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Phase-contrast magnetic resonance (MR) imaging is a well-known but 
undervalued method of obtaining quantitative information on blood 
flow. Applications of this technique in cardiovascular MR imaging are 
expanding. According to the sequences available, phase-contrast mea
surement can be performed in a breath hold or during normal respira
tion. Prospective as well as retrospective gating techniques can be used. 
Common errors in phase-contrast imaging include mismatched encod
ing velocity, deviation of the imaging plane, inadequate temporal reso
lution, inadequate spatial resolution, accelerated flow and spatial mis
registration, and phase offset errors. Flow measurements are most pre
cise if the imaging plane is perpendicular to the vessel of interest and 
flow encoding is set to through-plane flow. The sequence should be 
repeated at least once, with a high encoding velocity used initially. If 
peak velocity has to be estimated, flow measurement is repeated with 
an adapted encoding velocity. The overall error of a phase-contrast 
flow measurement comprises errors during prescription as well as er
rors that occur during image analysis of the flow data. With phase-con
trast imaging, the overall error in flow measurement can be reduced to 
less than 10%, an acceptable level of error for routine clinical use. 
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Figure 1. Diagrams show that spins moving along an external magnetic field gradient acquire a difference in the 
phase of their rotation (right), whereas nonmoving spins do not (left). The amount of phase difference is proportional 
to the velocity of the moving spin. t � time, V � velocity, � �  phase shift. 

Introduction 
Quantitative flow measurement has been used by 
magnetic resonance (MR) imagers since the 
1980s (1–3), and its potential has been known 
since about 1960 (4). The need for postprocess
ing and the high availability of Doppler flow units 
have limited the use of phase-contrast MR imag
ing in cardiovascular imaging. However, with the 
increasing power of MR imaging units and the 
reduced time needed to complete a cardiac study, 
more and more indications are evolving for use of 
phase-contrast flow measurements as an addi
tional source of quantitative functional informa
tion in cardiac MR imaging (5–8). 

In this article, we discuss the basics of phase-
contrast imaging and prospective and retrospec
tive gating techniques, describe the errors and 
limitations associated with phase-contrast imag
ing, provide guidelines for measurement and data 
analysis, and present specific protocols. 

Basics of Phase-Contrast Imaging 
Magnetic moments (which are hereafter referred 
to as spins) moving along a magnetic field gradient 
acquire a shift in their phase of rotation in com
parison to stationary spins (Figs 1, 2). For linear 
field gradients, the amount of this phase shift � is 
proportional to the velocity of the moving spin 
(9). Phase shifts of stationary tissue are compen
sated for with the help of a bipolar gradient. By 
repeating the measurement with an inverted bipo
lar gradient, phase shifts induced by other se
quence parameters are eliminated (10). The 
phase difference that remains after subtraction of 
these two data sets is used for a voxelwise calcula
tion of velocities (11). 

Phase shifts are measured in degrees, and their 
values should be within a range of �180°. There-
fore, the user has to tune the sequence to the peak 
velocity expected in the vessel of interest before 
starting the measurement. By entering this thresh-
old value as the encoding velocity, the amplitudes 
of the flow-sensitizing gradients are calculated so 
that the peak velocity corresponds to a phase shift 
of 180°. The velocity v can be determined by the 
phase difference �� acquired in the two inter-
leaved measurements: 

�� � � � �m � v, (1) 

where � is the gyromagnetic ratio and �m denotes 
the difference of the first moment of the gradient-
time curve. For rectangular bipolar gradient 
pulses, m simply means the product of the gradi
ent area and the time between the two lobes of 
the bipolar gradient. 

Velocity encoding (Venc) is given in centimeters 
per second. It determines the highest and lowest 
detectable velocity encoded by a phase-contrast 
sequence. Therefore, Venc � 100 cm/sec describes 
a phase-contrast experiment with a measurable 
range of flow velocities of �100 cm/sec. 

Venc is inversely related to the area of the flow-
encoding gradients. Hence, for the imaging time 
to remain unchanged, stronger gradient ampli
tudes are required to encode smaller velocities. 

In terms of the physics, it is the transverse 
component of the spin magnetization that can 
acquire a motion-induced phase shift. Therefore, 
it is necessary to first induce a transverse magneti
zation with the help of a radio-frequency pulse 
before the flow-sensitizing gradients can be ap
plied. 
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Figure 2. Principle of phase-contrast sequences available in most clinical MR imaging units. Diagram shows that 
two acquisitions are performed, each one with all parameters kept constant except for the flow-sensitizing bipolar gra
dients. The data of the two acquisitions are subtracted. The effective flow encoding is achieved by means of the dif
ference in the bipolar gradients of the two acquisitions. This technique eliminates all phase shifts induced by imaging 
gradients. t � time, V � velocity. 

Figure 3. The information from phase-contrast measurement is processed into two sets of 
images. (a) A magnitude image resembles a normal bright-blood image. It is used for ana
tomic orientation. (b) In a velocity image, the gray value of each pixel represents the velocity 
information in that voxel. Black values show flow toward the viewer, whereas white values 
show flow away from the viewer; the image is not standardized to flow toward or away from 
the heart. The thoracic skeletal muscles can be used to get an impression of the noise in the 
image. Phase information for air (as in lung tissue) is arbitrary and cannot be used for back-
ground subtraction or estimation of noise. 

Every MR imaging data acquisition yields in-
formation about the signal magnitude as well as 
the phase of each voxel. Signal intensities are pro
cessed into an anatomic image: the magnitude im
age. In conventional imaging sequences, the 
phase information is discarded because the phase 

in the individual voxel is arbitrary. In phase-con
trast measurement, the phase information is used 
to calculate the velocity in each voxel in the form 
of a phase or velocity image (Fig 3). 



