications [24-26]. The major 

advantage of MR over other clinical modalities is its unique ability to measure the 



9 

 

velocity in all the three spatial directions. By applying a proper bipolar gradient, the 

velocity of the moving proton is encoded into the phase of the received signal [4]. Each 

acquisition produces two images, one magnitude image and one phase image. The 

velocity can be calculated from the phase image due to the linear relation between the 

velocity of the protons and the encoded phase signal. However, to avoid errors in velocity 

information it is recommended that the flow is non-accelerated. Phase is also affected by 

several other factors like magnetic field inhomogeneties, RF pulse effects, turbulence and 

reverse flow effects [27]. In order to eliminate some of these errors, a set of two images is 

acquired for each of the velocity encoding direction. Both the images have all the phase 

inhomogeneties but with a phase shift. Subtracting the two images results in a phase 

difference image where the irregularities are minimized and the intensity of the pixel is 

directly proportional to the velocity in the encoded direction [28].  

There are two basic imaging pulse sequences used for acquiring images in MR 

imaging: spin echo and gradient echo. Spin echo pulse sequence eliminates the dephasing 

effects due to the inhomogeneties in the external magnetic field by the application of one 

or more 180 degree rephasing pulses after the 90 degree RF pulse. It gives a high signal 

to noise ratio but has longer scan times. On the other hand, the gradient echo pulse 

sequence has a shorter TR, thus allowing it to do 3D imaging. It can also acquire the 

images of flowing blood. The two important parameters in gradient echo pulse sequence 

are TR and TE. TR is defined as the time interval between two consecutive RF pulses and 

echo time (TE) is defined as the time between the application of RF pulse and the signal 

readout [23]. The gradient echo pulse sequence is schematically represented below. 
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Fig 2.1: Gradient Echo Pulse Sequence diagram 

Where, 

RF -- Radiofrequency 

Gz – Slice selection 

Gy – Phase encoding 

Gx – Frequency encoding 

TE – Echo time 

TR – Repetition time 
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In a gradient echo sequence the bipolar gradient is usually applied in the z-direction 

or the slice selection direction. The phase is calculated using the following equation [29]: 

                φ = (γM1) ν = (γ ) ν = (γAgT) ν                                     Eq:2.2 

where, 

φ is Phase of the received signal (radian), γ is Gyromagnetic ratio (Hz/T), ν is Velocity 

(m/s), M1 is first moment of the gradient waveform (T s
2
/m) at TE, G (t) is Magnetic field 

gradient (T/m), Ag is area of each lobe of the bipolar gradient (T/m s) and T is time 

between the centers of the two lobes of the gradient.  

The velocity can be calculated from the phase values using the following equation: 

                                   ν = Δφ (Venc/ π)                                                          Eq:2.3 

There is a critical velocity value above which aliasing occurs and that limiting 

velocity is called as velocity encoding limit or simply Venc. Venc values should not be 

too high and be chosen in such a way to ensure high sensitivity and avoid aliasing [30].  

2.3 MRPVM of Stenotic Turbulent Flows 

In general, turbulent flow is defined as a form of irregular viscous flow in which 

pressure and velocity of the fluid fluctuates at random in both time and space. It can be 

characterized by Reynolds number (Re) which is defined by the following equation: 

                                Re = ρ*V*L / μ                                                           Eq: 2.4 

where, 

Re - Reynolds number 
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ρ      - Density (Kg/m
3
) 

V     - Velocity (m/s) 

L      - Characteristic linear dimension (m) 

μ      - Dynamic viscosity (N-s/m
2
) 

The Reynolds number is a dimensionless number that gives a measure of ratio of 

inertial forces to viscous forces. It is used to characterize different flow regimes. Laminar 

flow occurs when the Reynolds number is less than 2100, where viscous forces are 

dominant, and is characterized by smooth, constant fluid motion. Transitional flow occurs 

when Re ranges from 2100 – 4000. Turbulent flow occurs at Re greater than 4000 and is 

dominated by inertial forces, which produce eddies, vortices and other flow instabilities 

[31].    

Blood flow in human body is laminar under healthy conditions. But presence of 

orifice in the blood vessels leads to the narrowing of blood vessels and thereby creating 

turbulence in the blood flow. These turbulent blood flows can have adverse effects on 

human health. MR imaging is being used for flow measurements since three decades [4, 

32, 33].   

Several studies have been conducted to understand the complexities involved with 

using MR for measuring turbulent blood flow, yet its effectiveness in valvular stenosis 

remains unclear [39-45]. In gradient echo imaging turbulence can be detected by the 

signal loss observed in the images. Signal loss is induced because of the velocity 

fluctuations in both time and space. In gradient echo imaging flowing blood appears 

http://en.wikipedia.org/wiki/Eddy_(fluid_dynamics)
http://en.wikipedia.org/wiki/Vortex
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bright and the signal intensity is usually proportional to the fluid velocity [46]. Study 

conducted by two separate groups concluded that turbulent flow through valves and 

vascular stenosis may be associated with signal loss. Also no signal loss was observed in 

straight tubes under steady state conditions at higher turbulence; whereas signal loss was 

observed at the same Re in a flow through orifice [47, 48]. Podolak et al conducted a 

study on the affect of signal intensity of flowing fluid in a simulated vascular stenosis. 

Various stenotic models with 25%, 51% and 73% area reduction were studied. They 

concluded that in a stenosis of 51% area reduction and higher, the systolic signal intensity 

decreases. Negligible affect is seen through a 25% area reduction. They also predicted 

that turbulence might be the reason for signal loss [39]. A study conducted by Gatehouse 

et al showed that the signal loss can be reduced by using rapid k-space sampling in 

MRPVM. They acquired both in plane and through plane velocity acquisitions in 

volunteers and their results showed that early acquisition of center k-space reduced the 

signal loss [49].  

Various studies have been conducted to study the effects of turbulence in spin echo 

images. Studies carried out by two individual groups suggest that there may be an 

increase or decrease in the signal intensity in spin echo imaging due to turbulence [50, 

51]. Later conducted studies proved that in disturbed flow, velocity and acceleration 

differences and loss of phase coherence with in a voxel are important factors for signal 

loss in vascular flow [52-54]. In spin echo imaging, the signal intensity decreases with an 

increase in flow unlike the gradient flow where the signal intensity increases with an 

increase in flow. This is because of the replacement of partially saturated spins with fully 
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magnetized spins. Hence the gradient echo imaging can be used for studying the effects 

of turbulence. Turbulence need not create signal loss. In transition flow through orifice 

signal intensity is not affected; however as the level of turbulence increases a threshold 

value is reached where signal loss occurs. For the same Re, signal loss is highest in the 

smallest orifice [48]. 

Stahlberg et al conducted in vitro experiments under steady flow conditions to see 

the effect of imaging parameters on phase contrast imaging and found that the phase 

contrast measurements were not reliable in turbulent jets due to acceleration and 

increased intravoxel dephasing effects. They concluded that reducing the TEs reduced 

these dephasing effects [55]. Another set of in vitro studies were performed by 

Sondergaard et al under steady flow conditions in stenotic jets. They found that there was 

an error of approximately 24% in phase contrast velocity measurements in stenotic valve 

area [56]. The area of signal loss helps in effectively estimating the aortic valve area [32]. 

The main issue with phase contrast imaging is the longer scan duration because of the 

need for acquisition of multiple images to produce the final image. In order to overcome 

this, Chee-man proposed the estimation of velocity in flow encoded image only, thereby 

reducing the scan time by more than fifty percent. The study concluded that leakage of 

flow phase into the background phase is the main reason for the underestimation of 

velocities [57].  

A group of researchers conducted studies to compare the phase contrast MR 

measurements with the CFD computations in a flow through step stenosis. Their results 

showed that at Re = 100, 90% of the phase contrast MR measurements lied within an 
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error of 10% of the measurements from CFD and at Re = 258, 94% of the phase contrast 

MR measurements lied within an error of 10% of the measurements from CFD. Thus 

phase contrast MR data is well in agreement with the CFD computational results [58]. 

Moran et al conducted studies on accuracy of phase contrast MR angiography in 

intravoxel velocity distributions and found that, the method was accurate in determining 

the velocity in unidirectional flow but results in errors in case of bidirectional flow [42]. 

Studies were conducted to evaluate the fast segmented k-space MRPVM in quantifying 

flow through mitral regurgitant orifices. Experiments were performed under steady and 

pulsatile flow conditions. The results were then compared to the results from non-

segmented MRPVM results and they were well matched in both steady and pulsatile flow 

conditions with errors lying under 5% [59].  

Oshinski and group investigated the cause of signal loss in MR images due to 

turbulent flow effects in a 90% stenosis. The results suggested that reducing the gradient 

durations and TEs may reduce the signal loss. Also fluids with physiological properties 

similar to blood should be used in future studies [60]. Sederman and group used the 

gradient echo rapid velocity and acceleration imaging sequence and acquired three 

component velocity images of turbulent flow pipe. They conducted the experiments in a 

long tube at Re ranging from 1250 to 5000, thus both laminar and turbulent flow 

conditions were taken care of. Laminar flow results were well in agreement with the 

predicted values where as the turbulent puffs were observed in case of turbulent flow 

results [61]. 
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O‟Brien et al conducted studies on MR phase contrast velocity and errors in 

turbulent stenotic jets. Their research concluded that flow errors in turbulent flows were 

mainly due to signal loss. Also TE = 2.0 msec can be used for accurate flow 

measurements till 600 ml/sec.  Another set of experiments were conducted to study the 

effect of TE on stenotic jets and found that shorter TEs reduce the intra-voxel dephasing 

and thereby reducing the signal loss in stenotic jets [21, 43, 62]. In valvular stenosis 

irregular flow types and turbulence can induce signal loss. In such cases shortening of 

TEs reduces the amount of signal loss by increasing the threshold of turbulence intensity 

for signal loss. The experiments conducted by Kilner and group confirmed that velocities 

upto 6 m/sec can be accurately measured with TE = 3.6 msec [63]. 

Recently, Navneeth conducted experiments on two stenosis models with 75 % area 

reduction and 94 % area reduction. The experiments were carried out at five TEs [2.65, 

3.4, 4.2, 5, 6 msec] and three in plane spatial resolutions [0.9x0.9, 1.3x1.3, 1.7x1.7 mm
2
]. 

The results showed that MRPVM is accurate in turbulent flow conditions and 

consistently underestimated the flow in turbulent flow conditions. This underestimation is 

due to signal loss. Lower TEs [2.65 and 3.4] provided accurate results when compared to 

higher TEs. The underestimation of flow rates increased with an increase in flow rate and 

with an increase in degree of stenosis [66].  

Looking at the previous studies, there is a need to conduct extensive research to see 

the accuracy of MR in measuring flow rates in different geometries and study the effect 

of various imaging parameters on these measurements. This study aims at determining 
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the ability of MRPVM to quantify flow in turbulent flow regions with various degrees of 

stenosis stressing on the effect of different imaging parameters. 
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CHAPTER III 

 

HYPOTHESIS AND SPECIFIC AIMS 

 

Medical Imaging has experienced a lot of advancement in clinical and technological 

fields. The main aim of these developments is to acquire adequate diagnostic information 

without compromising the care provided to the patients. With the number of patients 

suffering from heart diseases increasing day by day, it is really important to find a 

reliable imaging technique that can provide accurate information for proper diagnosis. 

