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The effects of periodic velocity fluctuations on magnetic resonance flow images are
investigated experimentally and theoretically. In the experiments, laminar pipe flow of
water was examined. The flow was driven by a constant pressure head with a superim-
posed sinusoidal component with the frequency w_ varied from 0 to 1 Hz, whereas in the
simulations w, was between 0 to 65 Hz. The velocity profiles obtained from the experi-
mental results compare well with the theoretical calculations. Both theory and experiment
show that flow fluctuations produce artifacts in the form of “ghosts” of the primary image,
which are spaced at equal intervals in the phase encoding (flow) direction. The distance
between ghosts depends on the fluctuation frequency and on the experimentally specified
parameters (phase encoding gradient step, repetition time, phase encoding duration, and
time difference between phase encoding gradient lobes). The amplitudes of the ghosts
depend on amplitude of the flow fluctuation and diminish at frequencies higher than 30 Hz.
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Introduction

Characterizing the fluid dynamics and rheological properties
of materials during processing is vital to the processing and
quality assurance of the product. Considerable effort has been
expended in recent years to develop such on-line characteriza-
tion methods for industrial materials. Common experimental
techniques used to measure fluid motion include magnetic
resonance imaging, ultrasonic Doppler-echo—based imaging,
and laser-Doppler measurements. One goal in the application
of these techniques has been to build process sensors based on
the tomographic data collected to characterize the material
quality, as in the rheological behavior, molecular weight dis-
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tribution, or degree of uniformity. Successful in-line measure-
ments of fluid properties in actual industrial settings will en-
counter more challenges than those in carefully controlled
laboratory experiments. In the case of magnetic resonance flow
imaging the unsteady character of process flows will induce
artifacts in the flow images. These unsteady flow—induced
artifacts can sufficiently influence the actual magnetic reso-
nance imaging measurements to prevent or limit the estimation
of material properties needed for process control and/or quality
assurance.

In most applications of magnetic resonance imaging (MRI),
the proton spin density is determined as a function of the spatial
coordinates. These measurements are represented through vari-
ations in image intensity that reflect the local concentration of
protons and the effects of spin relaxations, chemical shift, and
dipolar and scalar coupling interactions. The signal intensity in
the image varies according to the conditions within a volume
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element, or voxel. Variations can also occur as a result of spin
motion during magnetic field gradient application. For exam-
ple, diffusion and flow affect the magnitude and the phase of
the magnetic resonance (MR) signal, respectively, and can
appear to degrade image quality. Because medical science and
technology overwhelm all other uses of MRI, particular atten-
tion has been paid to eliminating related artifacts that are
associated with physiological movements and with the un-
steady nature of blood flow (Duerk and Wendt, 1993). A class
of movements of particular interest are those that can be
considered as periodic. For example, breathing and cardiac
motion cycles occur at periods of approximately 5 and 1 s,
respectively. The artifacts generated by such periodic motions
appear in the images as repeating ghosts of the principal
structures, spaced at regular intervals in the phase-encoding
direction. These have been characterized in earlier studies
(Frank et al., 1993; Haacke and Patrick, 1986; Wood and
Henkelman, 1985).

Effects arising from unsteady flow are critical when MRI is
used to produce flow images that provide velocity information
(MR flow image) (Izen and Haacke, 1990; Li et al., 1994).
Such images show the spin density as a function of a spatial
coordinate and the displacement of voxels over a specified
elapsed time. In the case of laminar flow, such an image can be
easily transformed into the velocity profile. If velocity fluctu-
ations are present, such as those arising from turbulent flow or
from the presence of particles in a laminar flow, the quality of
the MR flow image—and thus the quantitative data obtained
from such images—is adversely affected (Li, 1991; Seymour,
1994). Flow artifacts result mainly from: (1) an increase in
signal intensity attributed to a wash-out of partially excited
spins that lead to a smaller magnetization component for the
successive phase-encoding steps; (2) a decrease in signal in-
tensity attributed to loss of the spins; and (3) an additional
phase of the spins caused by their displacement during phase-
encoding gradient application (Riek et al., 1993). The size of
the first two effects can be directly related to the average
residence time of a spin within the imaging volume, and thus to
the volumetric flow rate, relative to MRI experimental time
scales (repetition and echo times). Additional phase effects
depend both on the magnetic field gradient strength and dura-
tion in the flow direction and on the volumetric flow rate.