654 May-June 2002 RG f Volume 22 ● Number 3 

Prospective and 
Retrospective Gating Techniques 

There are two different techniques for synchro
nizing the measurement of MR imaging data with 
the cardiac cycle. Both techniques require a trig
ger signal (eg, the R peak of an electrocardio
graphic waveform or the systolic peak of a pulsim
eter). 

Prospective gating techniques wait for a trigger 
signal to start the data acquisition. At the end of 
each cardiac cycle, data collection is paused and 
the sequence waits for the next trigger signal to 
come. This time interval is called the arrhythmia 
rejection window. It is used to compensate for 
physiologic variations in the length of the cardiac 
cycles during measurement. By truncating the 
cardiac cycle to a constant length, the sequence 
can be made insensitive to mild arrhythmia. As a 
trade-off, the flow of late diastole may not be 
measured correctly, since data are not sampled 
during the arrhythmia rejection window. This 
might be of importance in evaluation of the coro
nary arteries or pathologic conditions of the atrio
ventricular valves, where flow is maximal during 
diastole. Most phase-contrast sequences that can 
be performed in a breath hold use prospective 
gating techniques. 

In retrospective gating techniques, data collec
tion is done continuously throughout the whole 
cardiac cycle. During image reconstruction, the 
recorded trigger signals are used to retrospectively 
assign the data to the different positions in the 
cardiac cycle. As with prospective gating tech
niques, the data on flow measurement are col
lected during more than one cardiac cycle. Since 
there are always physiologic variations in the 
length of the cardiac cycles, the data have to be 
interpolated to represent a mean cardiac cycle. As 
a trade-off, small inaccuracies due to data inter
polation are inherent to retrospective gating tech
niques. The major advantage of retrospective gat
ing techniques is the ability to provide data from 
the whole cardiac cycle. Most phase-contrast se
quences that can be performed during normal 
breathing use retrospective gating techniques. 

Whether a sequence uses prospective or retro
spective gating techniques usually cannot be de
termined from the phase-contrast images. This 
information is usually given in the sequence 
manuals of the MR imaging system. 

Errors and Limitations 
A drawback of all techniques for measuring blood 
flow velocity in vivo is the lack of a standard of 

reference. Flow measurements made in vivo are 
only approximations based on results of phantom 
studies (12). Therefore, the overall error of phase-
contrast measurements is difficult to estimate. 
Using phase-contrast measurement, Evans et al 
(13) found a 5% difference between flow in the 
ascending aorta and flow in the pulmonary artery 
in healthy volunteers. A deviation from the true 
flow of 3.5%–4.5% was estimated as the inborn 
technical error of phase-contrast measurement 
when a non–breath-hold cine gradient-echo se
quence with prospective gating is used. Kondo et 
al (14) found similar deviations between flow in 
the aorta and flow in the pulmonary trunk. Using 
retrospective gating and a breath-hold sequence 
(FastCine PC; GE Medical Systems, Milwaukee, 
Wis), we found a 3% difference between flow in 
the ascending aorta and flow in the pulmonary 
artery with an intraobserver variability of 2% and 
interobserver variability of 3% (data not pub
lished). 

In comparison, results of the phase-contrast 
method correspond well to results of Doppler 
ultrasonography (US) and show fair correspon
dence to results of invasive techniques based on 
thermodilution, the ink-indicator method, or the 
Fick principle (14,15). 

Besides being invasive, these techniques are 
highly operator dependent and sensitive to respi
ratory volume changes (16). For thermodilution 
techniques, tricuspid valve insufficiency can cause 
large deviations from true flow of as much as 80% 
(17). Studies that directly compared flow mea
surement with invasive techniques versus MR 
imaging techniques showed significant discrepan
cies between the different techniques (18,19). 
Only recently, we have found a better correspon
dence between phase-contrast measurement and 
a modified thermodilution technique, with an 
overall difference of approximately 10% for mea
surement of cardiac output (15). 

More relevant in daily practice is the compari
son with Doppler US. In recent studies, phase-
contrast flow measurement showed lower peak 
velocities in comparison with Doppler US (20). 
However, it has been reported that Doppler US 
tends to overestimate peak velocities by as much 
as 25% (21). 

Phase-contrast techniques have been shown to 
be superior to Doppler US with respect to mea
surement of mean flow. Doppler US assumes a 
constant velocity over the whole vessel area. 
However, MR imaging can take into account the 
variation of flow in the vessel within the specified 
spatial resolution. This is why Doppler US tends 
to overestimate the mean flow in larger vessels 
(13,22,23). 
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Figure 4. Effect of a mismatched Venc on noise. Top: Graphs show that, in an experimental setting, estimates of 
peak velocity demonstrate a deviation of more than 10% if Venc increases by more than three times the velocity in the 
vessel (left), whereas estimates of flow are largely preserved (right). Red line indicates the true peak velocity or true 
flow. Green area indicates a deviation of 10% from the true peak velocity or true flow. Bottom: Surface renderings of 
data from velocity images obtained at different values of Venc show how increasing noise may mask the true peak ve
locity values. (The experimental setting consisted of the following: laminar steady flow of 2.05 L/min, gadolinium-
doped saline solution, and a 1.5-cm-diameter glass tube. The real flow rate was monitored with an inductive flowme
ter. The imaging parameters were kept constant while Venc was varied between 57 cm/sec and 550 cm/sec.) 

With the sequences available for routine clini
cal use, phase-contrast measurement is not able 
to provide real-time velocity information. Instead, 
all measured velocities are averaged over a range 
of cardiac cycles. This may be a benefit when 
evaluating the flow averaged over a longer time 
(eg, to compensate for respiratory changes in ve
nous blood flow). Information on peak velocities 
under various physiologic conditions (eg, the Val
salva maneuver) can be obtained with MR imag
ing (22) but is more easily acquired with real-time 
Doppler US. 