Narrowing of blood vessels is one of the most common among all the heart diseases 

faced by people today. This narrowing of blood vessels results in complex blood flow 

patterns inside the arteries. Thus it is very essential to find an imaging technique that can 

provide accurate information in these complex blood flow patterns. MR phase velocity 

mapping (MRPVM) is one such development in medical imaging, which can measure 

flow velocities in all the three spatial directions. MRPVM can accurately measure 

velocities under laminar flow conditions; however it has several limitations in turbulent 

flow regions due to signal loss. The main aim of this study was to examine the ability of 

MRPVM to measure flow in two orifice models under a variety of flow conditions. 
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The following hypothesis were tested in this study- 

1. The lower the TE, the higher the accuracy of MRPVM under turbulent flow 

conditions 

2. The higher the spatial resolution, the higher the accuracy of MRPVM under 

turbulent flow conditions 

These hypotheses were tested by achieving the following specific aims: 

 

Specific Aim 1: 

To determine the effect of TE on the accuracy of MRPVM under turbulent flow 

conditions 

Experiments were conducted in a 1.5T Siemens MRI scanner under steady flow 

conditions. Axial MR images were acquired for 75% area reduction and 94% area 

reduction orifice models at five different TE‟s ( 2.65, 3.5, 5.0, 7.5, 10.0 msec). The 

acquisitions were performed at five different positions for both the models: 6.0 cm 

upstream from the orifice, at the orifice, 1.0 cm downstream from the orifice, 3.0 cm 

downstream from the orifice and 5.0 cm downstream from the orifice. Flow rates ranging 

between 1.2 L/min and 10.5 L/min (Re ranging from 1271-11124 at upstream and 2543-

22248 at the orifice) were used in the experiments. Flow rates were calculated from the 

acquired phase images using the Argus software. These flow rates were then compared 

with the true flow rates from the rotameter to see the effect of TE on the MRPVM 

measurements. 
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Specific Aim 2: 

To determine the effect of spatial resolution on the accuracy of MRPVM under 

turbulent flow conditions 

Experiments were conducted in a 1.5T Siemens MRI scanner under steady flow 

conditions. Axial MR images were acquired for 75% area reduction and 94% area 

reduction orifice models at three different spatial resolutions (0.9x0.9, 1.5x1.5, 2.0x2.0 

mm
2
). The acquisitions were performed at five different positions for both the models: 

6.0 cm upstream from the orifice, at the orifice, 1.0 cm downstream from the orifice, 3.0 

cm downstream from the orifice and 5.0 cm downstream from the orifice. Flow rates 

ranging between 1.2 L/min and 10.5 L/min (Re ranging from 1271-11124 at upstream 

and 2543-22248 at the orifice) were used in the experiments. Flow rates were calculated 

from the acquired phase images using the Argus software. These flow rates were then 

compared with the true flow rates from the rotameter to see the effect of TE on the 

MRPVM measurements. 
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CHAPTER IV 

 

METHODS 

 

4.1 Experimental Apparatus 

All the experiments were carried out in a 1.5T MR scanner (Magnetom Sonata, 

Siemens Medical solutions Inc, Germany). A steady flow loop (Figure 4.1) was 

constructed for conducting the experiments. The flow loop consisted of a steady state 

sump pump (Flotec V4 HP; Delavan WI), a rotameter (Dakota Instruments, 0-12 lpm), a 

reservoir, PVC pipes, flexible tubing, polycarbonate box and the orifice model. Water 

was used as the working fluid throughout the experiments.  

The orifice model was placed inside the polycarbonate box. The box was then filled 

with water to ensure a good MR signal. The pump was placed in the 50 L reservoir filled 

with water. A rotameter was used to measure the true Flow rates. Flexible tubes and ¾   

diameter PVC pipes were used to transport water to the model and back to the reservoir. 

A graded cylinder and a stopwatch were used to calibrate the rotameter. The flow rate 

was adjusted using valves. The flow loop was thoroughly tested in the laboratory at 
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Cleveland State University to ensure there were no leaks and other problems and it was 

transferred to the Cleveland Clinic for the experiments.  

 

Figure 4.1: Schematic of the Steady State Flow loop  
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4.2 Models 

75% Area Reduction Orifice Model: 

Pyrex glass was the material used to make the model. It had an internal diameter 

(ID) of 2.0 cm both upstream and downstream from the orifice and it was 30.0 cm in 

length. The area of the orifice was 25 % the area of the unoccluded part, resulting in an 

orifice ID of 1.0 cm. Thus the cross-sectional area is 0.785 cm
2
 at the throat of the orifice 

and 3.14 cm
2
 at all the other slice positions. The MRPVM measurements were taken at 

five locations using transverse imaging slices (Figure 4.2): 

1. 6.0 cm upstream from the orifice 

2. At the orifice 

3. 1.0 cm downstream from the orifice 

4. 3.0 cm downstream from the orifice 

5. 5.0 cm downstream from the orifice 



24 

 

 

Figure 4.2: Schematic of the 75% Orifice model 

 

94% Area Reduction Orifice Model: 

Pyrex glass was the material used to make the model. It had an internal diameter 

(ID) of 2.0 cm both upstream and downstream from the orifice and it was 30.0 cm in 

length. The area of the orifice was 6.25 % the area of the unoccluded part, resulting in an 

orifice ID of 0.5 cm. Thus the cross-sectional area is 0.196 cm
2
 at the throat of the orifice 

and 3.14 cm
2
 at all the other slice positions. The MRPVM measurements were taken at 

five locations using transverse imaging slices (Figure 4.3): 

1. 6.0 cm upstream from the orifice 

2. At the orifice 
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3. 1.0 cm downstream from the orifice 

4. 3.0 cm downstream from the orifice 

5. 5.0 cm downstream from the orifice 

Figure 4.4 represents a schematic of 94 % orifice model with imaging slice positions 

marked. 

 

Figure 4.3: Schematic of the 94% Orifice model 

 

 

 

 



26 

 

4.3 Flow Conditions 

Water was used as the working fluid throughout the experiments. The room 

temperature was approximately 20   centigrade and so a density of 998 kg/m
3 

and viscosity 

of 0.001 kg/m-s for water were used in the calculation. A total of four Flow rates were 

used in the experiments: 1.2, 5.5 and 10.5 L/min in 75 % orifice case and 5.5 and 8.5 

L/min in the 94 % orifice case experiments. Tables 4.1 and 4.2 summarize the Flow rates, 

cross-sectional average velocities and Reynolds numbers (Re) used in the case of the 75 

% orifice model and in the case of the 94% orifice model, respectively. 

 

Table 4.1: Flow rates, Average cross-sectional velocity values and Reynolds numbers in 

75% orifice models 

 

Flow Rate 

L/min 

Upstream 

cross-

sectional 

velocity 

Cm/sec 

Upstream 

Reynolds 

number 

Orifice average 

Cross-sectional 

velocity 

Cm/sec 

Orifice 

Reynolds 

number 

Re 

 

1.2 

 

6.37 

 

1271 

 

25.48 

 

2543 

 

5.5 

 

29.2 

 

5827 

 

116.77 

 

11654 

 

10.5 

 

55.73 

 

11124 

 

222.93 

 

22248 
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Table 4.2: Flow rates, Average cross-sectional velocity values and Reynolds numbers in 

94% orifice models 

 

Flow Rate 

L/min 

Upstream 

cross-

sectional 

velocity 

Cm/sec 

Upstream 

Reynolds 

number 

Orifice average 

Cross-sectional 

velocity 

Cm/sec 

Orifice 

Reynolds 

number 

Re 

 

5.5 

 

29.2 

 

5827 

 

467.09 

 

23308 

 

8.5 

 

45.12 

 

9005 

 

721.87 

 

36021 

 

 

4.4 Imaging Procedures and Parameters 

The flow loop was constructed and inserted in the MRI scanner with the 

polycarbonate box positioned at the isocenter. The experiments were performed under 

steady flow conditions. So we had to wait till the flow was stabilized (at least 20 minutes 

before starting the image acquisition) and the flow loop was inspected in between the 

experiments to make sure that the flow rate was stable and no other issues occurred in the 

flow loop. MRPVM measurements were performed using gradient echo sequence with 

bipolar velocity encoding gradients. A variety of in-plane resolutions (0.9 x 0.9, 1.5 x 1.5 

and 2.0 x 2.0 mm
2
) and echo times (2.65, 3.5, 5, 7.5, 10 msec) were studied. A TR=130 

msec was used in all the experiments. Venc values for the through plane velocity 
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measurements were selected based on the highest velocity at that slice position expected 

based on the flow condition.  The flow rate stabilization and image acquisition for a 

single orifice model at one single flow rate took approximately 6-8 hours and so 

experiments were carried out on different days for different Flow rates. Tables 4.3-4.7 list 

the imaging parameters used in both orifice models. 

 

Table 4.3: Imaging parameters used for the transverse MRPVM through-plane 

acquisitions in the 75% Orifice model - flow rate: 1.2 L/min. 

Slice position ST 

Mm 

FOV 

mm 

Base 

resoluti

on 

Pixel 

size 

mm 

TR 

ms 

TE 

ms 

VENC 

Cm/s 

Upstream 5.5 180 192 0.9 130  

 

2.65 

3.5 

5.0 

7.5 

10.0 

66 

Upstream 5.5 280 192 1.5 130 66 

Upstream 5.5 380 192 2.0 130 66 

At the orifice 5.5 180 192 0.9 130 66 

At the orifice 5.5 280 192 1.5 130 66 

At the orifice 5.5 380 192 2.0 130 66 

1 cm downstream 5.5 180 192 0.9 130 66 

1 cm downstream 5.5 280 192 1.5 130 66 

1 cm downstream 5.5 380 192 2.0 130 66 

3 cm downstream 5.5 180 192 0.9 130 66 

3 cm downstream 5.5 280 192 1.5 130 66 

3 cm downstream 5.5 380 192 2.0 130 66 

5 cm downstream 5.5 180 192 0.9 130 66 

5 cm downstream 5.5 280 192 1.5 130 66 

5 cm downstream 5.5 380 192 2.0 130 66 
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Table 4.4: Imaging parameters used for the transverse MRPVM through-plane 

acquisitions in the 75% Orifice model - flow rate: 5.5 L/min. 

 

Slice position ST 

Mm 

FOV 

mm 

Base 

resoluti

on 

Pixel 

size 

mm 

TR 

ms 

TE 

ms 

VENC 

Cm/s 

Upstream 5.5 180 192 0.9 130  

 

2.65 

3.5 

5.0 

7.5 

10.0 

66 

Upstream 5.5 280 192 1.5 130 66 

Upstream 5.5 380 192 2.0 130 66 

At the orifice 5.5 180 192 0.9 130 150 

At the orifice 5.5 280 192 1.5 130 150 

At the orifice 5.5 380 192 2.0 130 150 

1 cm downstream 5.5 180 192 0.9 130 200 

1 cm downstream 5.5 280 192 1.5 130 200 

1 cm downstream 5.5 380 192 2.0 130 200 

3 cm downstream 5.5 180 192 0.9 130 200 

3 cm downstream 5.5 280 192 1.5 130 200 

3 cm downstream 5.5 380 192 2.0 130 200 

5 cm downstream 5.5 180 192 0.9 130 150 

5 cm downstream 5.5 280 192 1.5 130 150 

5 cm downstream 5.5 380 192 2.0 130 150 
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Table 4.5: Imaging parameters used for the transverse MRPVM through-plane 

acquisitions in the 75% Orifice model - flow rate: 10.5 L/min. 

