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ABSTRACT 

 

The accuracy and precision of measurements of pulsating flow obtained with phase 

contrast magnetic resonance imaging (PC MRI) was studied. Measurements were 

carried out using known flow rates through a phantom connected to a pump that created 

pulsation in the flow. Repeated measurements were made in both the negative and 

positive encoding direction, using both breath-hold and non breath hold sequences. The 

obtained data was analyzed using code written in MATLAB and also using the FLOW 

software that is offered by the manufacturer of the MRI system.   

 

A range of different flow velocities was scanned, and results show that the overall 

accuracy of the measurements is relatively good, with an average error of between 1.2% 

to 5.7% using the clinically employed flow calculation software. There is however 

indication of a systematic phase offset in the data that influences the measurements. The 

effect of the offset on the results depends on the direction of flow and the sequence used. 

The results also show the importance of properly selecting the area over which the flow 

rate is calculated. 
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1. INTRODUCTION 
 

1.1 BACKGOUND AND AIM 

 

Quantifying blood flow is important in diagnosing a number of different heart 

conditions (Higgins et al., 2003; Lombardi et al., 2005). Using MRI for this purpose has 

a number of advantages; it is non-invasive and does not affect the flow that is being 

measured. Furthermore, with MRI it is possible to obtain flow measurements in any 

direction, and it also has the advantage of measuring velocity of blood flow and lumen 

area simultaneously, which aids in making accurate flow estimations. 

 

The Cardiac MR group at the Thorax clinic and the MR-Centrum at Karolinska Hospital 

examine at least 4 cardiac patients per week with MRI, and has been doing so for the 

past year. For each exam, depending on the question posed, a number of aspects of the 

morphology and function of the heart are studied. This can include different flow 

measurements, for instance determining stroke volume and ventricular function. It has 

been noticed that good accuracy is hard to achieve in the routine clinical flow 

measurements at Karolinska. For instance, in patient without a shunt, blood flow out of 

and in to the heart, that is blood flow in the ascending aorta and the pulmonary trunk, 

should be roughly equal. Values obtained with MRI examinations however many times 

show a discrepancy between in- and out-flow. Also, for a healthy person, blood flow in 

the aorta should be close to zero during the diastolic phase of the heart cycle, something 

that is not always represented accurately in measurements attained with MRI. This 

suggests that there is an offset in flow measurements, and more specifically that this 

offset might be dependent on flow direction. 

 

There are several possible explanations for the inaccuracy of the flow measurements: 

errors inherent with pulsating flow as measured with MRI, field eddy currents and 

uncertainties in proper selection of area of interest could all influence the results. 

Studying pulsating flow in a phantom can help to discriminate between these different 

sources of error.  
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In light of this, the aim of this thesis was to investigate the accuracy and precision of 

measurements of pulsating flow obtained with phase contrast magnetic resonance 

imaging (PC MRI). Repeated measurements were made of known flow rates, in both the 

negative and positive z-direction, using both breath-hold and non breath hold sequences. 

The measurements were carried out with a phantom connected to a pump that created 

pulsation in the flow. The data was analyzed in three different ways: using code written 

in MATLAB for (i) MR-raw data; (ii) DICOM data and also (iii) using the FLOW 

software that is offered by the manufacturer of the MRI system.   

 

1.2 FLOW MEASUREMENTS WITH MRI 

 

The possibility of measuring flow with MRI was discovered in the mid 1950s, but it 

was not until the 1980’s that the technique began being developed for in vivo use. There 

are two main groups of techniques for flow measurements with MRI: phase techniques, 

and time-of-flight (TOF) techniques (Ståhlberg,1987; Thunberg, 2004; Lagerstrand, 

2005). The TOF measurements have the disadvantage of limiting velocity 

measurements to the peak velocity within a vessel, which has made them not so widely 

used for quantitative flow measurements (Higgins et al., 2003). Imaging techniques that 

utilize phase changes include phase contrast (PC) imaging and the less frequently used 

Fourier velocity imaging. 

 

1.2.1 Phase contrast MRI 

 

The basis of magnetic resonance imaging is that when nuclei that possess a half-integer 

spin are placed inside a magnetic field with intensity BB0, their magnetic moments will 

precess around the axis of the field. The frequency with which they will precess is 

called their resonance or Larmor frequency,  ω0, and is given by: 

 

             00 Bγω =                                                              (1) 

 

where γ is the gyro magnetic ratio. From equation 1 it is clear that altering the intensity 

of the magnetic field will change rate at which spins precess. The gradients used in MRI 
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are fields with linearly varying intensity that are added to the main magnetic field. 

Applying a gradient, G, to the field will thus alter the resonance frequency of spins 

according to: 

 

          ( )rGB ⋅+= 0γω                                                      (2) 

 

where r denotes the position of the nucleus. This means that since nuclei at different 

positions will experience different fields, they will also precess at different frequencies. 

The change in frequency will lead to an accumulation of phase,  that is dependent on the 

frequency shift and the time it is applied, according to: 

 

           ( ) ( )∫ ∫ ⋅==
t t

drGd
0 0

)( τττγττωφ                                         (3) 

 

It is this phase shift that is utilized in phase contrast MRI to yield information about the 

motion of nuclei; since the change in phase is directly dependent on the alteration in 

frequency, it is dependant on how far spins travel, which is an effect of their velocity. 

For coherent motion the vector r can be expressed as a Taylor series: 

 

                                              ( ) ...
2
1 2

000 +++= tatvrtr                                                  (4) 

 

where r0, v0 and a0 are the initial position, velocity and acceleration respectively. 

Combining equations 3 and 4 gives: 
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The moment expansion of this expression is: 
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where the expression for the nth gradient moment is: 

 

                                                                       (7) ( ) ( )∫ ⋅=
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0
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The standard method to obtain information about a certain moment is to null all 

moments of lower order. In the case of velocity measurements this means that the zeroth 

moment, i.e. the net area under the gradient pulse should be zero. This can be 

accomplished by using a bipolar gradient with lobes of the same strength but opposite 

polarity. The effect of this is that the phase shift created for stationary spins by the first 

lobe will be unwound by the second lobe, resulting in no net phase accumulation. Spins 

moving along the gradient, however, will be at different locations for each lobe, and 

will therefore experience different fields, leading them to accumulate different amounts 

of phase during each lobe. This means that the change in phase will not be unwound, 

resulting in a net phase accumulation for moving spins. The velocity  term of equation 6 

contains the gradient first moment, m1. For a bipolar pulse this is given as: 

 

                                                                  (8) TATtGdGdGm G
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where ∆t is the duration of each lobe of the pulse and AG is the area of each lobe. By 

using this relation in equation 6 and omitting higher gradient moments, the accumulated 

phase becomes: 

 

                                                   001 TvAvm Gγγφ ==                                                       (9) 

 

i.e. the phase shift is proportional to the velocity of the nuclei and the applied gradient 

strength.  
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Figure 1: Phase shift due to motion. The solid lines represent the phase of spins stationary at positions a, b 
and c along the direction of the gradient. The stationary spins will, regardless of their position, experience 
the same dephasing and rephasing effects. If a spin moves from position a to position b (dotted line) in the 
time between the gradients, it will be phase shifted with respect to stationary spins. A spin that moves 
twice the distance, from position a to c (dashed line), will acquire a phase shift twice as large. 

 

Phase contrast images are usually obtained using a gradient echo sequence, which 

results in a sensitivity to dephasing due to inhomogeneity in the magnetic field, so-

called T2*-dephasing. To reduce the effects of this, and other unwanted contributions to 

the phase, two separate images are acquired, and the phase contrast image is calculated 

as the difference in phase in these two on a pixel-by-pixel basis. The two images are 

attained from two consecutive scans, using the same imaging parameters, but different 

gradient first moments. There are two different ways in which this can be done; either 

the velocity encoding gradient that is used for both images is the same, only toggled 

between acquisitions, a so-called double sided acquisition, or one image is acquired 

using a bipolar gradient and the other free of velocity encoding, one-sided acquisition. 