The clinical relevance of these principal differ
ences must be discussed with caution, as each 
technique per se gives reasonable and clinically 
useful results. However, whenever diverging re
sults from different modalities for flow measure
ment are discussed, knowledge of the technical 
limitations can help one find the most sensible 
result in the given situation. 

In the remainder of this section, the most com
mon and avoidable mistakes in phase-contrast 
measurement are discussed. Knowledge of these 

mistakes should help keep the overall error in flow 
measurement to below 10%, which is an accept-
able level of error for routine clinical use. 

Mismatch of Encoding Velocity 

Encoding Velocity Too High (Noise).—The 
better the encoding velocity matches the real ve
locity of the region of interest, the more precise 
the measurement becomes. 

Quantification of flow always requires consid
eration of the noise (ie, the random error of 
phases). The noise in a velocity image � is deter-
mined by the flow-encoding velocity and the sig
nal-to-noise ratio (SNR) of the magnitude images 
(24): 

Venc 
� � 

SNR 
. (2) 

Noise in velocity images increases with larger 
Venc values (Fig 4). Peak velocity estimates are 
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Figure 5. Difference in diastolic flow estimates in a healthy volunteer. The cardiac output was 6.5 L/min as deter-
mined with phase-contrast measurement in the ascending aorta. Venc was optimized for systolic flow (Venc � 120 cm/ 
sec). Left: Graph shows the flow curve. Green area indicates the diastolic interval. Measurement was repeated with 
Venc optimized for diastolic flow (Venc � 40 cm/sec). Right: Graph shows the diastolic flow values obtained with each 
Venc value. The difference between the measurements was about 4%. 

more affected than estimates of flow. Noise af
fects estimation of the peak velocity Vmax because 
it may be masked by noise peaks. Noise has less 
influence on estimation of flow because the noise 
is averaged over a number of voxels. Therefore, 
larger deviations from the ideal Venc can be toler
ated as long as the peak velocity is not the main 
interest of the measurement. 

It has been reported that slow flow in the aorta, 
as is encountered during diastole, may be system
atically underestimated if the Venc chosen is too 
large (13,23). However, when sequences with an 
optimized signal-to-noise ratio are used, the re
sulting error is less than 10% (Fig 5). This error is 
acceptable in daily practice; thus, more sophisti
cated improvements, such as dynamic velocity 
encoding during the cardiac cycle (23), have not 
yet attracted attention for routine clinical use. 

As can be seen in Equation (2), noise in a ve
locity image also depends on the signal-to-noise 
ratio of the magnitude image. An increased sig
nal-to-noise ratio for magnitude images can be 
achieved by optimizing sequence parameters like 
section thickness, flip angle, and echo time and 

the receiver bandwidth. However, increasing the 
echo time makes the sequence more vulnerable to 
motion artifacts, and an increase in the section 
thickness may induce significant partial volume 
effects in smaller vessels like the coronary arteries 
or bypass vessels. 

Encoding Velocity Too Low (Aliasing).—Set
ting the encoding velocity below the peak velocity 
in the vessel of interest results in aliasing. Basi
cally, aliasing is a wrapping around of velocity 
information within a voxel (Fig 6). 

Aliasing may have deleterious effects on the 
results of flow measurement. Fortunately, it is the 
easiest error to detect in flow measurements. It 
can be perceived in the velocity images, in which 
the voxels of assumed peak velocities have an in
verted signal intensity compared with that of sur
rounding voxels (Figs 6, 7). 

Aliasing can be corrected with some software 
packages if the peak velocity stays in a reasonable 
range of smaller than three times the Venc (25). If 
such software is not available, manual correction 
can be performed, especially when one is evaluat
ing peak velocities only (Fig 8). However, it is 
safer and often more efficient to repeat the flow 
measurement with a modified Venc than to correct 
the aliased data set. 
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Figures 6, 7. (6) Aliasing in flow measurements from the ascending aorta. Top: Magnitude images. Middle: Cor
responding velocity images. Aliasing (arrow) is seen in the image obtained with a Venc of 100 cm/sec (left) but not in 
the image obtained with a Venc of 120 cm/sec (right). Bottom: Corresponding profile plots along the red lines in the 
velocity images show that velocities beyond Venc � �100 cm/sec wrap around from the other side of the velocity 
range defined by the Venc. (7) Periodicity of aliasing in an experiment with laminar flow of 1.7 L/min and peak veloc
ity (Vmax) of 320 cm/sec. In repeated measurements, Venc was decreased from Venc � Vmax to Venc � 1/8 Vmax. 
(a) Magnitude images (right) and velocity images (middle) obtained with different Venc values and corresponding 
profile plots along the red lines in the velocity images (left). (b) Graph shows the mean flow determined at various 
values of Venc. The absolute flow values decrease rapidly with increasing aliasing. (c) Graph shows the peak velocity 
of aliased voxels determined at various values of Venc. Below Venc � 1/3 Vmax, the velocity of aliased voxels seems to 
follow the Venc values. Aliasing at values of Venc below 1/3 Vmax cannot be corrected by hand or with software 
packages. 
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Figure 8. Manual correction of aliasing in evaluation of peak velocity. (a) Magnitude (top left) and velocity (top 
right) images of the ascending aorta. There is aliasing in the velocity image, which was obtained with a Venc of 100 
cm/sec. Bottom left: Magnified view of the velocity image above. A region of interest (ROI) is defined that includes 
only the aliased voxels (red shaded area). In this ROI, the lowest velocity value Vmin is determined (arrow). Far right: 
Profile plot along the red line in the velocity image. The dotted line indicates the expected velocity values that have 
aliased. (b) The true peak velocity is calculated as the sum of Venc and �v (�v is the difference between Venc and 
Vmin). This is a simple, practical approach that allows the user to account for the positive or negative value of the final 
value of Vmax. 