 

Slice position ST 

Mm 

FOV 

mm 

Base 

resolu

tion 

Pixel 

size 

mm 

TR 

ms 

TE 

ms 

VENC 

Cm/s 

Upstream 5.5 180 192 0.9 130  

 

2.65 

3.5 

5.0 

7.5 

10.0 

90 

Upstream 5.5 280 192 1.5 130 90 

Upstream 5.5 380 192 2.0 130 90 

At the orifice 5.5 180 192 0.9 130 350 

At the orifice 5.5 280 192 1.5 130 350 

At the orifice 5.5 380 192 2.0 130 350 

1 cm downstream 5.5 180 192 0.9 130 350 

1 cm downstream 5.5 280 192 1.5 130 350 

1 cm downstream 5.5 380 192 2.0 130 350 

3 cm downstream 5.5 180 192 0.9 130 350 

3 cm downstream 5.5 280 192 1.5 130 350 

3 cm downstream 5.5 380 192 2.0 130 350 

5 cm downstream 5.5 180 192 0.9 130 300 

5 cm downstream 5.5 280 192 1.5 130 300 

5 cm downstream 5.5 380 192 2.0 130 300 
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Table 4.6: Imaging parameters used for the transverse MRPVM through-plane 

acquisitions in the 94% Orifice model - flow rate: 5.5 L/min. 

 

Slice position ST 

Mm 

FOV 

mm 

Base 

resolu

tion 

Pixel 

size 

mm 

TR 

ms 

TE 

ms 

VENC 

Cm/s 

Upstream 5.5 180 192 0.9 130  

 

2.65 

3.5 

5.0 

7.5 

10.0 

66 

Upstream 5.5 280 192 1.5 130 66 

Upstream 5.5 380 192 2.0 130 66 

At the orifice 5.5 180 192 0.9 130 700 

At the orifice 5.5 280 192 1.5 130 700 

At the orifice 5.5 380 192 2.0 130 700 

1 cm downstream 5.5 180 192 0.9 130 700 

1 cm downstream 5.5 280 192 1.5 130 700 

1 cm downstream 5.5 380 192 2.0 130 700 

3 cm downstream 5.5 180 192 0.9 130 700 

3 cm downstream 5.5 280 192 1.5 130 700 

3 cm downstream 5.5 380 192 2.0 130 700 

5 cm downstream 5.5 180 192 0.9 130 600 

5 cm downstream 5.5 280 192 1.5 130 600 

5 cm downstream 5.5 380 192 2.0 130 600 
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Table 4.7: Imaging parameters used for the transverse MRPVM through-plane 

acquisitions in the 94% Orifice model - flow rate: 8.5 L/min. 

 

Slice position ST 

mm 

FOV 

mm 

Base 

resoluti

on 

Pixel 

size 

mm 

TR 

ms 

TE 

ms 

VENC 

Cm/s 

Upstream 5.5 180 192 0.9 130  

 

2.65 

3.5 

5.0 

7.5 

10.0 

90 

Upstream 5.5 280 192 1.5 130 90 

Upstream 5.5 380 192 2.0 130 90 

At the orifice 5.5 180 192 0.9 130 999 

At the orifice 5.5 280 192 1.5 130 999 

At the orifice 5.5 380 192 2.0 130 999 

1 cm downstream 5.5 180 192 0.9 130 999 

1 cm downstream 5.5 280 192 1.5 130 999 

1 cm downstream 5.5 380 192 2.0 130 999 

3 cm downstream 5.5 180 192 0.9 130 999 

3 cm downstream 5.5 280 192 1.5 130 999 

3 cm downstream 5.5 380 192 2.0 130 999 

5 cm downstream 5.5 180 192 0.9 130 999 

5 cm downstream 5.5 280 192 1.5 130 999 

5 cm downstream 5.5 380 192 2.0 130 999 

 

Where, 

ST = Slice Thickness 
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4.5 Image Data Analysis 

Each acquisition produced two images; one phase image and one magnitude image. 

The acquired images were first analyzed at the Cleveland Clinic. Using the Argus 

software (Siemens Medical solutions, Erlangen, Germany), the measured Flow rates were 

calculated by selecting an ROI (tube lumen) in each image.  

 

 

Figure 4.4: Sample Magnitude and Phase Images 

 

The images were later transferred to a PC at CSU for further analysis, Transform 

(version 3.4, copyright 1990-1998, Fortner Software LLC and its Licensors) was used to 

correct any aliased velocity pixels and review the velocity data. Each phase image was 

imported into Transform and the phase values were converted into velocity values using 

the following equation 

                          Velocity value= (Phasevalue-2048)*Venc/2048                         (Eq: 4.1) 

a) Magnitude image 
b) Phase image  
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The aliased pixels were then corrected using the formula 

                     New Pixel Velocity= Aliased pixel velocity + 2*Venc                    (Eq: 4.2) 
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CHAPTER V 

 

RESULTS 

 

In this chapter, the results from the MRPVM measurements in the two orifice 

models were presented. 

In summary, the MRPVM measurements were made using five TEs (2.65, 3.5 5.0, 

7.5, 10.5 msec) under 1.2, 5.5 and 10.5 L/min in the case of 75% orifice model and under 

5.5 and 8.5 L/min in the case of 94% orifice model. The measured flow rates were then 

compared with the true flow rates known from the rotameter. 

 

75% Area Reduction Orifice Model – True Flow Rate = 1.2 L/min 

Tables 5.1-5.5 show the MRPVM measured flow rates at the five locations shown 

in Figure 4.2 for all TEs and in-plane spatial resolutions.  
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Table 5.1: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: 6.0 cm upstream from the orifice; True flow rate = 1.2 L/min; 75% orifice 

model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 1.04 

3.5 1.04 

5.0 1.12 

7.5 1.06 

10.0 1.16 

 

 

1.5 x 1.5 

2.65 1.06 

3.5 1.09 

5.0 1.09 

7.5 1.03 

10.0 1.15 

 

 

2.0 x 2.0 

2.65 1.02 

3.5 1.03 

5.0 1.05 

7.5 1.10 

10.0 1.09 
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Table 5.2: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: at the orifice; True flow rate = 1.2 L/min; 75% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 0.80 

3.5 0.84 

5.0 0.80 

7.5 0.78 

10.0 0.69 

 

 

1.5 x 1.5 

2.65 0.81 

3.5 0.79 

5.0 0.75 

7.5 0.78 

10.0 0.66 

 

 

2.0 x 2.0 

2.65 0.77 

3.5 0.74 

5.0 0.72 

7.5 0.68 

10.0 0.63 

 

 

 

 

 



38 

 

 

Table 5.3: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: 1.0 cm downstream from the orifice; True flow rate = 1.2 L/min; 75% 

orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 1.08 

3.5 0.98 

5.0 0.89 

7.5 0.72 

10.0 0.85 

 

 

1.5 x 1.5 

2.65 1.03 

3.5 0.92 

5.0 0.91 

7.5 0.91 

10.0 0.78 

 

 

2.0 x 2.0 

2.65 1.04 

3.5 0.93 

5.0 0.87 

7.5 0.84 

10.0 0.75 
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Table 5.4: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: 3.0 cm downstream from the orifice; True flow rate = 1.2 L/min; 75% 

orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 1.02 

3.5 0.98 

5.0 0.82 

7.5 0.76 

10.0 0.71 

 

 

1.5 x 1.5 

2.65 0.95 

3.5 0.85 

5.0 0.81 

7.5 0.72 

10.0 0.64 

 

 

2.0 x 2.0 

2.65 0.97 

3.5 0.93 

5.0 0.81 

7.5 0.67 

10.0 0.56 
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Table 5.5: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: 5.0 cm downstream from the orifice; True flow rate = 1.2 L/min; 75% 

orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 0.94 

3.5 0.81 

5.0 0.67 

7.5 0.43 

10.0 0.31 

 

 

1.5 x 1.5 

2.65 0.95 

3.5 0.79 

5.0 0.66 

7.5 0.52 

10.0 0.30 

 

 

2.0 x 2.0 

2.65 0.89 

3.5 0.77 

5.0 0.65 

7.5 0.47 

10.0 0.30 
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(a)                (b)                     (c)                     (d)                     (e) 

Figure 5.1: Magnitude and phase images of the 75 % orifice model at 1.2 L/min; in-plane 

resolution: 0.9 x 0.9 mm
2
; TE = 2.65 msec.  (a) 6.0 cm upstream from the orifice, (b) at 

the orifice, (c) 1.0 cm downstream from the orifice, (d) 3.0 cm downstream from the 

orifice, and (e) 5.0 cm downstream from the orifice. 

 

Figures 5.2-5.4 show the % error in the measured flow rate (as % difference 

between measured and true flow rates) as a function of TE for each of the in-plane 

resolutions and slice positions in the case of the 75% orifice model. As seen, at 6.0 cm 

upstream from the orifice, the measured flow rates were well in agreement with the true 

flow rates with errors smaller than 15%.  At the orifice, there was an underestimation of 

the flow rate which increased slightly with TE. At 1.0 cm, 3.0 cm, and 5.0 cm 

downstream from the orifice, there was an underestimation of the flow rate which again 

increased with TE with errors ranging from (10.0 % – 40.0 %), (15.0 % - 40.0 %) and 

(21.0 % - 75.0 %) respectively. 
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Figure 5.2: Percent error in flow rate measurement as a function of TE for the 75% 

orifice model, at each slice position for a true flow rate of 1.2 L/min; In-plane resolution: 

0.9 x 0.9 mm
2
. 

 

Figure 5.3: Percent error in flow rate measurement as a function of TE for the 75% 

orifice model, at each slice position for a true flow rate of 1.2 L/min; In-plane resolution: 

1.5 x 1.5 mm
2
. 
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Figure 5.4: Percent error in flow rate measurement as a function of TE for the 75% 

orifice model, at each slice position for a true flow rate of 1.2 L/min; In-plane resolution: 

2.0 x 2.0 mm
2
. 

 

Figures 5.5, 5.6 (and Figures A.1, A.2 and A.3 in Appendix A) show the % error in 

the measured flow rate (as % difference between measured and true flow rates) as a 

function of in-plane resolution for each TE and slice positions in the case of the 75% 

orifice model. As seen, the effect of in-plane resolution on the measured flow rates is 

negligible at all the five slice positions with a maximum of 10 % difference in the error 

between the highest and lowest resolutions. 
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Figure 5.5: Percentage error in flow rate measurement as a function of in-plane resolution 

for the 75% orifice model; Slice position: 6.0 cm upstream; for a true flow rate of 1.2 

L/min 

 

Figure 5.6: Percentage error in flow rate measurement as a function of in-plane resolution 

for the 75% orifice model; Slice position: at the orifice; for a true flow rate of 1.2 L/min 
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75% Area Reduction Orifice Model – True Flow Rate = 5.5 L/min 

Tables 5.6-5.10 show the MRPVM measured flow rates at the five locations for all 

TEs and in-plane spatial resolutions. 