The change in the gradient first moment between the two scans, determines the amount 

of velocity encoding in the final image. With the phase for each image given in equation 

9, the difference in phase between the images is: 

 

                                                            vm1Δ=Δ γφ                                                        (10) 
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The phase difference in the final image is calculated using a four-quadrant arctangent 

function, which means that the largest amount of phase difference that can be registered 

is ±π, which is proportional to the maximum speed that is detectable, also  known as the 

venc (Bernstein et al., 2004):  

 

                                                        1mvenc Δ⋅⋅= γπ                                                      (11) 

 

Any speed with larger velocity than the venc will be aliased as a lower velocity, 

appearing to flow in the opposite direction. Therefore, proper selection of the velocity 

encoding gradient is important; setting the value too low will result in aliasing of high 

velocities, but setting the venc too high on the other hand will result in decreased 

sensitivity and poorer SNR (Bernstein et al., 2004). As mentioned before the velocity of 

the moving spins is proportional to the accumulated phase shift. Combining equations 

10 and 11 gives a straightforward expression for the flow velocity:  

 

                                                             vencv
π
φΔ

=                                                       (12) 

 

The velocity encoding gradient can be applied to any one axis at a time (slice-selection, 

phase-encoding or frequency-encoding) to create an image sensitive to flow in that 

particular direction. Applying pulses on two or three axes simultaneously results in flow 

sensitivity in an oblique direction. To reduce the imaging time the velocity encoding 

gradient can be combined with other gradient lobes. 

 

1.2.2 Image reconstruction 

 

As explained in the section 1.2.1, the final phase contrast image is created by 

calculating the difference in phase in each pixel for the two images with toggled bipolar 

gradient. This yields an image with enhanced flow and suppressed background, where 

magnetization moving in the flow encoding direction will have a high intensity, bright, 

appearance, while magnetization moving in the opposite direction will have a low 

intensity, dark, appearance. Stationary tissue, with a zero phase shift, will appear gray, 
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and areas with no signal, only noise, such as air, will have random phase, appearing as 

non-correlated white noise in the images. Figure 3 (b) shows an example of a phase 

contrast image. 

 

There are two methods of displaying a phase contrast image; phase- and complex-

difference reconstruction. The complex-difference technique is performed by 

subtracting the complex data from the two sets. It has the disadvantage of not containing 

information about direction or velocity of moving spins, and is therefore not useful for 

quantitative flow measurements (Bernstein et al., 2004). The phase-difference approach 

on the other hand  contains information on both flow direction and velocity. It works on 

data in the image domain, and for each pixel the difference in phase between the two 

sets of data is calculated.  If, for any given pixel, the data for the first image is 

represented by Z1 as given by: 

 

                                                       (13) 1
1111

φieryixZ =+=

 

and for the second image it is represented by Z2, given by: 

 

                                                     (14) 2
2222

φieryixZ =+=

 

The difference in phase between the two can then be calculated using: 

 

( ) ( ) ( ) ( ) ( )
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⎝

⎛
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ZZ
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                             (15) 

 

From the same data, a magnitude image, M, corresponding to the phase image can be 

calculated using (Bernstein et al., 1994): 

 

                                                    || *
21ZZM =                                                             (16) 
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Figure 2: Illustration of the calculation of phase contrast information using phase-difference and complex-
difference reconstruction: Z1 and Z2 represent the signal within a voxel for the two different settings of the 
bipolar velocity encoding gradient. The angle ΔΦ is the difference in phase between the signals of the two 
acquisitions, and  Z1 - Z2 is the complex difference. 

 

Noise in a phase contrast image has a different appearance than in a magnitude image; 

since it has a random phase it will yield alternating high and low signal, resulting in a 

salt-and-pepper-like appearance. This has effect on all areas where the signal is low 

enough for noise to dominate, for instance in air. Due to this, it can be preferable to 

suppress the noise using a mask.  One way of doing this is by using a  magnitude image 

reconstructed from the same data as the phase contrast image, and then either just 

multiplying these: 

 

            φφ Δ=Δ Mmasked                                                  (17) 

 

or selecting a threshold  value, and setting the phase in all pixels with values below this 

to zero (Bernstein et al., 2004). For a phase image Δφ with corresponding magnitude 

image M, that means that the masked phase image is: 

 

                                                      (18) 
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=
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  φφ Δ⋅=Δ maskmasked                                                     (19) 
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Figure 3: Example of a PC image of the heart: a) magnitude image; b) corresponding phase contrast 
image;  c) masked phase contrast image; d) graph plotting flow velocity as a function of time for the 
descending aorta (marked) during one cardiac cycle as calculated from the masked PC image. 

 

When the velocity of the spins is known, the flow can be calculated. The flow in each 

pixel is simply the velocity calculated in that pixel, by combining equations 12 and 15, 

multiplied by the area of the pixel. This yields the unit volume over time. To obtain the 

total flow, Q,  in a vessel, a region of interest (ROI) is placed over the vessel and the 

flow of all the pixels in the ROI are summed, according to: 

 

                                                            (20) ∑∑
==

=⋅=
N

i
ipxl

N

i
ii vAvAQ

11

 

where vi is the velocity and Ai the area for a given pixel, and right hand side of the 

equation assumes a constant pixel area, Apxl. 

 

 

 

 



 13

1.2.3 Sequence design 

 

The purpose of phase contrast images is to give both qualitative and quantitative 

information about flow; that is if there is flow present, what direction it has and its 

quantity. The basis of the PC sequence is the bipolar gradient that creates a linear 

relation between measured phase and velocity. This can be added to any of the three 

logical axes, as shown in figure 4. As velocity encoding only takes place along the 

direction of the applied gradient, flow encoding in three dimensions needs three 

separate velocity measurements, one along each axis. The total velocity can then be 

calculated using: 

 

                                                                                                                                        (21) 
222 vvvv ++= zyx

 

 The bipolar gradient is usually added to a gradient echo sequence, although, for faster 

imaging, it can be added to for instance an EPI sequence (Bernstein et al., 2004). To 

obtain two sets of data with different gradient first moments, two acquisitions are made 

with the bipolar gradient toggled. These two acquisitions are obtained right after each 

other in order to minimize misregistration due to patient motion and flow.  

 

For a standard 2D phase contrast sequence a short echo time is used to avoid signal loss 

from flowing blood, and also to reduce the influence of  acceleration and higher orders 

of motion on the measured phase. The flip angle used is moderate (20-40°) to improve 

the signal of flow and the contrast between flow and background, while at the same 

time avoiding saturation of slow flow and artifacts due to pulsation. When the sequence 

is used to obtain information about flow throughout cardiac cycle, it is repeated  with a 

short interval as outlined in section 1.2.4 below. 
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Figure 4: Pulse sequence diagram for phase contrast acquisition. The solid and dashed lines of the bipolar 
gradient represent the different gradient first moments, i.e. the toggling of the gradient, which induces the 
velocity sensitive phase shift. The bipolar gradient is normally applied to only one axis at a time.   
 

1.2.4 Cardiac gating/triggering 

 

To obtain information about flow throughout the cardiac cycle, several phase contrast 

images need to be obtained during one heart beat. Due to the limited time of the cardiac 

cycle, it is not possible to attain an entire set of k-space data at once, but instead a 

limited portion is recorded per cycle. To ensure that each new segment of k-space is 

recorded during the same portion of the heart beat, image acquisition needs to be 

synchronized to the heart beat of the patient. This is accomplished by gating or 

triggering the pulse sequence to the electrical activity of the heart as given by an 

electrocardiogram, ECG. Even though only one line in k-space is acquired per cycle, it 

is possible to speed up image acquisition by applying more than one RF pulse a time, as 

explained in figure 5. The number of times data is obtained in one cardiac cycle is 

called the number of cardiac phases, and the number of k-space lines sampled per 

image and cycle is called the number of views per segment. 
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Figure 5: Schematic description of  the principle of cardiac gating/triggering. The vertical tick marks 
indicate the playing out of a pulse sequence. During the first cardiac cycle the first line of k-space is 
sampled for N different images. Next heart beat the second line, and so on until all of k-space is acquired. 
The images will each contain data about a different part of the cardiac cycle, but all are acquired at the 
same location in the body. 
 

The terms triggering and gating are often used interchangeably, but there is a distinct 

difference between the two: in gated acquisition RF is applied constantly but data only 

acquired at certain, desired points. In a triggered acquisition RF application is turned on 

at certain points synchronized to heart cycle, all data acquired at the same time in cycle.  

 

In addition to cardiac gating there is also peripheral gating, which uses a signal 

generated by the pulsation of blood in the vessels, usually measured in the finger tips, to 

coordinate imaging, and respiratory gating, which uses a signal generated by motion in 

the chest or abdomen. In some cases cardiac and respiratory gating are combined, so as 

to reduce motion artifacts caused by both the beating of the heart and the filling and 

emptying of the lungs, but usually the sequences are performed while the patient holds 

his/her breath. 

 

1.3 POTENTIAL SOURCES OF ERROR 

 

Even though the theory behind flow measurements with phase contrast MRI is quite 

straightforward, there are a number of potential errors that limit the accuracy. As a rule, 

flow measurements with an accuracy within 10% are regarded as good (Bernstein et al., 

2004). 
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1.3.1 Phase effects 

 

Flow measurements with phase contrast MRI make use of velocity induced phase shifts. 