Deviation of Imaging Plane

Measurements of flow are most precise if the im

aging plane is positioned orthogonal to the main

direction of flow and through-plane flow encod

ing is used. In-plane flow encoding should not be

used for estimation of flow because of increased

partial volume effects and the inability to visualize

the whole diameter of the vessel.


Measurement of peak velocity can be per-
formed with any flow-encoding direction (in-
plane or through-plane flow encoding) as long as 
the direction of flow encoding matches the direc
tion of maximum blood flow. 

Deviation of �15° from the orthogonal imag
ing plane is tolerable for estimation of flow. Up to 
this angle, the increase in vessel area is compen
sated for by the increase in partial volume effects 
(26) (Fig 9). 

An ovoid shape of an arterial vessel usually sig
nifies gross deviation from the ideal orthogonal 
imaging plane. However, ovoid contours can be 

found in the venous system and sometimes in 
shunt vessels or other vascular prostheses. 

Deviations from the imaging plane might re-
main unnoticed in double oblique prescriptions 
for stenotic jets if there are no reference structures 
for orientation. 

Inadequate Temporal Resolution 
Cardiac-gated flow measurement yields a set of 
images or frames, each of which shows the anat
omy and velocity information at a different point 
of time in the cardiac cycle. The sequences used 
in most clinical imaging units employ the tech-
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Figure 9. Deviation from the ideal imaging plane. Top: Graphs show how estimates of peak velocity (left) and flow 
(right) are affected by deviation of the imaging plane from the ideal orthogonal orientation relative to the flow direc
tion. Deviations of more than 15° cause significant deviations from both the peak velocity and flow rate of more than 
10% (green area). (The experimental setting consisted of the following: constant laminar flow, tube diameter of 1.5 
cm, 1-mm wall thickness, and flow rate of 1.7 L/min. The fluid was gadolinium-doped saline solution. A commer
cially available sequence [FastCine PC; GE Medical Systems] was used, and retrospective electrocardiographic gat
ing was performed at a heart rate of 90 beats per minute with an artifical gating device.) Bottom: Magnitude images 
(right) obtained at various deviations from the orthogonal imaging plane (left). Deviations of less than 15° may not be 
detected on the magnitude images. 

nique of k-space segmentation to acquire the data 
of all frames as fast as possible: Within each 
heartbeat, a certain number of k-space lines are 
sampled for each frame. This number is called the 
views per segment (VPS). The time resolution 
Tres of such a phase-contrast sequence is defined 
as follows: 

Tres � 2 � TR � VPS, (3) 

where TR is the repetition time. The factor 2 is 
the result of the sequence design (27). As men
tioned earlier (in the section entitled “Basics of 
Phase-Contrast Imaging”), each k-space line is 
sampled twice by using the same repetition time 
(11) and the data of the two acquisitions are sub
tracted. This is true for almost all available phase-
contrast sequences. 

In some systems, even more frames than ini
tially obtained are produced by linear interpola
tion of the data of two adjacent frames. This tech
nique is known as view sharing (28). View sharing 
can improve the temporal resolution of the mea
surement up to an effective resolution of Teff � 2 � 
TR (27), although the true temporal resolution of 
the data collected is not changed. View sharing 

can be defined as a technique for using the col
lected data more efficiently. 

Whereas the views per segment value can be 
set by the user, the degree of view sharing is ac
cessible to the user only if the sequence has the 
option of modifying the number of cardiac frames 
to be reconstructed from the acquired data. The 
higher the number of cardiac frames, the more 
interpolation (ie, view sharing) is used. 

In most sequences available, the number of 
frames to be reconstructed is calculated by the 
imaging unit and cannot be altered by the user. 
This is true for most of the sequences designed 
for measurement in a breath hold. However, if the 
number of frames to be reconstructed can be con-
trolled by the user, the optimal value is largely 
dependent on the views per segment value used in 
the sequence. For most situations, a value of 30 
frames is sufficient, representing a good compro
mise between waste of disk space, time for post-
processing, and the temporal accuracy of the flow 
measurement. 

When a low temporal resolution is used, the 
peak velocity and flow in the great arteries are 
underestimated (Fig 10). 
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Figure 10. Temporal resolution (number of reconstructed images). A healthy volunteer was imaged by 
using a Venc of 120 cm/sec, a commercially available sequence (FastCine; GE Medical Systems), retro
spective gating, and k-space segmentation with eight views per segment. A cardiac output of 4.9 L/min 
was determined with phase-contrast measurement in the ascending aorta. The experiment was repeated 
with a decreasing number of reconstructed cardiac frames. (a) Graph shows the flow curves for six and 
40 reconstructed frames per cardiac cycle. (b, c) Graphs show the changes in measured peak velocity 
(b) and cardiac output (c) at various numbers of reconstructed frames per cardiac cycle. Reconstruction 
of more than 16 frames per cardiac cycle did not improve the accuracy of the data set. Green area indi
cates a deviation of �10% from the peak velocity or cardiac output at the highest temporal resolution. 
The lower the views per segment value, the greater the number of frames to be reconstructed to achieve 
optimal accuracy. Selection of 30 frames per cycle as a standard value covers all ranges from two views 
per segment to 14 views per segment. 