Methods have been developed to minimize or eliminate the
influence of periodic motions on MRI data. There are two basic
methods: gating of the MR experimental timing to coincide
with the fluctuation; or making the image insensitive to a
specific type of motion, through proper design of the gradient
waveform. In general neither of these techniques will be ap-
plicable in all industrial settings. The periodic motions gener-
ated by pumps will include both acceleration and higher-order
terms. Thus, design of a gradient waveform would need to be
matched to the pump at each installation and modified with
time as the pump ages and wears. Such an approach also
requires sufficient signal evolution time during the experiment
and for many industrial fluids the signal decay is very rapid,
thereby constraining this approach. Gating of the signal to the
motion of a pump may be possible in some instances, although
in many operations multiple process streams and multiple
pumps would make gating problematic.

Because of its noninvasive and nondestructive characteris-
tics, as well as its applicability to both opaque and transparent
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Figure 1. Pulsed-gradient spin echo pulse-sequence
used in the experiments and the simulations.

media, one application of MR flow imaging has been to study
the rheological behavior of fluids (Arola et al., 1999; Callaghan
and Xia, 1991; Gibbs et al., 1996; Powell et al., 1994). Here
flow fluctuations, resulting from pump action, have been ob-
served to decrease image quality, making their further analysis
difficult (Arola et al., 1997, 1998). The effects of pump fluc-
tuations on image quality have been observed to be similar to
the effects of movements within the human body, although the
frequencies of the periodic motion resulting from pumps range
from 0.1 Hz to greater than 100 Hz. In other applications, such
as the measurement of turbulent flows or laminar flows of
suspensions, a wider range of frequencies is encountered.
Taken together, it is clear that to further the use of MRI in new
fields, it is crucial to understand the effects of the flow fluctu-
ations on the MR flow images, which is the objective of this
work.

Simulations

A model was developed to predict MR flow imaging data.
The method tracks the effects of the flow and the MRI exper-
imental parameters on the phase evolution of an isochromate,
which is an ensemble of spins that experience the same flow
and MR effects. Assuming the magnetization magnitude of the
each isochromate is unity, the real and imaginary components
of the signal originating from an isochromate are calculated
from the phase of its magnetization. These are then summed
separately for all isochromates, to form the corresponding
components of the total signal. This is encoded with the spatial
and velocity information for each voxel, at a particular data-
acquisition time. This procedure is repeated for each data-
acquisition point and each phase-encoding step.

The MRI experiment is characterized through the pulse
sequence, which specifies the order and timing for the excita-
tions applied to the sample. There are many types of pulse
sequences used to encode spatial or velocity information by
varying excitation order and timing through the application of
different radio frequency (RF) and magnetic field gradient
pulses. A standard pulsed-gradient spin-echo pulse sequence,
shown in Figure 1, was used in this study. In this pulse
sequence spatial encoding is achieved through frequency en-
coding, whereas phase encoding is applied for velocity. Time
parameters include: #,, the period between 90° RF pulse and the
beginning of the first z direction magnetic field gradient; G,
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lobe; 8, the duration of the G, lobe; and T, the flow time or time
difference between the beginning of G, lobes. Other timing
parameters shown are T and T, which are the echo and
repetition times, respectively.

Simulation development

The model is based on the standard analysis of pulse se-
quences given by Callaghan (1991). We tailored the analysis to
consider unidirectional flow in a tube. The transverse or radial
position is frequency encoded, whereas the axial displacement
is phase encoded using the gradients G, and G_, respectively.
The time-domain signal that is acquired can be represented as

S, q,T) = f p(r)exp(ilr) jP(Az, r; Texp(igAz)dAzdr
(D

where | = yG.t, ¢ = yG_5, and vy is the gyromagnetic ratio of
the spins. The angles in the exponential functions in Eq. 1 are
the phases of the spins accumulated during a pulse sequence.
Spatial and displacement information of the spins is encoded in
terms of their phases through / and ¢, respectively. A Fourier
transform with respect to these parameters produces a map of
P(Az, r; T)p(r) for each radial position, where P(Az, r; T) is the
conditional probability density that a spin at position r dis-
places Az within the time interval 7. Provided that the flow is
steady, velocity data can be obtained from the image by divid-
ing Az by T at each radial position.