This means that phase offsets which may not disrupt an anatomical image may create a 

considerable bias in the measured velocity. Even though the final phase contrast image 

is composed of the difference between two separate images, so as to cancel out field 

inhomogeneities, not all unwanted contributions to the phase can be eliminated this way. 

Phase errors that remain can be the result of eddy currents and Maxwell fields, also 

known as concomitant fields.  

 

Eddy currents are induced in conducting parts of the magnet and coils by the gradient 

fields. The eddy currents themselves then create fields which may degrade the quality of 

the MR-image and cause an offset in the phase. Field distortions due to eddy currents 

are not easily predicted, but they can be reduced with for instance active shielding or 

gradient waveform preemphasis. The latter means intentionally distorting the gradient 

waveform, so that it combined with the eddy current distortion yields the desired 

waveform. Also, the slow and linear spatial dependence of the phase offset makes it 

possible to remove it in post-processing by measuring the phase offset in stationary 

tissue and fitting a polynomial to this data (Bernstein et al., 2004). As eddy currents are 

a result of gradient switching, using a higher velocity encoding gradient, should 

decrease the magnitude of the eddy currents (Lingamneni, 1995). 

 

The Maxwell field is an effect of the fact that the spatial components of the gradient 

field are not separable into x, y and z components, but will contain cross-terms and 

quadratic terms as described by the Maxwell equations. The extra phase induced hereby 

can be calculated for each pixel knowing the image pulse sequence, but the effect is 

normally small enough that it is neglected (Bernstein et al., 1998). 

 

A simple, but perhaps less accurate, approach to correct for all types of phase offsets is 

to measure the phase offset in a region of stationary tissue adjacent to the flow and 

simply subtracting (Bakker et al., 1999).   
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1.3.2 Partial volume effects 

 

Partial volume effects arise at the edge of a vessel lumen when voxels contain signal 

from both stationary and moving spins. The phase in any given voxel is the vector sum 

of the phases of all spins within the voxel weighted by the fractional volume of tissue 

within the voxel, which is equal to the weighted mean phase of all spins when they have 

a symmetric distribution. When spins do not have a symmetric distribution, as in voxels 

with stationary and moving tissue, the measured phase is not equivalent to the average 

phase. This leads to two counteracting effects: an overestimation of the vessel size and 

an underestimation of the velocity (Polzin et al., 1995.) The net effect will most often be 

an overestimation of the flow rate, due to the fact that moving spins only occupy part of 

the edge voxels, but their velocity is multiplied with the entire voxel area (Bernstein et 

al., 2004).  

 

The extent of the error from partial volume effects will depend on the difference in 

signal intensity of the fluid and the stationary surrounding tissue. Therefore, techniques 

that minimize this difference, such as using thin slices and small flip angles, will reduce 

the error, but it will also decrease the SNR (Wolf et al., 1993). Using high spatial 

resolution, i.e. more than 16 pixels over entire lumen (Tang et al., 1993), and carefully 

setting the ROI is important for decreasing the partial volume errors. 

 
Figure 6: Illustration of the partial volume error: Ms and Mv represent the magnetization vectors for 
stationary and moving spins within a voxel respectively, and Mm is the total magnetization vector. The 
measured phase angle, Φm, is smaller than the actual phase angle for moving spins, Φv. The extent of the 
discrepancy between actual and measured phase depends on the difference size of the magnetization 
vectors Ms and Mv.  
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1.3.3 Intra voxel phase dispersion 

 

In the same way as for partial volume effects, errors in phase can also occur when one 

voxel contains many different velocities which can not be accurately represented by a 

single phase. This is known as intra voxel phase dispersion, and can lead to quantitative 

velocity errors in voxels that encompass a wide range of phases, such as in areas of 

turbulent flow or at the edges of a lumen. When flow is very turbulent the result of the 

phase dispersion can be a total canceling of phases, i.e. a signal void. Remedies for this 

are to reduce the echo time, increase spatial resolution, and increasing the velocity 

encoding (Bakker et al., 1999).  

 

1.3.4 Displacement artifacts 

 

Displacement, or misregistration, artifacts occur because spins move during the 

encoding process. There are two types of displacement artifacts; one is owing to 

acceleration of the blood, and the other occurs when there is a misalignment between 

the flow direction and the flow encoding axis. The acceleration-induced displacement 

takes place since there is a delay between spatial and velocity encoding. This leads to a 

different spin velocity at the time of spatial encoding and velocity encoding, making the 

position of the measured velocity falsely registered (Frayne et al., 1995). The spatial 

displacement artifact is an effect of the spatial encoding taking place at different times 

in the pulse sequence for different directions. When flow is oblique to the gradient axes 

this delay will lead to spins moving between the different encoding points, causing 

incorrect spatial positioning of the spins. Both types of displacement artifacts are 

proportional to spin velocity (Steinman et al., 1997). 
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2. MATERIALS AND METHODS 
 

2.1 DATA AQUISITION 

 

2.1.1 Flow phantom 

 

 
Figure 7: The flow phantom. Flow was lead through the center tube (marked with white tape). The other 
tubes were, empty, i.e. filled with air, while the bulk of the phantom consists of stationary liquid. 
 

The flow phantom (figures 7 and 8) consisted of a PMMA cylinder with diameter 15 cm 

and height 20 cm, filled with stationary liquid. Five PMMA tubes with diameter 7 mm, 

wall thickness 1.5 mm and length 40 cm traversed the cylinder, all connected in order to 

create flow in various directions. It was however found that this limited the flow 

velocity, and therefore liquid was run through the center tube alone. 

 

 

Figure 8: Axial MR image of the flow phantom: a) magnitude reconstruction b) phase contrast 
reconstruction. The center tube contains flowing liquid, the off-center tubes contain air and the body of 
the phantom consists of stationary liquid. 
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2.1.2 Flow system 

 

The fluid used was water doped with copper sulfate (2.5 grams of CuSO4 per liter of 

water, T1/T2 = 32/28 ms at 1.5 T (Peeters et al., 2005)). Different flow rates were 

generated by elevating the fluid source to different heights, in uneven increments 

between 120 cm and 195 cm. Pulsation was created by leading the tube going in to the 

phantom through a pump that pinched the tube at regular intervals. The pump was lent 

by the department of Medical Radiation Physics at Lund University Hospital. It is 

displayed in figure 9, along with a typical waveform produced by it in the phantom as 

imaged with fast 2D PC. It is worth noting that the flow through the system was always 

above zero. The construction of the pump limited the size of the tube that could be used, 

and as an effect also the size of the phantom. The speed of the pump was variable, with 

a maximum of approximately 56 beats per minute (BPM). The pump was fitted with 

electrodes that could be connected to the scanner ECG, in order for image acquisition to 

be triggered to the pump. 

 
Figure 9: The pump used to create pulsating flow. The tube that leads flow into the phantom first passes 
the pump, which alternately pinches and releases it. (Photo courtesy of Freddy Ståhlberg, Department of 
Medical Radiation Physics, Lund University Hospital, Lund, Sweden.) Right: a typical waveform in the 
phantom created by the pump, as imaged with phase contrast MRI.  



2.1.3 Set-up 

 

On each side of the phantom the PMMA tube was connected to a rubber hose, one end 

running to the source of the fluid placed in front of the scanner, and the other running to 

a container used to collect  the fluid. The flow in the system was stopped with a valve at 

the end of the latter. To be able to time the fluid collection without bringing a stopwatch 

into the scanner room the container used for this was placed inside but close to the door. 

The pump was placed immediately after the fluid source, and as far away from the 

scanner as possible. For a straight inflow to the phantom one stretch of tubing (8.5 m) 

entered the scanner from the front, and the other (19 m) from the back, curving around 

the scanner on the outside. To change the direction of the flow, it was simply altered 

which tube ran from the fluid source. The set-up is outlined in figure 10. 

 

Magnet 

Phantom Pump
Fluid source 

(variable elevation) 

Fluid collection 
(ground level) 

 

Figure 10: Schematic plan of experimental set-up. Solid lines represent flow in the superior-inferior 
direction. Dashed lines represent switching of the tubes to create flow in the inferior-superior direction. 

 

2.1.4 Imaging 

 

All measurements were performed on a 1.5 T scanner (Gmax = 23 mT/m, slew rate = 

80T/(m·s); Signa Excite; General Electric Medical Systems, Milwaukee, WI, USA). 

 

As the tube in the phantom was small compared to the aorta, the measurements were 

conducted first with a head coil (Standard Head Coil by GE, number 2384268) that 

fitted the phantom more tightly and gave a better SNR, and then with the multi channel 
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cardiac coil that is used in clinical cardiac examinations (Eight Channel Cardiac Array 

Coil, 2304255-2), both by General Electrics as above. 