Inadequate Spatial Resolution 
Significant partial volume effects must be ex
pected if the pixel size exceeds one-third of the 
vessel diameter (26,29). For a vessel diameter of 
3.6 mm for a normal left anterior descending 
branch of the left coronary artery (30), an in-
plane resolution of 1.2 mm is required. With a 
field of view of 235 mm, this requires a matrix 
size of 196 � 196 (Fig 11). With decreasing spa
tial resolution, partial volume effects cause under-
estimation of the flow and peak velocity. Flow 
measurements with an inadequate spatial resolu
tion may still be used for qualitative assessment of 
the flow dynamics in a vessel (eg, for approxima
tion of the coronary flow reserve) (31–33). 

When flow or peak velocity is measured in the 
great vessels of the mediastinum, this error usu
ally does not occur. 

Accelerated Flow 
and Spatial Misregistration 
Phase-contrast measurements are optimized for 
linear flow. Accelerated flow (eg, turbulence or 
stenotic jets) causes the precision of the flow mea

surement to decline (12), although this error 
might be corrected with a short echo time (34). 

Unless the patient moves in an uncontrolled 
manner, errors resulting from patient movement 
or other types of spatial misregistration are negli
gible due to the use of electrocardiographic gating 
and suspended respiration. 

A more severe problem might result from pul
sation artifacts of the ascending or descending 
aorta in the phase-encoding direction (Fig 12). 
They are most obvious in the velocity images and 
can be explained by motion of the arteries in the 
very short interval between the two interleaved 
data acquisitions used for flow encoding. Some-
times it helps to repeat the measurement after 
changing the orientations of the phase and fre
quency encoding. 
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Figure 11. Inadequate spatial resolution. In an experiment with constant laminar flow of �2,200 mL/min, 
the spatial resolution decreased from 293 voxels in the vessel diameter at an 18-cm field of view to 66 voxels at 
a 44-cm field of view. Graphs of the peak velocity (a) and flow (b) show that flow rates are more sensitive to 
inadequate spatial resolution. Green area indicates a deviation of �10% from the peak velocity or flow at the 
highest spatial resolution used. 

Figure 12. Pulsation artifacts in flow measurements. (a) Magnitude image (left) shows the phase-encoding 
direction. Velocity image (right) shows gross pulsation artifacts from the ascending aorta that affect the signal 
of the superior vena cava (SVC) (red area in both images). (b) Magnitude image (left) shows that the phase-
and frequency-encoding directions have been switched. Velocity image (right) shows that the artifacts are 
smaller and do not affect the signal of the SVC (blue area in both images). (c) Graph shows flow curves for 
both measurements. The red curve shows strong deviation from the normal flow curve of the SVC (blue curve) 
owing to pulsation artifacts, resulting in a false estimate of blood flow. 
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Phase Offset Errors 
Small phase offset errors are present in almost any 
clinical MR imaging system. Phase offset error is 
a systematic phase error of stationary as well as 
moving spins. The extent of phase offset error is 
largely dependent on local magnetic field inho
mogeneities or gradient imbalance. This error is 
insidious, since it usually is not constant over the 
whole field of view. It may be detected if the soft-
ware for analysis supports a profile representation 
of the velocity images. In some cases, it may be 
compensated for by thoroughly applied back-
ground subtraction (12). (For details, see the dis
cussion of background compensation later in this 
article.) 

Guidelines for

Measurement and Data Analysis


Guidelines for Series Prescription 
As pointed out earlier, flow measurements are 
most precise if the imaging plane is perpendicular 
to the vessel of interest and flow encoding is set to 
through-plane flow. Some imaging units have the 
option of reconstructing the components of flow 
in each of the three imaging axes separately in-
stead of producing one summarized data set com
prising the net through-plane flow. This option is 
rarely used in routine clinical applications, since 
most of the software available for flow analysis 
does not support analysis of the resulting three 
data sets. However, with special software, this 
option can be used (eg, to visualize flow trajecto
ries in a vessel). 

Use a section thickness of 7 mm to minimize 
partial volume effects but maintain a good signal-
to-noise ratio in the magnitude image. For small 
vessels like the coronary arteries or renal arteries, 
the section thickness should be reduced to adapt 
the partial volume effects to the smaller vessel 

diameter. How far the section thickness can be 
reduced before noise deteriorates the measure
ments depends on the MR imaging unit. For our 
unit (CV/i system; GE Medical Systems), we use 
a 5-mm section thickness for the renal arteries, 
hepatic arteries, and coronary arteries. The choice 
of the field of view and matrix is closely related to 
the anatomy. 

For precise flow measurements, the sequence 
has to be repeated at least once. For the first mea
surement, use a high Venc (see the specific proto
cols later in this article). A quick analysis of the 
data will give one an idea of the peak velocities 
encountered in the vessel. Adding 10% (or a stan
dard 30 cm/sec) to the highest velocity detected 
will take into account the physiologic variation of 
the peak velocity during measurement. This pro
cedure is mandatory for estimation of peak veloci
ties. 

Check the resulting velocity images for alias
ing, phase repetition artifacts, and signal intensity 
within the vessel of interest. Check the magnitude 
images for appropriate vessel shape (arteries 
should be round) and phase wrap artifacts. Phase 
wrap does not significantly affect the precision of 
the measurements as long as ghosting is not su
perimposed on the vessel of interest. 

The image or images used to prescribe a 
phase-contrast measurement should be docu
mented so that errors in imaging plane prescrip
tion can be recognized retrospectively. All clinical 
MR imaging units offer the option of cross-refer
encing one image into another: The result is a line 
drawn into the reference image that indicates the 
calculated projection of the imaging plane of an-
other image into the reference image. This cross-
reference can be used at any time during or after 
the examination. An image should be cross-refer
enced only to the localizing image used for its 
prescription. Otherwise, the cross-reference 
might be misleading in terms of the imaging plane 
orientation or even the anatomic structure exam
ined. This can be of importance, especially in the 
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case of double oblique imaging planes in areas of 
complex anatomy, like the pulmonary veins 
proximal to the left atrium. 