 

Table 5.6: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: 6.0 cm upstream from the orifice; True Flow Rate =5.5 L/min; 75% orifice 

model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.49 

3.5 5.45 

5.0 5.42 

7.5 5.45 

10.0 5.42 

 

 

1.5 x 1.5 

2.65 5.47 

3.5 5.49 

5.0 5.40 

7.5 5.50 

10.0 5.41 

 

 

2.0 x 2.0 

2.65 5.47 

3.5 5.46 

5.0 5.44 

7.5 5.43 

10.0 5.38 
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Table 5.7: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: at the orifice; True Flow Rate =5.5 L/min; 75% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 4.59 

3.5 4.50 

5.0 4.93 

7.5 5.13 

10.0 4.95 

 

 

1.5 x 1.5 

2.65 4.13 

3.5 3.83 

5.0 4.90 

7.5 5.18 

10.0 5.06 

 

 

2.0 x 2.0 

2.65 4.29 

3.5 3.26 

5.0 4.74 

7.5 5.06 

10.0 5.22 
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Table 5.8: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: 1.0 cm downstream; True Flow Rate =5.5 L/min; 75% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.30 

3.5 5.23 

5.0 5.23 

7.5 4.81 

10.0 4.81 

 

 

1.5 x 1.5 

2.65 5.30 

3.5 5.29 

5.0 4.88 

7.5 4.72 

10.0 4.54 

 

 

2.0 x 2.0 

2.65 5.12 

3.5 5.10 

5.0 4.81 

7.5 4.57 

10.0 4.19 
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Table 5.9: Measured flow rates (L/min) at five TEs and three in-plane spatial resolutions; 

Slice location: 3.0 cm downstream; True Flow Rate = 5.5 L/min; 75% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.17 

3.5 5.09 

5.0 5.13 

7.5 5.05 

10.0 4.79 

 

 

1.5 x 1.5 

2.65 4.93 

3.5 4.73 

5.0 5.06 

7.5 4.72 

10.0 4.21 

 

 

2.0 x 2.0 

2.65 4.71 

3.5 4.54 

5.0 5.05 

7.5 4.61 

10.0 4.21 
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Table 5.10: Measured flow rates (L/min) at five TEs and three in-plane spatial resolution; 

Slice location: 5.0 cm downstream; True Flow Rate =5.5 L/min; 75% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.44 

3.5 5.29 

5.0 4.97 

7.5 4.80 

10.0 4.78 

 

 

1.5 x 1.5 

2.65 5.22 

3.5 4.98 

5.0 5.10 

7.5 4.97 

10.0 4.84 

 

 

2.0 x 2.0 

2.65 5.17 

3.5 5.13 

5.0 4.97 

7.5 5.11 

10.0 4.78 
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            (a)                (b)              (c)                (d)                 (e) 

Figure 5.7: Magnitude and phase images of the 75% orifice model at 1.2 L/min; in-plane 

resolution: 0.9 x 0.9 mm
2
; TE = 2.65 msec. (a) 6.0 cm upstream from the orifice, (b) at 

the orifice, (c) 1.0 cm downstream from the orifice, (d) 3.0 cm downstream from the 

orifice and (e) 5.0 cm downstream from the orifice. 

 

Figures 5.8-5.10 show the % error as a function of TE for each in-plane resolution 

and slice position. In Figure 5.8, it seems that the measured flow rates were unaffected by 

TE at 6.0 cm upstream from the orifice with errors smaller than 1.5%. At the orifice, 

there was an underestimation of the flow rate which decreased as TE increased, except 

for a TE of 3.5 msec, with the highest error of 18.2%. Flow rates were underestimated at 

1.0 cm, 3.0 cm, and 5.0 cm downstream from the orifice. At 1.0 cm downstream from the 

orifice, the measured flow rates exhibited an error of approximately 5% until a TE = 5.0 

msec, after which they showed an error of 12.6%. At 3.0 cm downstream from the 
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orifice, the underestimation increased with the TE with errors smaller than 13%. Finally, 

at 5.0 cm downstream from the orifice, the measured flow rates were well in agreement 

with the true flow rates at TE = 2.65msec, with an error of 1.1%, whereas for higher TEs 

there was an underestimation which increased with the TE exhibiting errors up to 13%.  

 

 

Figure 5.8: Percent error in flow rate measurement as a function of TE for the 75% 

orifice model, at each slice position for a true flow rate of 5.5 L/min; In-plane resolution: 

0.9 x 0.9 mm
2
. 

 

Figure 5.9 shows that the measured flow rates were unaffected by the TE at 6.0 cm 

upstream from the orifice. At the orifice, there was an underestimation in the flow rate 

which decreased as the TE increased, except at TE = 3.5 msec. The flow rate was 

underestimated at 1.0 cm, 3.0 cm, and 5.0 cm downstream from the orifice. At 1.0 cm 

downstream from the orifice, the measured flow rates exhibited an error of 4% at low TE 
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values (2.65 msec and 3.5 msec), but the error increased with TE. At 3.0 cm and 5.0 cm 

downstream from the orifice, the error (from (10.0 % - 24.0 %) and (5.0 % - 12.0 %) 

respectively) increased with TE, except at TE=5.0 msec.  

 

 

Figure 5.9: Percent error in flow rate measurement as a function of TE for the 75% 

orifice model, at each slice position for a true flow rate of 5.5 L/min; In-plane resolution: 

1.5 x 1.5 mm
2
. 

 

Figure 5.10 indicates that the measured flow rates were well in agreement with the 

true flow rates at 6.0 cm upstream from the orifice with errors smaller than 2.5%. At the 

orifice, there was an underestimation with errors up to 40%. At 1.0 cm and 5.0 cm 

downstream from the orifice, there was an underestimation of the flow rate, which 
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increased with TE. At 3.0 cm downstream from the orifice, there was also an 

underestimation which increased with TE, except for a TE = 5.0 msec.  

 

 

Figure 5.10: Percent error in flow rate measurement as a function of TE for the 75% 

orifice model, at each slice position for a true flow rate of 5.5 L/min; In-plane resolution: 

2.0 x 2.0 mm
2
. 

 

Figures 5.11 - 5.13 (and figures A.4 and A.5 in Appendix A) display the % error of 

the measured flow rate as a function of the in-plane resolution for each of the TE values 

used and for each slice position. Figure 5.11 indicates that the measured flow rates were 

well in agreement with the true flow rates at all resolutions with errors smaller than 2.2%. 

Figure 5.12 shows that the measured flow rates were almost unaffected by the in-plane 

resolution, for all TE except that of 3.5 msec, where the measured flow rates exhibited 
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errors of 18.2%, 30.4%, and 40.7% at 0.9 x 0.9, 1.5 x 1.5 and 2.0 x 2.0 mm
2
 in-plane 

resolutions, respectively. Finally, as seen from Figures 5.13, A.4 and A.5, the measured 

flow rates were almost unaffected by the resolution at all TEs with a maximum difference 

of 10.0 % between the errors at the highest and the lowest in-plane resolutions.  

 

 

 

Figure 5.11: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 6.0 cm upstream; for a true flow rate 

of 5.5 L/min 
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Figure 5.12: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: at the orifice; for a true flow rate of 

5.5 L/min 

 

Figure 5.13: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 1.0 cm downstream; for a true flow 

rate of 5.5 L/min 
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75% Area Reduction Orifice Model – True Flow Rate = 10.5 L/min 

Tables 5.11-5.15 show the MRPVM measured flow rates at the five locations for all 

TEs and in-plane spatial resolutions. 

 

Table 5.11: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 6.0 cm upstream from the orifice; True Flow Rate = 10.5 

Lpm; 75% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 10.47 

3.5 10.44 

5.0 10.38 

7.5 10.10 

10.0 10.38 

 

 

1.5 x 1.5 

2.65 10.37 

3.5 10.49 

5.0 10.47 

7.5 9.98 

10.0 10.07 

2.0 x 2.0 2.65 10.20 

3.5 10.37 

5.0 10.30 

7.5 10.27 

10.0 9.90 
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Table 5.12: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: at the orifice; True Flow Rate = 10.5 Lpm; 75% orifice model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 9.69 

3.5 9.02 

5.0 8.81 

7.5 8.72 

10.0 8.90 

 

 

1.5 x 1.5 

2.65 9.72 

3.5 9.00 

5.0 8.66 

7.5 8.69 

10.0 8.55 

 

 

2.0 x 2.0 

2.65 9.26 

3.5 8.90 

5.0 8.60 

7.5 8.37 

10.0 8.21 
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Table 5.13: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 1.0 cm downstream; True Flow Rate = 10.5 Lpm; 75% orifice 

model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (LPM) 

 

 

0.9 x 0.9 

2.65 10.28 

3.5 9.36 

5.0 9.01 

7.5 9.34 

10.0 9.31 

 

 

1.5 x 1.5 

2.65 10.24 

3.5 9.09 

5.0 9.37 

7.5 8.56 

10.0 8.74 

 

 

2.0 x 2.0 

2.65 9.75 

3.5 9.01 

5.0 9.40 

7.5 8.46 

10.0 8.58 
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Table 5.14: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 3.0 cm downstream from the orifice; True Flow Rate = 10.5 

Lpm; 75% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (LPM) 

 

 

0.9 x 0.9 

2.65 10.15 

3.5 9.41 

5.0 9.05 

7.5 8.74 

10.0 8.54 

 

 

1.5 x 1.5 

2.65 9.43 

3.5 8.90 

5.0 8.43 

7.5 8.41 

10.0 8.16 

 

 

2.0 x 2.0 

2.65 8.42 

3.5 8.53 

5.0 8.51 

7.5 8.23 

10.0 7.46 
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Table 5.15: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 5.0 cm downstream from the orifice; True Flow Rate = 10.5 

Lpm; 75% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 10.35 

3.5 10.21 

5.0 9.52 

7.5 9.48 

10.0 9.14 

 

 

1.5 x 1.5 

2.65 10.20 

3.5 10.15 

5.0 10.02 

7.5 9.56 

10.0 8.32 

 

 

2.0 x 2.0 

2.65 9.95 

3.5 9.49 

5.0 9.62 

7.5 9.04 

10.0 8.42 
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      (a)                       (b)                  (c)                    (d)                    (e) 

Figure 5.14: Magnitude and phase images of the 75% orifice model at 10.5 L/min; in-

plane resolution: 0.9 x 0.9 mm
2
; at TE = 2.65 msec. (a) 6.0 cm upstream from the orifice, 

(b) at the orifice, (c) 1.0 cm downstream from the orifice, (d) 3.0 cm downstream from 

the orifice and (e) 5.0 cm downstream from the orifice. 