 

Two pulse sequences that are used for clinical flow measurements of the aorta were 

utilized for all measurements; a breath hold and a non breath hold sequence. Both are 

gated, sequential fast 2D PC sequences with through plane velocity encoding and 

parameters as stated in table 1. Using the head coil, five different velocity set-ups were 

scanned five times each in both the superior-inferior and the inferior-superior direction. 

With the chest coil three different scans were preformed per velocity, but flow was only 

imaged in the superior-inferior direction. Different velocity encoding strengths were 

used, ranging from 0.60 m/s to 1.05 m/s, to fit as closely as possible to the measured 

maximum velocity. 

  

Table 1: Acquisition parameters for phantom studies of pulsating flow 

Scan parameter Breath Hold Non Breath Hold 
Type of sequence Fast 2D PC 

gated , sequential 
Fast 2D PC 
gated , sequential 

Flow compensated Yes No 
TR (ms) 9.14 - 9.80 9.72 – 8.24 
TE (ms) Minimum full 

(3.49 - 3.62) 
Minimum full 
(3.06 - 3.36) 

Signal averages 1 1 
Receiver bandwidth (kHz) 31.25 31.25 
Matrix size (frequency x phase) 256 x 128 256 x 128 
Phase field of view 0.75 1.0 
Field of view (mm) 170 x 170 170 x 170 
Slice thickness (mm) 6 6 
NEX 1 1 
RF flip angle 20° 20° 
Slice orientation Oblique, axial Oblique, axial 
Flow encoding direction Through plane Through plane 
BPM 55 56*, 55, 
Number of cardiac phases 31 73 
Temporal resolution (ms) 35.17 14.67*, 14,93 
Views per segment 4 1 

* Head coil, superior-inferior flow 
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2.2 DATA ANALYSIS 

 

2.2.1 Volumetric flow measurements 

 

All flow rate measurements extracted from images were compared to the flow rate from 

the corresponding volumetric flow measurement, i.e. the recording of the volume of 

fluid that passed through the phantom during a specific amount of time. This will be 

referred to as the real flow rate or the ideal flow rate. Nevertheless, there are several 

uncertainties inherent to these measurements: for instance the time for the fluid 

collection is longer than the actual scan time, and any possible fluctuations in the flow 

rate during this time will go undetected. Also, there might be a slight time discrepancy 

between the starting and stopping of the clock and the starting and stopping of the flow. 

To compensate for this, the uncertainty in the flow rate was calculated as the sum in 

quadrature of the fractional uncertainties in the volume and time measurements as 

shown in equation 22  (Taylor, 1997). 
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The uncertainty in the volume measurement, δV, was set to ±20 ml and in the time, δt, 

measurement ±1 s. 

 

2.2.2 Raw data files 

 

Raw data is the unprocessed MR signal that is the basis for the MR images displayed on 

the scanner and workstation. After a series is scanned raw data remains in the temporary 

memory of the scanner until a new series is initiated, and from there it can be saved. 

 

The raw data files were analyzed using MATLAB 6.5 (The Mathworks, Natick, MA, 

USA). Each file contains two sets of k-space data per cardiac phase, representing the 

two consecutive scans with different gradient first moment (see section 1.2.1). This data 

is transformed to two sets of two dimensional images using a bidimensional discrete 
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Fourier transform (DFT-2D). From these two image data sets the phase image is created 

according to equation 15, and the magnitude image according to equation 16. The 

MATLAB code employed for the image reconstruction and flow calculation is supplied 

in Appendix B. 

 

To more easily be able to segment out the flowing liquid, noise in the PMMA tube was 

suppressed by creating a magnitude masked phase image according to equations 18 and 

19. For the phase image this suppresses the signal from noise both in air and in PMMA, 

leaving a region of zero phase around the flowing liquid, while keeping pixels with 

corresponding magnitude values above the threshold unaltered. The threshold value for 

the mask was determined by trial-and-error: the effect of several threshold values were 

examined visually, and the number that generated a steady suppression of all tube pixels 

was selected. The masked phase image was checked for consistency and compared to 

the equivalent magnitude image. For images obtained with the head coil the threshold 

value was set to 1/3 of the maximum, and for images obtained with the chest coil the 

cutoff was 1/1.75 of that. 

 

The volume flow rate in each frame was calculated from the magnitude masked phase 

image by translating the phase shift in each pixel to velocity using equation 12, and then 

calculating the flow using equation 20. This was plotted as a function of time, and the 

flow during one pump cycle was obtained by integrating over the time. The flow rate 

was then obtained by dividing the volume with the time during which imaging took 

place. 

 

For raw data files obtained with the multi channel chest coil phase and magnitude 

images were reconstructed from the square root of the sum of squares (Bernstein et al., 

1994). 

 

2.2.3 DICOM files 

 

The DICOM format (Digital Imaging and Communications in Medicine, NEMA, 

Rosslyn, VA, USA) is a standard for encoding medical images. It was developed to 
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facilitate the transmitting and storing of  digital medical images. The DICOM format 

also allows viewing of images on a personal computer. 

 

Data stored in DICOM files were evaluated using MATLAB. Each file contains two 

sets of image data: magnitude and phase contrast. Masked phase images were created 

using equations 18 and 19, with the DICOM magnitude image data as basis for the 

mask. To obtain good suppression of the noise in the tube wall, the threshold for the 

head coil images was set to 1/7 and for the chest coil images 1/3. In the DICOM images 

the pixel intensity in the phase contrast images is scaled to display the velocity, so the 

flow rate was simply calculated using equation 20, integrating over the entire cycle and 

dividing with the imaging time as for raw data measurements. The MATLAB code 

employed for flow calculation is supplied in Appendix B. 

 

2.2.4 FLOW software 

 

The clinical flow measurements are performed on an Advantage workstation with the 

FLOW software (Medis medical imaging systems, Leiden, The Netherlands). This 

works on DICOM data, and it features an automated contour detection, which is useful 

for tracing vessels with areas that are not precisely known and also change throughout 

the cardiac cycle. For the phantom measurements the tube area is however known and 

unchanging. Therefore, a ROI closely matching the true size of the tube (0.3% deviation 

in area) was drawn on magnitude images, which served as reference, and copied onto 

the phase images. The software then calculates medium velocity, stroke volume and 

flow rate. 

 

2.2.5 Phase offset correction 

 

For all types of flow measurements a correction for phase offset was carried out by 

selecting regions of interest in the stationary phase around the center tube and 

translating the phase in these to “flow” in the same way as above. These flow rate 

values were then averaged, and the result subtracted from the measured flow. This 

method was chosen as it is simple and also executable in both MATLAB and FLOW. 
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For the MATLAB calculations, four ROIs were averaged, and for the FLOW software 

the program limited calculations to three background regions.  

 

2.3 MATHEMATICAL ANALYSIS 

 

For all data sets a straight line was fitted to the measured points with linear regression. 

For measurements that are accurate over a range of velocities with no phase offset, the 

result should be a line with slope close to one and intercept close to zero. 

 

The percent error for the scanned flow was calculated as (Qscanned - Qreal)/Qreal. 

 

3. RESULTS 
 

3.1 PRECISION 

 

The original intention was to determine accuracy by measuring flow rates for five 

different velocities, and to determine precision by performing several measurements of 

the same flow rate. Figure 11 shows data for a breath hold sequence. The flow rate 

estimated with the FLOW software is plotted as a function of the volumetric flow rate, 

and the horizontal bars represent the estimated errors for the latter calculated with 

equation 22. A straight line (slope = 1, intercept = 0) is included for comparison. The 

five measurements obtained for each velocity set-up are circled together, and, as the 

figure shows, the error bars for measurements of the same set-up fail to overlap for all 

measurements. The data points do however still trace a straight line (r = 0.99), even 

while being spread out. Due to this, it can not be assumed that the measurements are 

repeats of the same flow rate, but they must rather be considered to be individual 

measurements of a varying flow rate.  
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Figure 11: Measured flow as a function of volumetrically measured flow with estimated errors in the 
latter for breath hold sequence and head coil calculated with the FLOW software. Five measurement were 
preformed for each velocity set-up (circled),  and a straight line (slope = 1, intercept = 0) is plotted  for 
comparison. The figure shows a variance in the measurements, leading to the assumption that there is a 
variation in the flow rate. 

 

3.2 ACCURACY 

 

Measurements were made for both head coil and chest coil, and for two opposite flow 

directions for the head coil. For clarity only results obtained with the head coil for flow 

in the superior-inferior direction are shown below in tables and figures. Corresponding 

tables and results for the other flow direction and coil are found in Appendix A.  