Guidelines for Data Analysis 
Special software is required to extract the infor
mation from the velocity images. This software 
can usually be obtained from the vendors of the 
MR imaging unit; it can also be obtained from 
independent companies like Medis (Leiden, The 
Netherlands). Some research sites offer suitable 
software packages at little or no cost (35). 

These programs usually support the drawing of 
contours (ROIs) into the vessel of interest and 
automatically copy the contours from magnitude 
to velocity images and vice versa. The automatic 
contour detection works reasonably well with 
large vessels like the aorta or pulmonary vessels. 
Be sure to use an analysis program that allows 
ROI shape and position to be adapted for each 
phase of the cardiac cycle. 

Define contours in the magnitude images and 
always cross-check them in the velocity images. 
Partial volume effects or large movements of the 
vessel may result in inadequate contour definition 
in the magnitude images. This problem may be 
easily corrected by looking at the velocity images. 
Experiments have shown that the velocity images 
can be more reliable for estimation of vessel 
boundaries than the magnitude images (9,36). 
This was demonstrated for high systolic flow in 
the aorta. In the diastolic frames, magnitude im
ages seem to be more suitable for definition of 
vessel boundaries. 

For estimation of the peak velocity, a small 
ROI within the vessel is sufficient. Indeed, it may 
give better results than a ROI encompassing the 
entire vessel, since arbitrary phase values in the 
tissue adjacent to the vessel are avoided (37). It 
might help to use profile plots to ensure that the 
ROI encompasses the area of maximum velocity 
in the vessel. 

As with all quantitative data, the results of flow 
measurement should be thoroughly correlated 
with the clinical information, since ROI place
ment is a user-dependent step in the analysis and 
may result in erroneous values (38). 

Background Compensation 
Software packages for phase-contrast flow analy
sis usually have the option of background subtrac
tion. This option can be used principally to com
pensate for increased background noise, obvious 
phase offset errors, or systematic movement of 
structures like the valve annulus. In technical 
terms, an additional area is defined by the user or 
by the program itself to represent noise or the 
phase offset. The mean phase information of this 
area is subtracted from the ROI of the vessel. The 
background area should be as large as possible. It 
should be in close vicinity to the ROI so that it 
can compensate for local phase errors and must 
not include blood vessels or air. These criteria are 
easily met in the abdomen or extremities but are 
difficult to maintain within the mediastinum or 
the heart itself. 

Although it is a powerful tool, background 
compensation should be used with great cau
tion, since it may well introduce more phase 
errors than it compensates for. There is no 
simple way to determine the accuracy of back-
ground compensation used in an individual 
case. We avoid using background compensation 
and limit its use to the rare cases in which large 
phase offset errors are suspected or noise is ob
viously high in the velocity images. When it is 
used, we add a rim of 2– 4 voxels around the 
drawn contour of the vessel for background 
compensation, depending on the anatomic situ
ation around the vessel of interest. The idea is 
to bring the contour for background compensa
tion as close as possible to the vessel of interest. 
It is difficult to use a rim of more than 4 – 6 vox
els because of the proximity of adjacent vascu
lar structures or air space within the mediasti
num (Fig 13). If the ROI is smaller than the 
vessel, a long and thin contour near the vessel 
wall is used. Profile charts of selected areas can 
be helpful by providing an impression of the 
phase shifts or background noise in the velocity 
images (Fig 13). 
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Figure 13. Use of background subtraction in the presence of obvious phase offset errors or obvious 
noise in the velocity images. (a) Velocity image (left) and velocity profile (right) of the aorta (Ao) and 
pulmonary artery (PA) show gross phase offset error. In a–d, the red line in the velocity image corre
sponds to the velocity profile. (b) Velocity image (left) and velocity profile (right) of the aorta (Ao) and 
pulmonary artery (PA) in another patient show normal results. (c, d) Velocity image (left) and velocity 
profile (right) show high noise (c) versus low noise (d). (e) Graph (right) shows flow curves for the pa
tient shown in a. The flow curves were created with increasing background subtraction, as indicated in 
the corresponding images (left). Even minor changes in the degree of background subtraction can result 
in large deviations in estimated flow; there is no way to judge what extent of background correction is 
optimal on the basis of flow measurement images alone. Therefore, background compensation should be 
used sparingly. 
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Sequence and Parameters Used for Phase-Contrast Flow Measurement 

Sequence FastCine PC* 
k-space segmentation (views per segment) 4–12† 

View-sharing interpolation (reconstructed frames per cardiac cycle) 30 
Velocity encoding (cm/sec) 30–550 
Field of view (mm) 260–340‡ 

Matrix 256 � 160 
Section thickness (mm) 7 
Repetition time (msec) 7§ 

Echo time (msec) 3.7§ 

Signals acquired 1 
Flip angle (degrees) 40 
Imaging time (sec) �24� 

*GE Medical Systems. Retrospective electrocardiographic gating and view-sharing

interpolation are also used.

†Depends on the heart rate and the ability to breath hold.

‡Depends on the size of the patient, the imaging plane selected, and the surface coil

used.

§Minimum values are used for all measurements.

�Depends largely on the pulse rate and the k-space segmentation.


Specific Protocols 
These protocols represent our experience with 
flow measurement using a 1.5-T MR imaging 
unit (CV/i and Signa Horizon; GE Medical Sys
tems). Modifications for routine daily use might 
be necessary, depending on the individual imag
ing unit and the available software. The sequence 
parameters used in the following examples are 
listed in the Table. 