 

Figures 5.15-5.17 show the % error as a function of TE at each in-plane resolution 

and slice position. The measured flow rates were almost unaffected by TE at 6.0 cm 

upstream from the orifice with errors smaller than 2.0 % as seen in Figure 5.15. At the 

orifice, the flow rates were underestimated with the underestimation increasing with an 

increasing TE, except for a TE = 3.5 msec. At 1.0 cm, 3.0 cm, and 5.0 cm downstream 

from the orifice, there was again an underestimation which increased with TE.  
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Figure 5.15: Percent error in flow rate measurement as a function of TE for 75% orifice 

model, at each slice position for a true flow rate of 10.5 L/min; In-plane resolution: 0.9 x 

0.9 mm
2
. 

 

Figure 5.16 shows that the measured flow rates were well in agreement with the 

true flow rates for all TEs (TE≤5.0 msec) with errors smaller than 5.0 % at 6.0 cm 

upstream from the orifice. At the orifice, the flow rates were underestimated and the 

underestimation increased with TE exhibiting errors up to 19%. At 1.0 cm downstream 

from the orifice, there was an underestimation in the measured flow rates which increased 

with TE, except for TE=3.5msec. At 3.0 cm and 5.0 cm downstream from the orifice, the 

observed underestimation also increased with TE exhibiting errors up to 23%. 
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Figure 5.16: Percent error in flow rate measurement as a function of TE for 75% orifice 

model, at each slice position for a true flow rate of 10.5 L/min; In-plane resolution: 1.5 x 

1.5 mm
2
. 

 

Figure 5.17 indicates that at 6.0 cm upstream from the orifice, the measured flow 

rates were well in agreement with the true flow rates at all TEs with errors smaller than 

5.7%. At the orifice, the measured flow rates were underestimated and the 

underestimation increased with TE. At 1.0 cm downstream from the orifice, there was an 

underestimation in the measured flow rates which increased with TE, except for TE = 3.5 

msec. At 3.0 cm and 5.0 cm downstream from the orifice, there was also an 

underestimation which increased with TE with errors lying between 19.0 % - 29.0 % and 

5.0 % - 20.0 % respectively. 
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Figure 5.17: Percent error in flow rate measurement as a function of TE for 75% orifice 

model, at each slice position for a true flow rate of 10.5 L/min; In-plane resolution: 2.0 x 

2.0 mm
2
. 

 

Figures 5.18, 5.19, 5.20 and (A.6 and A.7 in Appendix A) display the % error in the 

flow rate as a function of the in-plane resolution for each of the TEs and each slice 

position. Figure 5.18 shows that the measured flow rates were almost unaffected by the 

resolution at all TEs at 6.0 cm upstream from the orifice. At the orifice, as seen in Figure 

5.19, the effect of the in-plane resolution on the flow rate measurements was negligible, 

except for TE = 3.5 msec, where the measured flow rate was highly underestimated at the 

highest resolution (0.9 x 0.9 mm
2
) with an error of 23.6%. The error decreased with as 

the resolution decreased. As seen in the Figures 5.20, A.6 and A.7 the flow rate 

measurements were almost unaffected by resolution at all TEs.  
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Figure 5.18: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 6.0 cm upstream; for a true flow rate 

of 10.5 L/min 

 

Figure 5.19: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: at the orifice; for a true flow rate of 

10.5 L/min 
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Figure 5.20: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 1.0 cm downstream; for a true flow 

rate of 10.5 L/min 
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94 % Area Reduction Orifice Model – True Flow Rate = 5.5 L/min 

Tables 5.16-5.20 show the MRPVM measured flow rates at the five locations 

shown in Figure 4.3 for all TEs and in-plane spatial resolutions. 

 

Table 5.16: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 6.0 cm upstream from the orifice; True Flow Rate = 5.5 Lpm; 

94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.48 

3.5 5.48 

5.0 5.46 

7.5 5.50 

10.0 5.48 

 

 

1.5 x 1.5 

2.65 5.47 

3.5 5.45 

5.0 5.44 

7.5 5.45 

10.0 5.44 

 

 

2.0 x 2.0 

2.65 5.46 

3.5 5.43 

5.0 5.41 

7.5 5.43 

10.0 5.48 
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Table 5.17: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: At the orifice; True Flow Rate = 5.5 Lpm; 94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (LPM) 

 

 

0.9 x 0.9 

2.65 4.74 

3.5 4.13 

5.0 3.24 

7.5 2.49 

10.0 1.51 

 

1.5 x 1.5 

2.65 4.68 

3.5 3.94 

5.0 2.94 

7.5 2.05 

10.0 1.19 

 

 

2.0 x 2.0 

2.65 4.25 

3.5 3.86 

5.0 2.77 

7.5 1.72 

10.0 1.30 
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Table 5.18: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 1.0 cm downstream from the orifice; True Flow Rate = 5.5 

Lpm; 94% orifice model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.39 

3.5 4.71 

5.0 4.42 

7.5 4.21 

10.0 3.61 

 

 

1.5 x 1.5 

2.65 5.23 

3.5 4.26 

5.0 3.89 

7.5 3.61 

10.0 2.94 

 

 

2.0 x 2.0 

2.65 4.97 

3.5 4.11 

5.0 3.52 

7.5 2.91 

10.0 2.34 
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Table 5.19: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 3.0 cm downstream from the orifice; True flow rate = 5.5 

L/min; 94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.45 

3.5 5.42 

5.0 5.30 

7.5 5.28 

10.0 5.05 

 

 

1.5 x 1.5 

2.65 5.42 

3.5 5.41 

5.0 5.32 

7.5 5.11 

10.0 4.94 

 

 

2.0 x 2.0 

2.65 5.40 

3.5 5.31 

5.0 5.13 

7.5 4.42 

10.0 4.29 
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Table 5.20: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 5.0 cm downstream from the orifice; True flow rate = 5.5 

L/min; 94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.42 

3.5 4.97 

5.0 4.93 

7.5 4.80 

10.0 4.88 

 

 

1.5 x 1.5 

2.65 5.40 

3.5 5.02 

5.0 4.91 

7.5 5.15 

10.0 4.81 

 

 

2.0 x 2.0 

2.65 5.28 

3.5 5.21 

5.0 4.97 

7.5 4.67 

10.0 4.21 
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                        (a)                       (b)                    (c)                    (d)                    (e) 

Figure 5.21: Magnitude and phase images of the 94 % orifice model at 5.5 L/min; in-

plane resolution: 0.9 x 0.9 mm
2
; TE = 2.65 msec. (a) 6.0 cm upstream from the orifice, 

(b) at the orifice, (c) 1.0 cm downstream from the orifice, (d) 3.0 cm downstream from 

the orifice and (e) 5.0 cm downstream from the orifice. 

 

Figures 5.22 (A.8 and A.9 in Appendix A) shows the % error (% difference 

between the measured flow rates and true flow rates) as a function of TE for each in-

plane resolution and slice position.  

In Figures 5.22, A.8 and A.9, at 6.0 cm upstream from the orifice, the measured 

flow rates are well in agreement with true flow rates at all TEs. At the orifice and at 1.0 

cm downstream from the orifice, the underestimation increased with TE. The 

underestimation of flow rates decreased as we move away from the orifice with an 

exception of 3.0 cm and 5.0 cm downstream from the orifice. The underestimation was 
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lesser at 3.0 cm downstream from the orifice when compared to 5.0 cm downstream from 

the orifice. 

 

 

Figure 5.22: Percentage error in the flow rate measurement as a function of TE for 94% 

orifice model at each slice position for a true flow rate of 5.5 L/min; In-plane resolution: 

0.9 x 0.9 mm
2 

 

Figures 5.23, 5.24 (and Figures A.10, A.11 and A.12 in Appendix-A) shows the % 

error (% difference between the measured flow rates and true flow rates) as a function of 

in-plane resolution for each TE and slice position. In Figures A.10, A.11 and A.12 it 

seems that the measured flow rates were unaffected by resolution at all TEs and slice 

positions. In Figure 5.23, the error in the measured flow rates increased with a decrease in 

the resolution. In Figure 5.24, the measured flow rates were almost unaffected by 

resolution at TE = 2.65 msec and TE = 5.0 msec. The error in the measured flow rates 

decreased as the resolution decreased at TE = 3.5 msec and the error increased as the 

6.0 cm 
upstream
At the orifice

1.0 cm 
downstream
3.0 cm 
downstream
5.0 cm 
downstream

Error %

94% orifice, 5.5 L/min true flow rate, 0.9 x 0.9 mm2 resolution

TE (msec)
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resolution decreased at TE = 10.0 msec. At TE = 7.5 msec, the underestimation of flow 

rates is less at 1.5 x 1.5 mm
2
 resolution when compared to other resolutions. 

 

 

Figure 5.23: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 1.0 cm downstream; for a true flow 

rate of 5.5 L/min 
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Figure 5.24: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 5.0 cm downstream; for a true flow 

rate of 5.5 L/min 
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94% Area Reduction Orifice Model – True Flow Rate = 8.5 lpm 

Tables 5.21-5.25 show the MRPVM measured flow rates at the five locations 

shown in Figure 4.3 for all TEs and in-plane spatial resolutions.  

Table 5.21: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 6.0 cm upstream from the orifice; True flow rate = 8.5 L/min; 

94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 8.48 

3.5 8.47 

5.0 8.46 

7.5 8.46 

10.0 8.50 

 

 

1.5 x 1.5 

2.65 8.43 

3.5 8.45 

5.0 8.41 

7.5 8.42 

10.0 8.44 

 

 

2.0 x 2.0 

2.65 8.35 

3.5 8.43 

5.0 8.47 

7.5 8.47 

10.0 8.46 
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Table 5.22: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: At the orifice; True flow rate = 8.5 L/min; 94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 5.32 

3.5 5.09 

5.0 4.36 

7.5 4.54 

10.0 4.20 

 

 

1.5 x 1.5 

2.65 5.15 

3.5 4.69 

5.0 3.51 

7.5 2.40 

10.0 2.69 

 

 

2.0 x 2.0 

2.65 3.89 

3.5 -1.06 

5.0 0.45 

7.5 3.23 

10.0 1.01 
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Table 5.23: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 1.0 cm downstream from the orifice; True flow rate = 8.5 

L/min; 94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 -4.11 

3.5 -2.19 

5.0 0.27 

7.5 -3.87 

10.0 -5.22 

 

 

1.5 x 1.5 

2.65 -0.89 

3.5 0.88 

5.0 -2.15 

7.5 -1.88 

10.0 -3.80 

 

 

2.0 x 2.0 

2.65 0.94 

3.5 -0.57 

5.0 -2.08 

7.5 -4.69 

10.0 -3.70 
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Table 5.24: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 3.0 cm downstream from the orifice; True flow rate = 8.5 

L/min; 94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 -4.30 

3.5 -6.34 

5.0 -3.39 

7.5 -3.74 

10.0 -1.88 

 

 

1.5 x 1.5 

2.65 5.32 

3.5 3.45 

5.0 1.37 

7.5 -1.67 

10.0 -2.57 

 

 

2.0 x 2.0 

2.65 4.25 

3.5 3.26 

5.0 0.77 

7.5 -1.70 

10.0 -2.48 
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Table 5.25: Measured flow rates (L/min) at five TEs and three in-plane spatial 

resolutions; Slice location: 5.0 cm downstream from the orifice; True flow rate = 8.5 

L/min; 94% orifice model 

 

Spatial Resolution 

(mm
2
) 

TE (ms) Measured Flow 

rate (Lpm) 

 

 

0.9 x 0.9 

2.65 3.89 

3.5 3.20 

5.0 5.34 

7.5 2.89 

10.0 4.17 

 

 

1.5 x 1.5 

2.65 7.01 

3.5 6.11 

5.0 3.74 

7.5 5.24 

10.0 2.82 

 

 

2.0 x 2.0 

2.65 5.97 

3.5 4.62 

5.0 6.13 

7.5 4.32 

10.0 3.78 
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                        (a)                       (b)                    (c)                    (d)                    (e) 

Figure 5.25: Magnitude and phase images of the 94% orifice model at 8.5 L/min; in-plane 

resolution: 0.9 x 0.9 mm
2
; TE = 2.65 msec. (a) 6.0 cm upstream from the orifice, (b) at 

the orifice, (c) 1.0 cm downstream from the orifice, (d) 3.0 cm downstream from the 

orifice and (e) 5.0 cm downstream from the orifice. 