 

For the chest coil some raw data files were not saved properly, leading to gaps in the 

results. Also, for images obtained with the chest coil and breath hold sequence, the field 

of view was set too small, so there was folding in artifact of the structure supporting the 

coil onto the tube containing the flow. Checking the stationary material shows that there 
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might be a greater phase in areas that are subject to the folding-in, which should be kept 

in mind when examining the results from this scan configuration. 

 

Table 2: Real and measured flow rates for superior-inferior flow scanned with breath hold sequence 
using head coil. Bold font indicates measurements that do not fall within the confidence interval of the 
real flow, i.e. real ± estimated error as given by equation 22. 

 Flow rate [ml/s] 
  Raw data files Dicom files CV FLOW 

Venc 
[ cm/s] 

Real  
 

Estimated 
error 

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

22.02 0.35 22.79 22.44 25.82 25.45 22.66 22.35 
22.15 0.46 23.08 22.79 26.02 25.65 22.81 22.52 
21.64 0.22 23.09 22.83 25.44 25.10 22.31 22.04 
21.54 0.45 23.14 22.91 24.77 24.47 22.04 21.77 

100 

22.16 0.31 23.31 23.05 25.20 24.87 22.32 22.01 
           

19.63 0.52 20.14 19.83 22.73 22.32 19.96 19.62 
19.51 0.68 19.89 19.58 22.59 22.21 19.85 19.52 
19.56 0.62 19.89 19.55 22.48 22.06 19.79 19.48 
19.57 0.61 20.18 19.85 22.93 22.52 20.17 19.81 

90 

19.38 0.58 19.68 19.38 22.22 21.84 19.65 19.34 
         

18.30 0.58 18.87 18.82 21.41 21.31 18.84 18.74 
18.48 0.59 18.84 18.78 21.14 21.05 18.74 18.66 
18.64 0.62 18.82 18.80 21.17 21.09 18.76 18.72 
18.00 0.60 18.62 18.56 20.71 20.60 18.51 18.42 

80 

17.14 0.54 17.49 17.45 19.42 19.32 17.45 17.34 
         

15.81 0.41 16.40 16.26 18.39 18.19 16.32 16.15 
15.00 0.50 15.28 15.13 16.93 16.72 15.24 15.04 
14.67 0.55 14.99 14.86 16.66 16.47 14.98 15.05 
14.89 0.53 15.13 14.97 16.80 16.58 15.12 14.91 

70 

14.38 0.51 15.10 14.95 16.79 16.58 15.08 14.86 
         

13.33 0.53 13.68 13.40 15.02 14.67 13.51 13.21 
13.18 0.54 13.63 13.36 14.91 14.59 13.40 13.14 
13.33 0.57 13.73 13.47 15.01 14.69 13.46 13.18 
13.10 0.57 13.61 13.36 14.74 14.43 13.22 12.95 

60 

13.19 0.51 13.84 13.56 15.07 14.72 13.59 13.31 
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Table 3: Real and measured flow rates for superior-inferior flow scanned with non breath hold 
sequence using head coil. Bold font indicates measurements that do not fall within the confidence 
interval of the real flow, i.e. real ± estimated error as given by equation 22. 

 Flow rate [ml/s] 
  Raw data files Dicom files CV FLOW 

Venc 
[ cm/s] 

Real 
 

Estimated 
error  

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

21.38 0.20 20.85 22.13 23.44 24.83 20.55 21.78 
20.75 0.22 20.55 21.91 23.08 24.54 20.25 21.55 
20.65 0.23 20.55 21.90 23.00 24.47 20.03 21.34 
20.48 0.23 20.80 22.09 22.93 24.31 20.03 21.23 

100 

20.80 0.23 21.18 22.47 23.06 24.46 20.27 21.48 
           

19.67 0.23 20.19 21.04 21.87 22.78 19.52 20.30 
19.59 0.23 19.91 20.75 21.97 22.86 19.27 20.04 
19.51 0.23 20.09 20.91 22.22 23.11 19.49 20.27 
19.51 0.23 19.71 20.54 22.07 22.97 19.30 20.06 

90 

19.51 0.23 19.50 20.39 22.14 23.06 19.39 20.21 
         

18.55 0.22 18.45 19.27 20.43 21.31 18.32 19.12 
18.51 0.23 18.28 19.11 20.18 21.07 18.22 19.02 
18.07 0.23 17.92 18.76 19.61 20.52 17.78 18.56 
18.12 0.23 17.78 18.68 19.53 20.46 17.74 18.56 

80 

18.23 0.22 18.08 18.92 20.11 21.02 18.16 18.91 
         

14.26 0.20 14.39 14.92 15.91 16.46 14.33 14.82 
14.33 0.21 14.48 14.99 16.04 16.58 14.41 14.89 
14.14 0.17 14.19 14.68 15.68 16.24 14.16 14.63 
14.64 0.20 15.13 15.66 16.83 17.39 15.12 15.60 

70 

15.77 0.21 14.17 14.68 15.69 16.23 14.18 14.64 
         

12.61 0.20 12.77 13.18 13.80 14.25 12.41 12.79 
13.23 0.19 13.34 13.77 14.51 14.94 13.15 13.53 
12.76 0.19 13.07 13.50 14.16 14.61 12.89 13.28 
13.15 0.19 13.43 13.86 14.47 14.91 13.18 13.58 

60 

13.28 0.19 13.85 14.29 14.90 15.34 13.59 13.97 
 

3.2.1 Phase offset correction 

 

The phase offset correction utilized consisted of measuring the phase shift in ROIs in 

the stationary phase close to the tube, and subtracting this from the scanned flow. It was 

found that the added phase in the stationary material was positive for the breath hold 

sequence, giving a “flow rate” of around 0.08-0.3 ml/sec calculated with FLOW, and 

negative for the non breath hold sequence, generating a “flow rate” of roughly -(0.3-1.3) 

ml/sec calculated with FLOW. Figure 12  shows the difference in percent error in flow 

rate with and without the phase correction for both breath hold and non breath holds 

sequence. Measurements show flow in the superior-inferior direction obtained with the 

head coil and calculated with the FLOW software. For flow in the superior-inferior 
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direction the magnitude of the error in the measurements is as a rule smaller with phase 

correction for scans using breath hold sequence and larger using non breath hold 

sequence, and vice versa for inferior-superior flow. This result is consistent for all 

modes of calculation, with the exception of raw data measurement for breath hold 

sequence with the cardiac coil, where the error is larger with the phase offset correction. 

 

 

a 

b 

Figure 12: Percent error in flow measurements obtained with the FLOW software for flow in the superior-
inferior direction measured with the head coil. 

a  
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3.2.2 Mode of calculation 

 

Figures 13 and 14  show the measured data for breath hold and non breath hold 

sequence respectively obtained through different modes of calculation. Also a straight 

line (slope = 1, intercept = 0) is plotted for comparison. For all experiments 

measurements preformed with DICOM data in MATLAB give the largest deviation 

from the expected values, with errors ranging from 2% to 18%. Comparison between 

measurements made with raw data files in MATLAB and with the FLOW software 

show a much smaller disagreement  (around 1-3% for head coil and 1-11% for cardiac 

coil), but overall the FLOW calculations give a slightly smaller deviation from the 

straight line.  

 

Figure 13: Measurements of superior-inferior flow for different modes of calculation obtained with 
breath hold sequence and head coil. Stars represent measurements from raw data made in MATLAB, 
squares represent FLOW measurements, and circles represent measurements made with DICOM data in 
MATLAB. For all lines fitted to data  r = 0.99. A straight line (slope = 1, intercept = 0) is plotted  for 
comparison. 
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Figure 14: Measurements of superior-inferior flow for different modes of calculation obtained with     
non breath hold sequence and head coil. Stars represent measurements from raw data made in MATLAB, 
squares represent FLOW measurements, and circles represent measurements made with DICOM data in 
MATLAB. For all lines fitted to data r = 0.99.A straight line (slope = 1, intercept = 0) is plotted  for 
comparison.  

 

3.2.3 Direction of flow and type of sequence 

 

There is a difference in the results depending on the direction of the flow that is linked 

to the type of sequence used for scanning. Figure 15  shows the straight lines fitted to 

flow in the different directions for breath hold and non breath hold sequences scanned 

with head coil and measured with the FLOW software. Flow in the superior-inferior 

direction is represented by a positive phase while flow in the inferior-superior direction 

is represented by a negative phase in phase contrast images. For flow in the superior-

inferior direction the breath hold sequence gives a slope larger than unity with an 

intercept that undershoots the origin, while the breath hold sequence generates a slope 

lower than unity that overshoots the origin. For flow in the opposite direction the result 

is the contrary. 
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Figure 15: Straight line fitted to measured data obtained with the FLOW program for scans preformed 
with head coil. Solid blue lines represent results obtained with breath hold sequence and dashed red lines 
represent data obtained with non breath hold sequence. For all fitted lines r = 0.99. Flow in superior-
inferior direction is represented with positive values, while inferior-superior flow is represented as 
negative. 