Use of minimum values for repetition time and 
echo time improves the temporal resolution and 
image quality. Use of minimum values for echo 
time makes the measurements less sensitive to 
motion artifacts and turbulent flow but also re
duces the signal-to-noise ratio of the measure
ment. Therefore, it might be necessary to increase 
the echo time to control excessive noise in the 
images, depending on the MR imaging system 
used. 

With the parameters given, the time needed to 
complete a measurement is controlled by varia
tion of the k-space segmentation (the views per 
segment). An imaging time of 20 seconds or less 

is desirable for both patient comfort and repro
ducibility of the measurements. 

As stated earlier, we repeat flow measurements 
with an adapted Venc if peak velocities have to be 
estimated. 

SVC and Inferior Vena Cava

The encoding velocity for the first measurement

or for flow measurement is 110 cm/sec. The usual

velocity for peak velocity measurement is 50–80

cm/sec.


For the SVC, select an imaging plane below 
the influx of the azygos vein. The azygos vein 
must be visible in the magnitude image. For the 
inferior vena cava (IVC), select an imaging plane 
above the hepatic vein influx. If in doubt, choose 
a plane in the lower end of the right atrium, which 
usually covers the ventral wall of the IVC. 

The SVC is usually triangular when imaged at 
or below the pulmonary bifurcation (Fig 14). The 
shape of the IVC is very variable, from slitlike to 
circular. 
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Figure 14. SVC and IVC. (a) Localizing (left), 
magnitude (middle), and velocity (right) images 
show a normal SVC (top) and IVC (bottom). Red 
line in the localizing image indicates the imaging 
plane of the flow images. Ao � aorta, LA � left 
atrium, l-PA � left pulmonary artery, RA � right 
atrium, r-PA � right pulmonary artery, RV � right 
ventricle. (b) Graph shows estimates of flow in the 
SVC (red line) and IVC (blue line). 

Ascending Aorta

The encoding velocity for the first measurement

or for flow measurement is 200 cm/sec. The usual

velocity for peak velocity measurement is 100–

160 cm/sec.


Select the imaging plane on an oblique sagittal 
localizing image that shows the ascending aorta 
(Fig 15). We prefer an imaging plane at the level 
of the pulmonary bifurcation, since it is easy to 
reproduce. This imaging plane also has sufficient 
distance from the aortic valve so that the effect of 
mild valvular disease does not disturb the flow 
measurements. If the flow measurement is to be 
performed in suspended respiration, the localizing 
image should also be acquired in suspended respi
ration to avoid gross anatomic deviation of the 
imaging plane. 

The diastolic flow into the coronary arteries is 
approximately 0.5% of the cardiac output (39). 
As the error of the measurement itself is far be
yond this value, coronary distribution need not be 
compensated for when estimating the cardiac out-
put from the flow in the ascending aorta. 

Repetition artifacts from the descending aorta 
are quite often encountered in the systolic frames 
of the cardiac cycle. If the artifacts project into 
the ascending aorta, we prefer to repeat the mea
surement with the frequency-encoding axis in the 
anterior-posterior orientation. The field of view 
must be enlarged in this case to avoid significant 
phase wrap artifacts. 

Main Pulmonary Artery

The encoding velocity for the first measurement

or for flow measurement is 180 cm/sec. The usual

velocity for peak velocity measurement is 60–120

cm/sec.


Use an oblique localizer on an axial or coronal 
image to visualize the natural bowing of the pul
monary artery (Fig 16). On the resulting image, 
select an imaging plane above the pulmonary 
valve but below the pulmonary bifurcation. The 
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Figure 15. Ascending aorta. (a) Localizing (left), 
magnitude (middle), and velocity (right) images 
show a normal ascending aorta (Ao). The imaging 
plane is prescribed in an oblique sagittal localizing 
image (red line). LA � left atrium, PA � pulmonary 
artery. (b) Graph shows estimates of flow in the as
cending aorta. 

Figure 16. Main pulmonary artery. (a) Localizing 
(left), magnitude (middle), and velocity (right) im
ages show a normal pulmonary artery (PA). Red line 
in the localizing image indicates the imaging plane 
of the flow images. Ao � aorta, LA � left atrium, 
LV � left ventricle. (b) Graph shows estimates of 
flow in the pulmonary artery. 
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Figure 17. Right and left pulmonary arteries. 
(a) Localizing (left), magnitude (middle), and ve
locity (right) images show the right pulmonary ar
tery (r-PA) (top) and left pulmonary artery (l-PA) 
(bottom). In the localizing image for the right pul
monary artery (top left), the imaging plane (red line) 
is selected to avoid the trachea and aorta (Ao). In 
the localizing image for the left pulmonary artery 
(bottom left), the imaging plane (red line) is se
lected to avoid the upper lobe artery. desc � de
scending, PA � main pulmonary artery. (b) Graph 
shows estimates of flow in the right (r PA) and left (l 
PA) pulmonary arteries. 

choice of the localizer for the pulmonary trunk is 
crucial. It sometimes helps to choose a plane in 
the right ventricular outflow tract to visualize the 
pulmonary valve and pulmonary bifurcation. 

Reliable measurement in the pulmonary trunk 
may be difficult. The distance between the pul
monary valve and the pulmonary bifurcation is 
usually less than 2 cm. It might help to measure 
the flow in the right and left pulmonary arteries 
and add both values for the cardiac output of the 
right ventricle. 

Right and Left Pulmonary Arteries

The encoding velocity for the first measurement

or for flow measurement is 200 cm/sec. The usual

velocity for peak velocity measurement is 60–120

cm/sec.


For the right pulmonary artery, use an oblique 
localizer on an axial or coronal image (Fig 17). 

The best plane is between the trachea and the 
ascending aorta. For the left pulmonary artery, 
use an oblique localizer on an axial image. With 
the final localizer, stay close to the pulmonary 
trunk to avoid the left upper lobe artery. 