 

Figures 5.26 (and Figures A.13 and A.14 in Appendix A) show the % error in the 

measured flow rate (as % difference between measured and true flow rates) as a function 

of TE for each of the in-plane resolutions and slice positions in the case of the 94% 

orifice model.  

In Figures 5.26, A.13 and A.14, at 6 cm upstream from the orifice, the measured 

flow rates were well in agreement with true flow rates at all TEs. The behavior of the 

measured flow rates is highly inconsistent at the orifice, 1.0 cm downstream from the 

orifice, 3.0 cm downstream from the orifice and at 5.0 cm downstream from the orifice.   
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Figure 5.26: Percentage error in the flow rate measurement as a function of TE for 94% 

orifice model at each slice position for a true flow rate of 8.5 L/min; In-plane resolution: 

0.9 x 0.9 mm
2 

 

Figures 5.29-5.30 ( and Figure A.18 in Appendix-A) show the % error in the 

measured flow rate  (as % difference between measured and true flow rates) as a function 

of in-plane resolution for each TE and slice positions in the case of the 94% orifice 

model. In Figure A.18, at 6.0 cm upstream from the orifice, the measured flow rates were 

well in agreement with the true flow rates at all TEs and slice positions. In Figure 5.27, 

the error in measured flow rates increased as the resolution decreased at TE = 2.65, 5.0, 

10.0 msec and exhibited an inconsistent behavior at TE = 3.5 msec and TE = 7.5 msec 

with a lowest error of 14.71% and 38.82% respectively at 2.0 x 2.0 mm
2
. In Figure 5.28, 

there is an overestimation as well as underestimation of measured flow rates at different 

resolutions and TEs. In Figure 5.29, the measured flow rates were underestimated and the 

6.0 cm 
upstream
At the orifice

1.0 cm 
downstream
3.0 cm 
downstream
5.0 cm 
downstream

Error %

94% orifice, 8.5 L/min true flow rate, 0.9 x 0.9 mm2 resolution

TE (msec)
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underestimation was highest at lowest resolution at all TEs. In Figure 5.30, at TE = 2.65 

msec and TE = 10 msec, the underestimation of flow rates is highest at 1.5 x 1.5 mm
2
 

resolution when compared to other two resolutions and vice-versa at all other TEs. 

 

 

Figure 5.27: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: at the orifice; for a true flow rate of 

8.5 L/min 
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Figure 5.28: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 1.0 cm downstream; for a true flow 

rate of 8.5 L/min 

 

Figure 5.29: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 3.0 cm downstream; for a true flow 

rate of 8.5 L/min 

 

2.65

3.5

5

7.5

10

Error %

Resolution, mm2

94% orifice, 8.5 L/min, 1.0 cm downstream from the 

orifice

2.65

3.5

5

7.5

10

Error %

Resolution, mm2

94% orifice, 8.5 L/min, 3.0 cm downstream from the 

orifice



85 

 

 

Figure 5.30: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 5.0 cm downstream; for a true flow 

rate of 8.5 L/min 
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To view the measurements from a different point of view, the following figures 

show selectively the measured flow rates plotted against the true flow rates.  

Figures 5.31-5.35 show the relationship between the measured flow rates and true 

flow rates for an in-plane resolution of 0.9 x 0.9 mm
2
 for all TEs and slice positions in the 

case of the 75% orifice model. From Figure 5.31 (as well as Figures B.1 and B.2 in 

Appendix B), it can be seen that the measured flow rates remained almost unaffected by 

the resolution and TE at 6.0 cm upstream from the orifice. 

 

 

Figure 5.31: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 6.0 cm upstream from the 75% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

At the orifice, Figure 5.32 (and Figures B.3 and B.4 in Appendix B) shows that the 

percentage error in the underestimation of the measured flow rates was much higher for 
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the true flow rate of 1.2 L/min, when compared to that at higher flow rates, and increased 

with TE. 

 

 

Figure 5.32: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the Orifice, from the 75% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

Similarly, at 1.0 cm downstream from the orifice, Figure 5.33 (and Figures B.5 and 

B.6 in Appendix B) shows that the percentage error in the underestimation of the 

measured flow rates was much higher for the true flow rate of 1.2 L/min, when compared 

to that at higher flow rates, and it also increased with in TE. The measured flow rates 

were much closer to the true flow rate in the case of 5.5 L/min.  
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Figure 5.33: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the 1 cm downstream from the 75% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

In a similar way, Figure 5.34 (and Figures B.7 and B.8 in Appendix B) shows that 

the percentage error in the underestimation of the measured flow rates was much higher 

at 1.2 L/min when compared to that at higher flow rates. The percentage error in the 

underestimation was much lower at 5.5 L/min than at 10.5 L/min. The underestimation 

increased with an increase in TE. 
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Figure 5.34: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the 3 cm downstream from the 75% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

Figure 5.35 (and Figures B.9 and B.10  in Appendix B) shows that the percentage 

error in the underestimation of measured flow rates was much higher at 1.2 L/min when 

compared to that at higher flow rates and it decreased as the flow rate increased. Also, the 

underestimation increased with TE. 
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Figure 5.35: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the 5 cm downstream from the 75% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

Figures 5.36-5.40 show the relationship between the measured flow rates and true 

flow rates for an in-plane resolution of 0.9 x 0.9 mm
2
 for all TEs and slice positions in the 

case of the 94% orifice model. From Figure 5.36 (as well as Figures B.11 and B.12 in 

Appendix B), it can be seen that the measured flow rates remained almost unaffected by 

the resolution and TE at 6.0 cm upstream from the orifice. 
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Figure 5.36: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 6.0 cm upstream from the 94% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

At the orifice, Figure 5.37 (and Figures B.13 and B.14 in Appendix B) shows that 

the measured flow rates were underestimated and the underestimation increased with an 

increase in the flow rate and with an increase in TE. 
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Figure 5.37: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the Orifice, from the 94% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

Similarly, at 1.0 cm downstream from the orifice, Figure 5.38 (and Figures B.15 

and B.16 in Appendix B) shows that the measured flow rates were underestimated and 

the underestimation increased with an increase in the flow rate and with an increase in 

TE. At 8.5 L/min and at TE= 2.65 and 3.5 msec, flow rates were slightly overestimated. 
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Figure 5.38: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the 1 cm downstream from the 94% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

In a similar way, Figure 5.39, 5.40 (and Figures B.17, B.18, B.19 and B.20 in 

Appendix B) shows that the measured flow rates were underestimated and the 

underestimation increased with an increase in the flow rate and with an increase in TE. 

The flow rates were highly underestimated at 8.5 L/min. 
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Figure 5.39: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the 3 cm downstream from the 94% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  

 

 

Figure 5.40: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the 5 cm downstream from the 94% orifice; In-plane resolution = 0.9 x 0.9 mm
2
.  
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In summary, the shorter the TE the better the measured flow rates and the in plane spatial 

resolution has a minimal effect on measured flow rates. 
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CHAPTER VI 

 

DISCUSSION 

 

The main aim of this study was to determine the ability of MRPVM to measure 

flow under turbulent flow conditions. In order to achieve this goal, two hypotheses were 

tested:  

1. The lower the TE, the higher the accuracy of MRPVM under turbulent flow 

conditions 

2. The higher the spatial resolution, the higher the accuracy of MRPVM under 

turbulent flow conditions 

Axial MRPVM images were acquired for the two orifice models in a 1.5T Siemens 

MRI scanner under steady flow conditions.  Images were acquired under various flow 

rates, imaging slice locations and imaging parameters as discussed in previous chapters.  

Overall, the study indicated that lower TEs (2.65 msec and 3.5 msec) resulted in 

more accurate flow rates compared to higher TEs (5.0 msec, 7.5 msec, 10.0 msec). 
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Although the flow was turbulent (based on the Reynolds number), no signal loss was 

observed in the case of the 75% orifice model. Measurements showed an underestimation 

for a true flow rate of 1.2 L/min at 6.0 cm upstream from the orifice. In the case of 94% 

orifice model, slight signal loss was observed for a true flow rate of 5.5 L/min and 

significant signal loss was observed for 8.5 L/min. 

The in-plane spatial resolution had a significant effect only in the 94% orifice 

model and at 5.5 L/min and 8.5 L/min true flow rates. The higher resolution (0.9 x 0.9 

mm
2
) resulted in more accurate measurements of the flow rate when compared to lower 

resolutions in most of the cases. The effect of in-plane resolution is negligible in all other 

cases. 

Flow patterns in the arteries are governed by several important factors like blood 

viscosity, blood density, blood vessel diameter, elasticity of the muscular layer and 

smoothness of the vascular lumen. Laminar and turbulent are the basic types of blood 

flow patterns found in normal and diseased human arteries. Laminar flow is smooth flow 

in which all flow is in the same direction and is stable with streamline formations staying 

intact. It occurs at velocities up to a certain critical velocity and above this velocity, the 

flow is turbulent. In turbulence flow is characterized by multi-directional, multi-velocity 

streams. Vessel tortuosity and the collapse of high velocity jets to an arterial stenosis are 

the common reasons for turbulence.  In clinical practice, this phenomenon is commonly 

seen downstream from the stenosis. The turbulence effects create excessive wall 

vibrations as well as multi velocity profiles flowing through the vessel in many different 

directions. The occurrence of turbulence also depends on the diameter of the vessel and 
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the viscosity of the blood. This is expressed by the ratio of inertial to viscous forces 

which is nothing but Re. In humans, the critical velocity is sometimes exceeded in the 

ascending aorta at the peak of systolic ejection, but mainly when there is an occlusion in 

an artery. Turbulent effects can be seen frequently in anemic cases because the viscosity 

of the blood is lower [65].  

Presence of stenosis produces higher velocities. When the flow is in one direction, 

Doppler frequency spectrum shows elevated peak systolic velocities greater than 200 

cm/sec and velocities greater than 140 cm/sec at end diastolic components. But 

downstream from the stenosis, there may be flow reversals and turbulence which 

increases the velocities to even higher values. Peak systolic values continue to increase 

with an increase in the degree of stenosis. Downstream from the stenosis, the Doppler 

signals indicate decreased velocities and absence of diastolic flow [65]. 