In many cases, however, flows are not steady, at least within
the time scales of the pulse-sequence parameters. These usually
have a range between a few milliseconds and seconds, and in
some cases as described above, they can be approximated as
periodic. In this study, to simulate flow fluctuation effects, the
axial velocity is modeled as a time-averaged part with a super-
imposed sinusoidal fluctuation

V(r, 1) = Ur) + v(r)sin(w.1) 2

where U_ is the time-averaged velocity, and v, and w_ are
amplitude and frequency of the flow fluctuation, respectively.
The precession frequency of the spins is the product of the
gyromagnetic ratio and the total magnetic field, also known as
the Larmor relation. Thus, in the rotating frame, which has a
basic frequency corresponding to the main magnetic field of the
medium, the phase of a spin attributed to the applied magnetic
field gradient G is the time integral of the relative frequency,
given by

d(r) = J yG(t') - x(t")dt’ 3)

t

where the “-” denotes the scalar product.

Considering only the x- and z-directions, the phase of the
signal that is emitted by spins at a phase-encoding step, as
shown in Figure 1, can be written as
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1+Te+n
D(t), 1) = yj G (t") x(¢")dt’

t

T+Te+n
+ vf G.(t', Dz(t)dt' (4)

where ¢, is the data acquisition time. The time base for ¢, in this
analysis is zero at the center of the echo.

The time elapsed between the beginning of the imaging and
a phase-encoding step is 7. It can be represented as 1 = nTh,
where (N/2 — 1) = n = N2, and N, is the total number of
phase-encoding steps. Using the pulse-sequence parameters
shown in Figure 1, Eq. 2 for the evaluation of the displacement,
and assuming flow is unidirectional, Eq. 4 can be rewritten as

(I)(th ;) = _'YG!(xrl

+ ’)’Gz@[fm+ ft [U.(r) + v.(r)sin(w.t")|dt"dt’

t+tq hI)

f+ta+8+T [t
- f f [U.(r) + v.(r)sin(w.t))d'dt’\ (5)

P+1a+T o

where 7, is the time at which the imaging starts, 7, = —(N./2 —
1)T. Using #, as the lower limit of the displacement integral
ensures that the velocity phase difference between successive
phase-encoding steps is taken into account. The negative signs
in Eq. 5 are ascribed to the effect of the 180° RF pulse. After
integration, Eq. 5 becomes

4yu.(NG.(1)

(8 (T /. 6+ T
X sin 5 o Jsin| 5 . Jsin t+td+T w, | (6)

Equation 6 shows the relation between the position and veloc-
ities, and the phases of the spins that develop as a result of the
application of the pulse sequence. Because the MRI signal is
dependent on the phases of the spins through exp(i®), using
Eq. 6 we find

(1), 1) = —yGxty — yU(STG (1) —

exp[i(b(tl’ ﬁ] = exp(_i‘nyxrl)

X exp[— iyUz(r)8TGz(ﬁ]exp{ —i élyv(wﬂ sin (3 wz>

Z

(T /. o+ T
X sin 5 @ |sin t+t‘1+T . 7

In an actual experiment, the gradient G._ is incremented by AG_
for each phase-encoding step. Then, 7 can be expressed in terms
of G, through 7/ = G,Tx/AG.. By using the identity (Wood and
Henkelman, 1985)
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exp(iA sin B) = . exp(ikB)J,(A) ®)

f=—o0
Eq. 7 becomes

expli®(1), G)] = exp(—iyGxty)exp[ —iyU.(r)0TG ]

z [ TxG. S+ T
2 exp| ik AG. +1,+ e J(KG,) (9)