 

3.2.4 Type of coil 

 

Scanning was initially preformed with both the head coil and the cardiac coil that is 

used in clinical practice. Table 4  shows the average error in percent for flow rate 

measurements using the different coils. 

 

Table 4: Average percent error in flow rate measurements obtained                                                               
with the FLOW software for flow in the superior-inferior direction 

 Average percent error 
 Head coil Cardiac coil
Breath hold 1.6% 5.7% 
Non breath hold 1.8% 2.0% 
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 Figure 16 shows, for each coil, the individual measurements and the variables for their 

straight line fitting, as well as how the measurements compare to the ideal case (solid 

line). It should be pointed out that the least squares fitting to a line is made for 25 points 

for the head coil and 15 points for the cardiac coil, but the correlation coefficient, r, for 

both is close to unity.  

 

 
Figure 16: Comparison of measurements made with different coils of flow in the superior-inferior 
direction using non breath hold sequence as calculated with the FLOW program. Stars represent 
measurements made with the head coil and circles represent measurements made with the cardiac coil. 
For both lines fitted to data r = 0.99. The straight line represents the ideal relation between scanned and 
measured flow, i.e. slope = 1, intercept = 0.  
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4. DISCUSSION 
 

4.1 PRECISION 

 

The inability to obtain the same flow rate for repeated measurements with the same 

experimental set-up raises the question of how correct the value of the volumetrically 

measured flow is. The timed volume collection usually took place during 45-285 sec 

and contained about 700-3000 ml liquid, meaning that fluctuations due to errors in the 

measuring process should not be so large. The estimated error in the volumetric flow 

rate values (section 2.2.1) should therefore hold. Another possibility for the poor 

repeatability is that since the fluid source needs to be refilled between scans, the tubing 

might be shifted causing a difference in velocity through the system. A further 

explanation for the differences might be a variation over time in the ability of the pump 

to compress the tube, leading to variations in the flow rate. This does however raise the 

question of whether the flow is steady over the imaging time or not. 

 

4.2 ACCURACY 

 

Overall the flow rate measurements show good correlation with the timed volume 

collection. Although the scanned values do not always fall within the confidence 

interval of the volumetric values, the error is below 5% for the majority of the 

measurements obtained with the FLOW software. The best results were obtained for 

inferior-superior flow scanned with breath hold sequence and the head coil: all 

measurements but one fall within the confidence interval of the true flow rate, the 

average percent error is 1.2% and three quarters of the calculated flow rate values have 

a percent error of less than 1.5%.  

 

4.2.1 Phase offset correction 

 

As mentioned in section 1.3.1 there are several ways of correcting for phase offset 

errors. The method chosen here was selected for its simplicity and ability to be 

implemented in MATLAB as well as in FLOW. The results however show that whether 
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or not the magnitude of the error decreases after the phase correction depends on the 

type of sequence used and direction of flow investigated. It should be noted, though, 

that when the correction increases the magnitude of the error, like shown in figure 12 

(b), it is not because it adds to the existing underestimation of the flow, but rather that it 

overcompensates it.  Therefore, the correction must be considered to be an unreliable 

method to reduce phase offsets in its present form, but with some further analysis it 

might be useful. 

 

4.2.2 Mode of calculation 

 

The values generated with FLOW are expected to be most consistent with the real 

values, as with this method care is taken to use a ROI that closely matches the known 

tube size. For measurements generated with MATLAB the size of the ROI depends on 

the threshold value used for the masked phase image. For the raw data files the 

threshold was set quite high, leading to a  ROI quite close to the true value. For the 

DICOM data, the threshold was set lower, leading to an overestimation of the tube area. 

To check the influence of ROI size on the flow rate estimation, some of the FLOW 

calculations were executed using two different areas, and it was found that increasing 

the ROI by 5-10% lead to an increase in the measured flow by 1-7%. This leads to the 

assumption that the main difference between the different modes of calculation stems 

from the differences in size of areas used for flow calculations. Also, it is possible that 

the discrepancy between the results from raw data and DICOM files (in MATLAB and 

in FLOW) could be the effect of post processing done by the manufacturer prior to 

conversion to the DICOM format. 

 

4.2.3 Direction of flow and type of sequence 

 

The straight line fitting shown in figure 15 shows that for the breath hold sequence the 

slope is higher than unity for superior-inferior flow and lower than unity for flow in the 

opposite direction. The opposite is true for the non breath hold sequence. This effect 

will be more noticeable the further away from the origin the measurements are placed, 

that is the higher the flow rates that are measured. This means that for the measurements 
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made in this projects, and even more so for flow measurements in the aorta, 

measurements of flow in the superior-inferior direction will on the whole be 

overestimated with the breath hold sequence and underestimate with the non breath hold 

sequence. For flow in the inferior-superior direction the effect is the opposite. 

 

As established in section 3.2.1, the phase in the stationary material translates to a flow 

rate with positive value when scanning with a the breath hold sequence, and a negative 

value for the non breath hold sequence. This is consistent with the differences found for 

different flow directions and flow directions; an added positive phase will increase the 

flow rate value for a “positive” flow, such as that in the superior-inferior direction, and 

decrease the value for a “negative” flow, such as the inferior-superior. The effect is 

outlined in figure 17. 

 

 

Figure 17: Schematic description of the phase offset error for the different sequences and their effect on 
flow in opposite directions. For the breath hold sequence the positive addition in phase increases positive 
flow rate values and decreases negative ones. For the non breath hold sequence the added phase is 
negative, leading giving the opposite effect. 

 

4.2.4 Type of coil 

 

For scanning with the non breath hold sequence the performance of the head and the 

cardiac coil are quite similar, both regarding average percent error and straight line 

fitting. For the breath hold sequence the results show a larger error in the measurements 

made with the cardiac coil, but it should be kept in mind that, as stated in the beginning 

Flow  

Time 

Breath hold Non breath hold

─ Measured 
- - Real 
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of section 3.2, for the scans made with chest coil and breath hold sequence there was 

some folding in onto the images, which can explain the higher error in this case. 

 

4.3 LIMITATIONS OF THE STUDY 

 

There are certain factors that are limiting when it comes to comparing the executed 

study to clinical flow measurements, many of which are connected to properties of the 

pump and phantom used. 

 

For instance the maximum “pulse rate” of the pump is approximately 55 BPM, which is 

lower than that usually found in patients. Also, the flow through the phantom is much 

lower than that found in vivo, leading to the effects of pulsation being smaller in the 

phantom. Additionally, as the pump is placed a few meters away from the scanner there 

is very little risk of turbulent flow being present in the image, something that can not be 

ruled out in vessels close to the heart, and furthermore there is no zero net flow during 

the pump cycle as there is during the cardiac cycle. 

 

The tube in the phantom differs from that of a blood vessel when it comes to structure 

as it is rigid, whereas blood vessels in the body are not. Moreover the tube wall consists 

of PMMA, which has different relaxation properties than those found in vivo, and the 

wall thickness relative to its area is larger than that of for instance the aorta. This means 

that the partial volume effects will be more prominent in the phantom measurements. 

Furthermore the size of the phantom used is much smaller than that of an actual patient, 

which can lead to a significant divergence in susceptibility variations in scanned 

material. 
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5. CONCLUSION 
 

The performance of flow measurements with phase contrast MRI was studied for 

different flow directions, pulse sequences and coils. For each set-up a range of different 

flow velocities was scanned. The results show that in a controlled setting, with flow 

through a phantom and pump, it is possible to get good measurements of pulsating flow, 

with an average error ranging from 1.2% to 5.7% using the flow calculation software, 

FLOW, that is employed clinically. The magnitude of the errors was shown to be 

dependent on the size of the ROI selected, showing the importance of carefully 

selecting the right area for which to calculate the flow rate. 

 

Examination of the phase in the stationary material of the phantom suggests that there is 

a systematic phase offset in the images which seems to influence flow measurements. 

The phase offset correction used was not a successful remedy, but a more thorough 

method might help decrease the errors.  

 

Due to the phase offset, the type of sequence used and flow direction scanned is 

important. In clinical heart examinations, the sequence can for practical reasons not 

always be chosen, but if possible flow measurements that are to be compared should be 

made using the same encoding direction. 

 

The bulk of the measurements were made for the head coil, which makes it difficult to 

make an stringent comparison of both coils. However, for the data where comparison 

can be made, comparison between the head coil and the cardiac coil show that it is 

possible to make accurate measurements with both coils. 