The Reynolds numbers used in the study vary between 1271 and 11124 at the 

upstream (ID = 2.0 cm) for both the models. Under normal conditions, the heart supplies 

about 5.5 L/min of blood to the body. But under abnormal conditions the flow rates can 

go upto five times the normal conditions [64]. The ID of the ascending aorta is 

approximately an inch which is close to the ID of the models used (2.0 cm). Also the 

models were similar in geometry with the aorta. At a flow rate of 5.5 L/min and the 

density and viscosity of blood being 1050 kg/m
3
 and 0.0035 kg/m-sec, the Re number is 

approximately 1379 under healthy conditions. But as mentioned previously under 

abnormal conditions the flow rates can go upto five times resulting in Re = 6895. In our 

study a range of Re with the lowest being 1271 and highest being 11124 were studied.  
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Results indicate that at these Re values and lower, the lower TEs (2.65 msec and 3.5 

msec) measured accurately when compared to higher TEs (5.0, 7.5, 10.0 msec) with error 

percentages below 10.0% in case of 75% area reduction. Also higher resolution (0.9 x 0.9 

mm
2
) measured accurately with errors lying within 10.0 % when compared to lower 

resolution (2.0 x 2.0 mm
2
) where the errors were upto 40.0%. When compared to the 

physiological conditions, the flow rates can be accurately measured during early systole 

but at higher Re, the intensity of turbulence is very high that the imaging parameters do 

not play a role in determining the accuracy of MRPVM.   

As the area of reduction increased further, the MRPVM is accurate upto flow rates 

of 5.5L/min and at lower TEs (2.65 and 3.5 msec) with errors lying within 25.0% when 

compared to higher TEs (5.0, 7.5 and 10.0 msec) where the errors reached up to 58.0%. 

But as the flow rate increased further at higher order Re, the behavior of the flow rates is 

undefined and the intensity of turbulence is very high that the flow rates did not have any 

particular trend at such high Re values. 

In summary, the study indicates that MRPVM is accurate for an upstream Re values 

upto 5827 and area reduction of 94%, but at Re values higher than 5827, MRPVM can 

lead to errors in measurements due to signal loss. 

Results are discussed in detail as follows: 

The Effects of TE 

Starting with the 75% orifice model, the measured flow rates upstream of the orifice 

were in close agreement with the true flow rates for all TEs used. This was true in all 
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flow rate cases except for 1.2 L/min in which case they were slightly underestimated, 

probably due to an  experimental error, especially considering that it was more 

challenging to achieve a stabilized flow rate value in the lower flow rate cases (some 

vibration of the rotameter indicator was seen) than in the higher ones.  

Figures 6.1 and 6.2 show no signal loss in the central region of the model, because 

the Reynolds number at the orifice and 1.0 cm downstream from the orifice was 

relatively low (Upstream Re = 1271, Orifice Re = 2543).  However, some signal loss was 

observed between the central region and the wall of the model, especially at the “3 

o‟clock” and “9 o‟clock” regions as seen in Figure 6.1. This was due to some flow 

disturbance secondary to small flow detachment immediately downstream of the orifice 

(which the imaging slice was covering) and flow recirculation causing a small intravoxel 

de-phasing. As a result, the flow rates were underestimated and the underestimation 

increased with an increase in TE. This is because as the echo time increases, the protons 

have more time between slice excitation and signal readout to move randomly in all 

directions (as a result of the turbulent velocity fluctuations) and thus cause voxel 

dephasing and errors in the velocity measurements. In fact, as the measurement location 

moved further downstream from the orifice, the underestimation increased as the 

turbulent jet diffused in the flow field causing more intense multi-directional flow 

patterns. The largest underestimation was observed was at 5.0 cm downstream from the 

orifice and for TE = 10.0 msec.  
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(a)                (b)               (c)               (d)             (e) 

Figure 6.1:  Set of magnitude images (top) and phase images (bottom) from the 75% 

orifice model; Slice location: at the orifice; Flow Rate = 1.2 L/min, Orifice Re = 2543; 

Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 5.0, (d) 7.5, and (e) 10.0 msec. 

 

     

     

(a)                (b)               (c)               (d)             (e) 

Figure 6.2:  Set of magnitude images (top) and phase images (bottom) from the 75% 

orifice model; Slice location: 1.0 cm downstream from the orifice, Flow Rate = 1.2 

L/min, Upstream Re = 1271; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 

5.0, (d) 7.5 and (e) 10.0 msec. 
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In Figures 6.3 the underestimation of the flow rates was higher at the lower TEs 

(TE = 2.65 and TE = 3.5 msec) when compared to higher TEs. Although the flow through 

the model was turbulent with a Re = 11654 at the orifice and Upstream Re = 5827 

downstream from the orifice, there was not much signal loss.  

 

     

     

(a)                (b)               (c)               (d)             (e) 

Figure 6.3:  Set of magnitude images (top) and phase images (bottom) from the 75% 

orifice model; Slice location: at the orifice, Flow Rate = 5.5 L/min, Orifice Re = 11654; 

Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 5.0, (d) 7.5 and (e) 10.0 msec. 

 

Figure 6.4 shows that, the signal in the magnitude images improved with a decrease 

in TE. This is the result of the turbulent velocity fluctuations causing voxel dephasing 

and thus inducing errors in flow measurements 
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 (a)                (b)               (c)               (d)             (e) 

Figure 6.4:  Set of magnitude images (top) and phase images (bottom) from the 75% 

orifice model; Slice location: 1.0 cm downstream from the orifice, Flow Rate = 5.5 

L/min, Upstream Re = 5827; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 

5.0, (d) 7.5 and (e) 10.0 msec. 

 

Figures 6.5 and 6.6 show that the signal loss in the magnitude images and the noise 

in the phase images improved as the TE decreased. The flow through the model was 

highly turbulent with Re = 22248 at the orifice and Re = 11124 downstream from the 

orifice. As a result with an increase in TE, the protons have more time to move randomly 

in all directions and thus leading to intra voxel dephasing effects. 
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(a)                (b)               (c)               (d)             (e) 

Figure 6.5:  Set of magnitude images (top) and phase images (bottom) from the 75% 

orifice model; Slice location: at the orifice, Flow Rate = 10.5 L/min, Orifice Re = 22248; 

Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 5.0, (d) 7.5 and (e) 10.0 msec. 

 

     

     

(a)                (b)               (c)               (d)             (e) 

Figure 6.6: Set of magnitude images (top) and phase images (bottom) from the 75% 

orifice model; Slice location: 1.0 cm downstream from the orifice, Flow Rate = 10.5 

L/min, Upstream Re = 11124; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 

5.0, (d) 7.5 and (e) 10.0 msec. 
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Overall, although the flow was turbulent, not much signal loss was observed in the 

case of the 75 % orifice model. The signal loss in the magnitude images increased with 

an increase in TE. 

 

In the 94% orifice model, the measured flow rates upstream of the orifice were in 

close agreement with the true flow rates for all TEs used.  

 

Figures 6.7 – 6.10 show that the signal loss in the magnitude images and the noise 

in the phase images improved with a decrease in TE. Slight signal loss was observed at 

1.0 cm downstream from the orifice and TE = 7.5 msec. Shorter TEs (2.65 and 3.5 msec) 

measured better at 5.5 L/min and the signal loss had an effect on the flow measurements 

leading to underestimation of the Flow rates at all TEs and slice locations. As the 

measurement location moved further downstream from the orifice, the underestimation 

increased as the turbulent jet caused more multi-directional flow patterns. This turbulence 

effect was more significant at 8.5 L/min. 
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      (a)            (b)            (c)            (d)             (e) 

Figure 6.7:  Set of magnitude images (top) and phase images (bottom) from the 94% 

orifice model; Slice location: At the orifice; Flow Rate = 5.5 L/min, Orifice Re = 23308; 

Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 5.0, (d) 7.5 and (e) 10.0 msec. 

 

     

     

      (a)            (b)            (c)            (d)             (e) 

Figure 6.8:  Set of magnitude images (top) and phase images (bottom) from the 94% 

orifice model; Slice location: 1.0 cm downstream from the orifice; Flow Rate = 5.5 

L/min, Upstream Re = 5827; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 

5.0, (d) 7.5 and (e) 10.0 msec. 
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      (a)            (b)            (c)            (d)             (e) 

Figure 6.9:  Set of magnitude images (top) and phase images (bottom) from the 94% 

orifice model; Slice location: 3.0 cm downstream from the orifice; Flow Rate = 5.5 

L/min, Upstream Re = 5827; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 

5.0, (d) 7.5 and (e) 10.0 msec. 

 

     

     

      (a)            (b)            (c)            (d)             (e) 

Figure 6.10:  Set of magnitude images (top) and phase images (bottom) from the 94% 

orifice model; Slice location: 5.0 cm downstream from the orifice; Flow Rate = 5.5 

L/min, Upstream Re = 5827; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 

5.0, (d) 7.5 and (e) 10.0 msec. 

 

Figure 6.11 shows that the signal loss in magnitude images and noise in phase 

images improved with a decrease in TE. The flow is highly turbulent with Re = 44496. 
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As the TE increased, the protons have more time to move randomly in all directions and 

thus causing voxel dephasing and errors in flow measurements.  

 

     

     

      (a)            (b)            (c)            (d)             (e) 

Figure 6.11:  Set of magnitude images (top) and phase images (bottom) from the 94% 

orifice model; Slice location: At the orifice; Flow Rate = 8.5 L/min, Orifice Re = 44496; 

Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 5.0, (d) 7.5 and (e) 10.0 msec. 

 

Figures 6.12 – 6.14 show that TE did not have much effect on the signal loss in the 

magnitude images. The flow through the model is turbulent with Re = 11124. In the case 

of phase images, the noise improved with a decrease in TE, lower TEs (2.65 and 3.5 

msec) measured better when compared to higher TEs because of lesser dephasing effects. 

Though there is signal loss observed at 1.0 cm downstream from the orifice, flow rates 

were overestimated at TE = 7.5 msec and TE = 10.0 msec. Signal loss was observed at 

TE = 3.5 msec at all the slice locations downstream from the orifice. 
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      (a)            (b)            (c)            (d)             (e) 

Figure 6.12:  Set of magnitude images (top) and phase images (bottom) from the 94% 

orifice model; Slice location: 1.0 cm downstream from the orifice; Flow Rate = 8.5 

L/min, Upstream Re = 11124; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 

5.0, (d) 7.5 and (e) 10.0 msec. 

 

     

     

      (a)            (b)            (c)            (d)             (e) 

Figure 6.13:  Set of magnitude (top) and phase images (bottom) from the 94% orifice 

model; Slice location: 3.0 cm downstream from the orifice; Flow Rate = 8.5 L/min, Re = 

11124; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 5.0, (d) 7.5 and (e) 10.0 

msec. 
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      (a)            (b)            (c)            (d)             (e) 

Figure 6.14:  Set of magnitude (top) and phase images (bottom) from the 94% orifice 

model; Slice location: 5.0 cm downstream from the orifice; Flow Rate = 8.5 L/min, Re = 

11124; Spatial Resolution: 0.9x0.9 mm
2
; TE: (a) 2.65, (b) 3.5, (c) 5.0, (d) 7.5 and (e) 10.0 

msec. 