In a healthy adult, 55% of pulmonary flow 
goes through the right pulmonary artery and 45% 
goes through the left pulmonary artery (40). 

Small Intracardiac Structures 
For small structures (shunts, grafts, bypasses), 
spatial resolution and temporal resolution are the 
most important sources of errors (41). The coro
nary arteries and the coronary sinus pose an addi
tional problem because of their complex move
ment (42). Qualitative flow curve estimation may 
be performed for even very small structures. The 
smaller the structure of interest, the more impor
tant thorough plane selection and documentation 
become. Especially if the study results have to be 
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reevaluated afterward, it might be impossible to 
interpret them if no clear documentation of the 
imaging plane was done. 

As is true for all flow measurements performed 
in a breath hold, small intracardiac structures 
should be evaluated in suspended expiration. 
With prospective cardiac gating, acquisition of 
four to seven frames per cardiac cycle is typically 
feasible in one breath hold of 20 seconds when a 
pixel resolution of 0.82–0.94 mm is used (33). 
Sequences that use retrospective cardiac gating 
and view-sharing interpolation can produce more 
than 30 frames per cardiac cycle in a single breath 
hold, like the FastCine sequence (GE Medical 
Systems) used for the protocols given herein. Es
pecially for coronary arteries like the left anterior 
descending branch, it helps to choose only the 
anterior coil elements of a phased-array coil for 
image reconstruction. This allows reduction of 
the field of view to about 22–24 cm without in
ducing significant artifacts from phase wrap of the 
posterior chest wall elements. 

Whenever measurements are performed in a 
breath hold, one should keep in mind that a pro-
longed breath hold affects hemodynamics and 
may alter results even for qualitative measure
ments (43). 

Combined Protocols 

Cardiac Output.—Determination of cardiac 
output can be easily performed with phase-con
trast measurement. As an internal control of the 
measurement, we always determine the cardiac 
output of the left ventricle in the ascending aorta 
and compare it with the cardiac output of the 
right ventricle in the pulmonary trunk. Gross dif
ferences between these two measurements indi
cate an error in prescription (most often) or an 
unknown intra- or extracardiac shunt (quite sel
dom). 

Quantification of known intracardiac shunts 
with the volume load of the pulmonary circula
tion can be performed by comparison of the car
diac outputs of the left and right ventricles as de
termined by flow measurements in the aorta and 
pulmonary artery (44). 

Aortic Coarctation.—Evaluation of aortic co
arctation is a strong indication for MR imaging 
and for MR flow measurement. As proposed by 
Steffens et al (6) and others (45), the collateral 
flow in aortic coarctation can be assessed by mea
suring the blood flow within 2 cm of the coarcta
tion and above the diaphragm. In the healthy pa
tient, a decrease in flow can be expected because 

of antegrade perfusion of the intercostal arteries 
from the aorta. In significant coarctation, the flow 
increases from within the coarctation toward the 
diaphragm due to retrograde perfusion of the in
tercostal arteries, which serve as a source of col
lateral flow. 

Although Steffens et al (6) and others (45) sug
gested an imaging plane above the coarctation as 
a primary baseline for assessment of collateral 
flow, we prefer using a plane within 2 cm below 
the coarctation, since this plane is much easier to 
find. This is especially true for stenoses with little 
or no distance to the left subclavian artery. 

An additional measurement within the coarcta
tion and determination of the peak velocity can 
help estimate the pressure gradient �p within the 
stenosis according to the modified Bernoulli theo
rem: 

�p � 4 � �Vmax�
2. (4) 

Vmax must have the dimension of meters per sec
ond to result in the correct pressure gradient, 
which has the dimension of millimeters of mer
cury (mm Hg). 

As mentioned earlier, we use two flow mea
surements to evaluate the pressure gradient in 
aortic coarctation. The first measurement is per-
formed with high Venc values, starting with 400 
cm/sec (or a pressure gradient of 64 mm Hg). A 
pressure gradient of more than 20 mm Hg as 
measured during cardiac catheterization is con
sidered an indication for intervention (46). 
Therefore, a pressure drop of more than 20 mm 
Hg (or Vmax �220 cm/sec) in the phase-contrast 
measurement is a significant finding. 

Conclusions 
When the recommendations and protocols pre
sented herein are kept in mind, phase-contrast 
flow measurement is easy to perform and yields 
reliable results. In contrast to the results of other 
techniques, the results of phase-contrast flow 
measurement can be reevaluated with the same 
reliability at any time. This is an important pre-
requisite for standardized and long-term quality 
assurance of quantitative measurements. 

The overall error for MR flow measurement in 
the great vessels—including prescription and data 
analysis—can be less than 10%. 

Progress in sequence design promises higher 
temporal and spatial resolution. We might see 
real-time flow measurement as a commercially 
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available software option for MR imaging units 
within the next 2 years, which will further broad-
en indications for flow measurement in cardiac 
MR imaging. Real-time phase-contrast flow mea
surement techniques have been reported as re-
search work since the early 1990s (47–49), with 
quite acceptable temporal and spatial resolution 
in the more recent reports (50,51). 

The principle of quantitative phase-contrast 
measurement is not limited to blood flow mea
surement but can be applied to any kind of mo
tion. There have been promising studies on use of 
phase-contrast imaging for analysis of myocardial 
wall motion (52,53). 

There is still a lack of studies with large patient 
numbers that compare MR flow measurement 
with other invasive or noninvasive techniques. 
Therefore, the usefulness of quantitative MR flow 
measurement is still not adequately appreciated 
by radiologists as well as our clinical partners, 
who have to trust our results if we want them to 
include this technique in their daily work. 
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