 

To examine why flow measurements made clinically show large errors further 

investigation is needed. Future projects should include scanning faster flow, in a 

phantom with thinner vessel walls. This to more closely mimic in vivo conditions and to 

reduce the influence of partial volume effects. Also, currently the clinical studies make 

use of a phase offset correction that entails scanning of phantom after the patient 
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examination for reference. This procedure could maybe be verified using a phantom 

with known flow.  
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APPENDIX A – Supplementary tables and figures 
 

A.1 Accuracy 

 

Table 1: Real and measured flow rates for inferior-superior flow scanned with breath hold sequence 
using head coil. Bold font indicates measurements that do not fall within the confidence interval of the 
real flow, i.e. real ± estimated error as given by equation 22. 

 Flow rate [ml/s] 
  Raw data files Dicom files FLOW software 

Venc 
[ cm/s] 

Real 
 

Estimated 
error  

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

19.17 0.58 19.79 19.98 21.48 21.76 19.25 19.47 
18.96 0.57 19.58 19.75 21.32 21.56 19.09 19.28 
19.09 0.63 19.63 19.80 20.34 20.60 19.09 19.29 
18.60 0.64 19.13 19.29 19.80 20.04 18.64 18.83 

100 

18.70 0.60 19.11 19.29 19.70 19.97 18.50 18.73 
           

18.22 0.60 17.62 18.13 19.62 20.24 17.59 18.13 
18.04 0.59 18.03 18.46 20.28 20.81 18.00 18.48 
18.48 0.59 19.24 19.74 21.11 21.74 18.66 19.20 
18.09 0.57 18.38 18.86 20.11 20.70 17.90 18.41 

90 

17.83 0.58 17.93 18.46 19.43 20.09 17.43 18.01 
         

16.60 0.52 16.58 17.03 18.39 18.94 16.68 17.18 
17.00 0.52 16.71 17.11 18.53 19.04 16.82 17.26 
17.11 0.58 16.93 17.33 18.94 19.45 17.10 17.53 
17.08 0.55 16.73 17.17 18.75 19.29 16.91 17.38 

85 

17.27 0.60 16.93 17.34 18.76 19.26 16.92 17.36 
         

15.81 0.41 15.91 16.11 17.41 17.68 15.91 16.13 
14.62 0.48 14.46 14.65 15.77 16.04 14.45 14.67 
14.31 0.48 14.50 14.70 15.83 16.09 14.53 14.76 
15.10 0.51 14.79 14.94 16.19 16.40 14.75 14.92 

75 

14.63 0.46 14.87 15.04 16.37 16.62 14.83 15.05 
         

13.85 0.37 14.08 14.06 15.28 15.31 14.04 14.07 
13.83 0.52 14.34 14.32 15.04 15.06 13.72 13.73 
14.48 0.43 15.08 15.06 16.40 16.43 14.82 14.85 
14.07 0.45 14.08 14.07 15.61 15.64 14.24 14.27 

65 

14.51 0.48 14.91 14.91 16.61 16.66 15.12 15.15 
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Table 2: Real and measured flow rates for inferior-superior flow scanned with non breath hold 
sequence using head coil. Bold font indicates measurements that do not fall within the confidence 
interval of the real flow, i.e. real ± estimated error as given by equation 22. 

 Flow rate [ml/s] 
  Raw data files Dicom files FLOW software 

Venc 
[ cm/s] 

Real 
 

Estimated 
error  

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

19.85 0.21 21.16 20.28 23.15 22.19 20.44 19.63 
19.38 0.21 20.72 19.82 22.66 21.68 19.99 19.15 
19.21 0.22 20.56 19.65 22.65 21.68 19.96 19.12 
19.01 0.23 20.25 19.35 22.31 21.34 19.62 18.79 

105 

18.95 0.22 20.47 19.54 22.35 21.35 19.66 18.79 
           

19.20 0.22 20.58 19.83 22.14 21.33 20.12 19.43 
19.02 0.23 20.40 19.66 22.39 21.59 19.81 19.11 
18.80 0.22 20.45 19.68 22.40 21.58 19.79 19.09 
18.55 0.20 20.09 19.30 21.96 21.11 19.52 18.80 

95 

18.89 0.22 20.15 19.36 22.06 21.20 19.70 18.96 
         

18.00 0.22 19.24 18.57 21.17 20.46 19.01 18.39 
18.00 0.22 19.15 18.48 20.96 20.25 18.88 18.27 
17.90 0.22 18.92 18.26 20.71 20.00 18.77 18.16 
18.21 0.22 19.01 18.35 20.93 20.22 19.00 18.38 

90 

18.10 0.21 18.92 18.26 20.86 20.14 19.06 18.43 
         

16.53 0.21 17.62 17.06 19.43 18.82 17.14 16.62 
16.09 0.20 16.67 16.15 18.91 18.36 16.87 16.39 
15.82 0.21 16.51 15.98 18.60 18.05 16.63 16.15 
15.70 0.21 16.45 15.93 18.39 17.83 16.49 16.00 

75 

15.90 0.21 16.74 16.22 18.57 18.02 16.60 16.12 
         

15.12 0.20 15.60 15.22 17.70 17.29 15.85 15.50 
15.24 0.20 15.87 15.47 17.74 17.32 15.99 15.63 
14.84 0.20 16.45 16.03 17.24 16.81 15.55 15.17 
15.20 0.20 16.22 15.80 17.21 16.78 15.56 15.19 

70 

14.79 0.21 15.50 15.09 17.03 16.60 15.37 15.00 
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Table 3: Real and measured flow rates for superior-inferior flow scanned with breath hold sequence 
using cardiac coil. Bold font indicates measurements that do not fall within the confidence interval of the 
real flow, i.e. real ± estimated error as given by equation 22. 

 Flow rate [ml/s] 
  Raw data files Dicom files FLOW software 

Venc 
[ cm/s] 

Real 
 

Estimated 
error  

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

19.89 0.32 21.12 21.26 22.51 22.38 21.33 21.02 
19.80 0.56 21.15 21.29 22.87 22.71 21.46 21.17 

100 

19.77 0.64 21.24 21.41 22.45 22.21 21.11 20.88 
           

18.80 0.55 19.88 19.98 21.01 20.64 19.97 19.55 
18.72 0.58 19.82 19.94 21.27 20.98 20.20 19.88 

90 

18.48 0.59 --- --- 21.50 21.28 20.51 20.30 
         

17.73 0.61 18.46 18.59 19.52 19.23 18.52 18.22 
17.05 0.60 18.05 18.19 18.96 18.81 18.11 17.75 

85 

18.26 0.59 19.89 19.91 20.19 19.94 19.55 19.22 
         

14.35 0.54 15.04 15.32 15.63 15.68 14.90 14.86 
14.29 0.50 14.92 15.14 15.66 15.53 14.83 14.62 

75 

14.29 0.50 14.76 14.94 15.62 15.48 14.94 15.00 
           

13.78 0.54 14.17 14.53 14.71 14.84 14.07 14.07 
13.33 0.57 --- --- 14.45 14.47 13.82 13.86 

70 

13.58 0.46 13.87 14.20 14.52 14.60 13.93 13.97 
 
Table 4: Real and measured flow rates for superior-inferior flow scanned with non breath hold 
sequence using cardiac coil. Bold font indicates measurements that do not fall within the confidence 
interval of the real flow, i.e. real ± estimated error as given by equation 22. 

 Flow rate [ml/s] 
  Raw data files Dicom files FLOW software 

Venc 
[ cm/s] 

Real 
 

Estimated 
error  

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

Un-
corrected 

Phase 
corrected 

19.30 0.18 19.16 20.65 19.83 21.21 18.79 20.11 
18.61 0.17 18.40 19.88 19.09 20.51 18.01 19.24 

100 

19.76 0.17 19.49 20.97 20.40 21.82 19.19 20.53 
           

18.70 0.18 18.46 19.63 19.41 20.48 18.35 19.31 
18.73 0.17 18.44 19.57 19.41 20.53 18.45 19.50 

90 

18.40 0.20 --- --- 19.05 20.12 18.10 19.08 
         

17.66 0.17 --- --- 18.04 19.15 17.29 18.35 
17.58 0.17 --- --- 18.06 19.13 17.27 18.22 

85 

17.45 0.17 --- --- 17.74 18.91 17.05 18.08 
         

14.18 0.14 --- --- 14.72 15.26 13.99 14.53 
14.20 0.15 14.22 15.04 14.53 15.13 13.74 14.26 

75 

14.14 0.16 14.02 14.67 14.47 15.04 13.81 14.33 
           

13.21 0.15 --- --- 13.65 14.10 13.08 13.46 
13.39 0.15 --- --- 13.85 14.27 13.24 13.65 

70 

13.33 0.15 --- --- 13.69 14.12 13.13 13.57 
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A.2 Phase offset correction 
 

 
Figure 1: Percent error in flow measurements obtained with the FLOW software for flow in the inferior-
superior direction measured with the head coil. 