 

The Effects of In-plane Resolution 

In the case of 75% orifice model, resolution had a minimal effect on the flow 

measurements. The effect can be seen at flow rates of 5.5 L/min and 10.5 L/min, at the 

orifice and at TE = 3.5 msec. At 5.5 L/min the measured flow rates exhibited errors of 

18.2%, 30.4%, and 40.7% at 0.9 x 0.9, 1.5 x 1.5 and 2.0 x 2.0 mm
2
 in-plane resolutions, 

respectively. Thus agreeing with the hypothesis of the higher the resolution the better the 

accuracy in the flow rate measurements. On the other hand, at 10.5 L/min, the measured 

flow rates followed a different trend with the highest resolution exhibiting the maximum 

error and the error decreased as the resolution decreased. This is an exception.  
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Figure 6.15: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: at the orifice; for a true flow rate of 

5.5 L/min 

 

 

 

Figure 6.16: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: at the orifice; for a true flow rate of 

10.5 L/min 
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In the case of 94% orifice model, resolution played a significant role in the flow 

measurements. At 5.5 L/min, the in-plane resolution did not play a significant role in 

affecting the flow rate measurements with a few exceptions. At 1.0 cm downstream from 

the orifice the error in the measured flow rates increased with a decrease in the resolution, 

thus the results were in agreement with our hypothesis. But at 5.0 cm downstream from 

the orifice and TE = 7.5 msec, the measured flow rates were more accurate at 1.5 x 1.5 

mm
2 

resolution when compared to the other 2 resolutions (0.9 x 0.9 mm
2
 and 2.0 x 2.0 

mm
2
).  

 

 

Figure 6.17: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 5.0 cm downstream; for a true flow 

rate of 5.5 L/min 

 

2.65

3.5

5

7.5

10

Error %

Resolution, mm2

94% orifice, 5.5 L/min, 5.0 cm downstream from the orifice



113 

 

At 8.5 L/min, the in-plane resolution had a significant effect on the flow 

measurements at all the slice locations except for the 6.0 cm upstream. At the orifice, the 

error in the flow measurements increased with a decrease in the resolution, thus proving 

that the higher the resolution the accurate the measurements except at TE = 3.5 and 7.5 

msec, where the behavior is inconsistent which might be due to the signal loss effect. At 

1.0 cm downstream from the orifice, though signal loss was observed, the some of the 

measured flow rates were overestimated, thus the signal loss did not show an effect on 

the measurements. Surprisingly, at 3.0 and 5.0 cm downstream from the orifice, the lower 

resolution (2.0 x 2.0 mm
2
) resulted in accurate flow measurements compared to the 

highest resolution (0.9 x0.9 mm
2
). It is clear that the high turbulence and signal loss had 

an effect on the measurements at 8.5 L/min and at slice locations downstream of the 

stenosis. 

 

Figure 6.18: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: at the orifice; for a true flow rate of 

8.5 L/min 
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Figure 6.19: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 1.0 cm downstream; for a true flow 

rate of 8.5 L/min 

 

 

Effect of Imaging Parameters and Geometry on MRPVM Flow Measurements 

 

One of the hypotheses of the study was that lower TEs provide more accurate flow 

measurements. In order to avoid signal loss, appropriate Venc values were chosen in all 

flow rate cases. In the study, major signal loss was observed in the 94% orifice model and 

for a true flow rate of 8.5 L/min. A slight signal loss was observed for the 5.5 L/min true 

flow rate case as well. This has affected the flow measurements at those particular flow 

rates. Approximately, for the same Re = 23000, no signal loss was observed in case of 

75% orifice model, but signal loss was observed in case of 94% orifice model. Also, the 
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results indicate that lower TEs (2.65 msec and 3.5 msec) produced more accurate flow 

rate measurements compared to higher TEs. In general, the results of this study are in 

agreement with previous similar studies [62]. Measurements were slightly underestimated 

at 1.2 L/min and at 6.0 cm upstream from the orifice. This possibly is due to experimental 

errors.  

In-plane spatial resolution had a significant effect only in the 94% orifice model and 

at 5.5 L/min and 8.5 L/min flow rates. The higher resolution (0.9 x 0.9 mm
2
) measured 

accurately when compared to the lower resolutions in most of the cases. The effect of in-

plane resolution is negligible in other cases. 

The effect of geometry can also be clearly seen. For the same Reynolds number, the 

signal was observed in case of 94 % orifice model but not in 75 % orifice model. Also, 

the effect of turbulence can be clearly seen from the signal loss in the flow compensated 

magnitude images and noise in the phase images. 

As the Reynolds number increased, the effect of TE on the flow rate measurements 

increased, as a result we can see more scattering of the results at higher Reynolds 

numbers (i.e. at 8.5 L/min). 
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CHAPTER VII 

 

LIMITATIONS AND FUTURE RECOMMENDATIONS 

 

There were several limitations in the study conducted. First and foremost, water 

was used as the working fluid, whose viscosity differs from that of the blood. Secondly, 

the orifice models used have stationary walls whereas the tissue walls contract and 

expand during the blood flow in the human body.  

All the experiments were carried out under steady flow conditions whereas pulsatile 

flow conditions prevail in-vivo. The results need to be validated. Finally only two 

degrees of area reduction orifice model were tested. Another limitation was the 

experiments were carried out only once, no repetitions were performed. 

Experiments need to be conducted to compare the steady flow results with the 

pulsatile flow results. Also, in our experiments studies were conducted only on two 

orifice models, further study on more degrees of area reduction orifice models would be 

useful in evaluating the accuracy of MRPVM in measuring Flow rates.  
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Comparing these results with CFD simulated results might provide valuable 

information for clinical valuation. Also studying more number of TEs in a short range at 

lower TE values might provide us information in choosing better TEs in clinical studies. 
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CHAPTER VIII 

 

CONCLUSIONS 

 

The main of this study was to investigate the effect of vessel geometry and imaging 

parameters (echo times and in-plane spatial resolution) on the quality of acquired 

MRPVM data in turbulent flow conditions. Two glass models with different percentage 

of area reductions were used in the experiments. The experiments were carried out using 

five different TE values: 2.65, 3.5, 5.0, 7.5 and 10.0 msec and three different in plane 

spatial resolutions: 0.9 x 0.9 mm
2
, 1.5 x1.5 mm

2
, 2.0 x 2.0 mm

2
 and at four different 

Flow rates: 1.2, 5.5, 8.5 and 10.5 L/min. Axial MRPVM acquisitions were acquired at 

five different slice positions: 6 cm upstream from the orifice, at the orifice, 1 cm 

downstream from the orifice, 3 cm downstream from the orifice and 5 cm downstream 

from the orifice. Flow rates were obtained from the acquired phase images and then 

compared with the true Flow rates measured via rotameter to see the accuracy. 
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The results prove that MRPVM is very accurate under laminar flow conditions but 

leads to underestimation of Flow rates under turbulent flow conditions. Turbulence and 

signal loss were the main reasons for the underestimation of the Flow rates. This 

underestimation increased with an increase in the flow rate and with an increase in the 

percentage of area reduction in the orifice. Resolution had a negligible effect on the 

measurements but when it comes to echo times, lower TEs measured accurately 

compared to higher TEs.  

From our experiments we conclude that MRPVM can be used for flow 

measurements under laminar flow conditions, but more in vivo studies and CFD 

simulations needs to be carried out to see its efficiency under turbulent flow conditions. 
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Appendix A 

 

 

Figure A.1: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 1.0 cm downstream; for a true flow 

rate of 1.2 L/min 
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Figure A.2: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 3.0 cm downstream; for a true flow 

rate of 1.2 L/min 

 

 

Figure A.3: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 5.0 cm downstream; for a true flow 

rate of 1.2 L/min 
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Figure A.4: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 3.0 cm downstream; for a true flow 

rate of 5.5 L/min 

 

 

Figure A.5: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 5.0 cm downstream; for a true flow 

rate of 5.5 L/min 
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Figure A.6: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 3.0 cm downstream; for a true flow 

rate of 10.5 L/min 

 

 

Figure A.7: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 75% orifice model; Slice position: 5.0 cm downstream; for a true flow 

rate of 10.5 L/min 
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Figure A.8: Percentage error in the flow rate measurement as a function of TE for 94% 

orifice model at each slice position for a true flow rate of 5.5 L/min; In-plane resolution: 

1.5 x 1.5 mm
2 

 

 

Figure A.9: Percentage error in the flow rate measurement as a function of TE for 94% 

orifice model at each slice position for a true flow rate of 5.5 L/min; In-plane resolution: 

2.0 x 2.0 mm
2
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Figure A.10: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 6.0 cm upstream; for a true flow rate 

of 5.5 L/min 

 

 

Figure A.11: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: At the orifice; for a true flow rate of 

5.5 L/min 
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Figure A.12: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 3.0 cm downstream; for a true flow 

rate of 5.5 L/min 

 

 

Figure A.13: Percentage error in the flow rate measurement as a function of TE for 94% 

orifice model at each slice position for a true flow rate of 8.5 L/min; In-plane resolution: 

1.5 x 1.5 mm
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Figure A.14: Percentage error in the flow rate measurement as a function of TE for 94% 

orifice model at each slice position for a true flow rate of 8.5 L/min; In-plane resolution: 

1.5 x 1.5 mm
2 

 

 

Figure A.15: Percentage error in flow rate measurement as a function of in-plane 

resolution for the 94% orifice model; Slice position: 6.0 cm upstream; for a true flow rate 

of 8.5 L/min 
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Appendix B 

 

Figure B.1: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 6.0 cm upstream from the 75% orifice; In-plane resolution = 1.5 x 1.5 mm
2
.  

 

 

Figure B.2: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 6.0 cm upstream from the 75% orifice; In-plane resolution = 2.0 x 2.0 mm
2
.  
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Figure B.3: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the orifice, from the 75% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.4: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the orifice, from the 75% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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Figure B.5: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 1.0 cm downstream from the 75% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.6: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 1.0 cm downstream from the 75% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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Figure B.7: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 3.0 cm downstream from the 75% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.8: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 3.0 cm downstream from the 75% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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Figure B.9: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 5.0 cm downstream from the 75% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.10: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 5.0 cm downstream from the 75% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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Figure B.11: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 6.0 cm upstream from the 94% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.12: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 6.0 cm upstream from the 94% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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Figure B.13: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the orifice, from the 94% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.14: Relationship between the measured flow rate and the true flow rate for all 

TEs, at the orifice, from the 94% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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Figure B.15: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 1.0 cm from the 94% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.16: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 1.0 cm from the 94% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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Figure B.17: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 3.0 cm from the 94% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.18: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 30 cm from the 94% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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Figure B.19: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 5.0 cm from the 94% orifice; In-plane resolution = 1.5 x 1.5 mm
2
. 

 

 

Figure B.20: Relationship between the measured flow rate and the true flow rate for all 

TEs, at 5.0 cm from the 94% orifice; In-plane resolution = 2.0 x 2.0 mm
2
. 
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