 

 
Figure 2: Percent error in flow measurements obtained with the FLOW software for flow in the superior-
inferior direction measured with the cardiac coil. 
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A.3 Mode of calculation 

 

 

a

 

 

b

Figure 3: Measurements of inferior-superior flow for different modes of calculation obtained with (a) 
breath hold and (b) non breath hold sequence and head coil. Blue stars represent measurements from 
raw data made in MATLAB, green squares represent FLOW measurements, and red circles represent 
measurements made with DICOM data in MATLAB. For (a) all lines fitted to data r  > 0.98, and for (b) 
all lines fitted to data r = 0.99. A straight line (slope = 1, intercept = 0) is plotted  for comparison.  
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a

 
 

 

b

Figure 4: Measurements of superior-inferior flow for different modes of calculation obtained with (a) 
breath hold and (b) non breath hold sequence and cardiac coil.  Blue stars represent measurements 
from raw data made in MATLAB, green squares represent FLOW measurements, and red circles 
represent measurements made with DICOM data in MATLAB. For all lines fitted to data r = 0.99.A 
straight line (slope = 1, intercept = 0) is plotted  for comparison. 
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A.4 Type of sequence 
 

 

Figure 5: Straight line fitted to measured data obtained with the FLOW program for scans preformed with 
cardiac coil. Solid blue line represents results obtained with breath hold sequence and dashed red line 
represents data obtained with non breath hold sequence. For both lines r = 0.99. 

 

A.5 Type of coil 

Table 5: Average percent error in flow rate measurements obtained                                                               
with the FLOW  software for different experimental set-ups 

 Average percent error 
 Head coil S/I Head coil I/S Cardiac coil S/I 

Breath hold 1.6% 1.2% 5.7% 
Non breath hold 1.8% 4.2% 2.0% 
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Figure 6: Comparison of measurements made with different coils of flow in the superior-inferior 
direction using breath hold sequence and calculated with the FLOW program. Blue stars represent 
measurements made with the head coil and red circles represent measurements made with the cardiac coil. 
For both lines fitted to data r = 0.99. The straight line represents the ideal relation between scanned and 
measured flow, i.e. slope = 1, intercept = 0. 
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APPENDIX B – MATLAB codes for image reconstruction 
and flow calculation 
 
B.1 MATLAB code for image reconstruction and flow calculation of MR raw data 
 
%--------------------------------------------------------------------- 
 
function[ phase , magnitude , masked_phase, Q_cycle, Q_cycle_corr ] = 
phase_difference_bh(pfile,venc); 
 
%PHASE_DIFFERENCE calculates the phase image, magnitude image,  
%masked phase image, and uncorrected and phase corrected stoke  
%volume for a given p-file and venc 
% 
%[phase,magnitude,masked_phase,Q_cycle,Q_cycle_corr]=phase_difference(
pfile,venc) 
 
addpath /home/ulrikas/ge_orig/ 
 
%--------------------------------------------------------------------- 
 
FOV=17; 
ny=128; 
nx=256; 
phase_FOV = 0.75; 
BPM=55; 
no_phases=31; 
 
%--------------------------------------------------------------------- 
 
[data, header] = read_geraw(pfile); 
 
datax = data(:,:,1,:,1); 
datay = data(:,:,1,:,2); 
 
datax = squeeze(datax); 
datay = squeeze(datay); 
 
datax = double(datax); %converts to double precision for the fourier 
transform 
datay = double(datay); 
 
x = (dft2(datax)); 
y = (dft2(datay)); 
 
z = ifftshift(x.*(conj(y)),1); 
 
phase = angle(z); 
 
magnitude = ifftshift((abs((x+y)/2)),1); 
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%%%%%%%%%%%%%%%%%%%%%%%  Magnitude mask %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
M = sqrt(abs(z(:,:,:))); 
M0(:,:,:) = max(max(M(:,:,:))); 
 
mask=zeros([ny*phase_FOV,nx,no_phases]); 
 
for i = 1:no_phases  
    m = (M(:,:,i)>(M0(:,:,i)/3)); 
    mask(:,:,i) = m; 
end 
 
masked_phase = (phase.*mask); 
 
%%%%%%%%%%%%%%%%%%%%  Flow measurement  %%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
tube = (masked_phase(45:49,124:134,:)); 
 
tube(tube<0) = tube(tube<0)+2*pi; % unwraps any aliased velocities 
 
Q = FOV/ny*FOV/nx*sum(sum(tube(:,:,:)/pi*venc)); 
 
Q=squeeze(Q); 
 
t = [10 45 80 115 150 185 221 256 291 326 361 397 432 467 502 537 573 
608 643 678 713 749 784 819 854 889 924 960 995 1030 1065]; 
%acquisition time in ms 
 
Q_cycle = trapz((t.*10^-3),Q) 
 
%%%%%%%%%%%%%%%%%%%  Phase correction  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
ref1 = (phase(38:42,112:120,:)); 
ref2 = (phase(38:42,139:147,:));  
ref3 = (phase(52:56,112:120,:)); 
ref4 = (phase(52:56,139:147,:)); 
 
Q_ref1 = FOV/ny*FOV/nx*sum(sum(ref1(:,:,:)/pi*venc)); 
Q_ref2 = FOV/ny*FOV/nx*sum(sum(ref2(:,:,:)/pi*venc)); 
Q_ref3 = FOV/ny*FOV/nx*sum(sum(ref3(:,:,:)/pi*venc)); 
Q_ref4 = FOV/ny*FOV/nx*sum(sum(ref4(:,:,:)/pi*venc)); 
 
Q_ref = (Q_ref1+Q_ref2+Q_ref3+Q_ref4)/4; 
Q_ref = squeeze(Q_ref); 
 
Q_corr=Q-Q_ref; 
Q_cycle_corr = trapz((t.*10^-3),Q_corr) 
 
 
 
 
 
 
 
 
 
 
 
 



 53

B.2 MATLAB code for reading DICOM data and calculating flow  
 
%----------------------------------------------------------------------------------------------------------------------------- 
file_list = dir('/home/ulrikas/dicombilder/060113/SE02/'); 
no_phases = 31; 
 
Q = zeros(1,no_phases); 
M = zeros(256,256,no_phases); 
P = zeros(256,256,no_phases); 
MP = zeros(256,256,no_phases); 
 
for n = 3:(2+no_phases) 
    temp_name_p = file_list(n).name; 
    temp_name_m = file_list(n+no_phases).name; 
    info_p = 
dicominfo([temp_name_p],'dictionary','GE_dicom_dictionary.txt');   
    info_m = 
dicominfo([temp_name_m],'dictionary','GE_dicom_dictionary.txt');  
    p = dicomread(info_p); 
    m = dicomread(info_m); 
    p = double(p); 
    m = double(m); 
     
    %%%%%%%%% Magnitude mask %%%%%%%%%%% 
 
    m0 = max(max(m)); 
    mask = m>m0/7; 
    mp = p.*mask; 
    tube = mp(127:138,123:133); 
    q = 17*17/(256*256)*(sum(sum(tube))); 
 
    %%%%%%%%% Phase offset correction %%%%%%%%%% 
 
    ref1 = (mp(116:125,110:119,:)); 
    q_ref1 = 17*17/(256*256)*sum(sum(ref1)); 
    ref2 = (mp(116:125,136:145,:));  
    q_ref2 = 17*17/(256*256)*sum(sum(ref2)); 
    ref3 = (mp(145:154,110:119,:)); 
    q_ref3 = 17*17/(256*256)*sum(sum(ref3)); 
    ref4 = (mp(145:154,135:144,:)); 
    q_ref4 = 17*17/(256*256)*sum(sum(ref4)); 
     
    q_ref = (q_ref1+q_ref2+q_ref3+q_ref4)/4; 
    q_corr = q-q_ref; 
 
    P(:,:,n-2) = p; 
    M(:,:,n-2) = m; 
    MP(:,:,n-2) = mp; 
    Q(:,n-2) = q/10; 
    Q_corr(:,n-2) = q_corr/10; 
end 
 
%%%%%%%%%%%%%%  Flow calculation  %%%%%%%%%%%%%%%%%% 
 
t=[10 45 80 115 150 185 221 256 291 326 361 397 432 467 502 537 573 
608 643 678 713 749 784 819 854 889 924 960 995 1030 1065]; 
%acquisition time in ms 
Q_cycle = trapz((t.*10^-3),Q) 
Q_cycle_corr = trapz((t.*10^-3),Q_corr) 