X

k=
where J, is the kth order Bessel function of the first kind and K
is given by

dyoln) (& N\ (T

K=-—- T sm(i wz>s1n(§ wz> (10)
Assuming that the magnetization within the sample is unity, so
that p(r) is constant, Eq. 9 can then be considered as the MRI
signal at a certain data-acquisition and phase-encoding step as
a function of position and velocity. The total MRI signal at that
particular time in the experiment is the summation of the
signals corresponding to all positions and velocities in the
system, weighted by their respective conditional probabilities.
Therefore, neglecting the effects of the discrete nature of MRI,
from Eq. 1 it follows that a two-dimensional (2-D) Fourier
transform of Eq. 9 with respect to # and G, yields P(Az, r; T),
given by

P(Az, r, T) = AF(F{expli®(1,, G.)I})

= Afo + %T ka)S(fz + %T U:(r)>

: S+T
*[ E exp[ik(td + 2)(92
k=—o

where f, and f. are the independent variables in the frequency
domain with the units of Hz and m/T, respectively; A is a
constant that is proportional to spin density; and &(x) is the
Dirac delta function.

In this study the flow medium is water, with uniform spin
density throughout the imaging volume, leading Eq. 11 to govern
the intensity distribution on the two-dimensional frequency do-
main that is the resultant MR flow image. For a particular point x,,
within the flow, P(Az, r; T) can also be expressed in terms of
spatial and velocity coordinates x and u_ as

kT,
F[MKGJ]*S(J& - 27%1)]
(11)

P(Az, r, T) = A{8(x + x¢)0[u, + U(x0)]}

* [ > exp[ik(zd + (S;_T)wZ]F[Jk(KGZ)]B

k=—c
kT,
*u, — W . (12)
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Figure 2. |K| values with respect to flow fluctuation fre-
quency w, at typical MRI experimental param-
eters and at an average velocity of 0.1 m s™'.

Equation 12 indicates that in addition to the average velocity
profile, artifacts in the form of “ghosts” of the profile appear in
the image. They are placed at equal intervals of Trw_/(y6TAG )
and with amplitudes dependent on the pulse-sequence and flow
velocity through Fourier transform of J,(KG.), which is given
by (Abramowitz and Stegun, 1964)

AR
2(—i)ka(yK ) ‘ySTuZ

S A B ¢
[K* — (y8Tu.)’]" (13)

y6Tu,
0 -| >
‘ k|7

FIJ(KG)] =

where T, is Chebyshev polynomial of kth order. From the last
delta function in Eq. 12, the positions of the ghosts on the
velocity axis are at u. = kTrw_/(y6TAG.). According to Eq. 13,
among the ghosts of different index ., only those up to values
of k that satisfy the criterion |y8Tu/K| < 1, which can also be
expressed as [kTxw /(KAG,) | < 1, appear in the image. Above
that index k, their u_ positions become large enough for their
intensity to vanish. The criterion in Eq. 13 specifies that, for a
ghost attributed to the fluctuating component of the flow to
appear, its MR phase should be comparable to or greater than
the phase associated with an average velocity corresponding to
the ghost position #,. The function |K| has the form of the
square of a sinc function [sin(w,)/w.], and is plotted in Figure
2. In the figure typical pulse-sequence parameters are used
along with a fluctuation amplitude of 0.01 m/s, a typical value
at the pipe center where U, ~ 0.1 m/s. One can expect ghosts
to appear in images up to higher k indexes with the intervals
between them decreasing as the fluctuation frequency de-
creases. At sufficiently low frequencies and for a fixed-oscil-
lation displacement amplitude, the ghosts become small and
disappear at w, = 0.

For the pulse sequence used, we can write the velocity
resolution as 27/(N_y8TAG.). Also, by using the expression for
the ghost separation given in Eq. 12, successive ghosts cannot
be distinguished if w, < 2m@/(N_T;). Because of the small
intervals between the ghosts of low-frequency fluctuations, it
requires higher k numbers to appear on a particular u, position
compared with higher-frequency fluctuations. The Chebyshev
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Figure 3. Experimental (a) and simulation (b) results of MRI flow imaging without flow fluctuations at the same
experimental parameters; Figure (c) is obtained by superimposing (a) and (b).

polynomials do not tend to diminish at high indexes, leading to
having appreciable ghost intensities as long as they satisfy the
criterion. In an earlier study (Wood and Henkelman, 1985), it
was reported that the intensities of the ghosts with higher
indexes tend to decrease and that behavior could be captured by
the convolution terms coming from discrete analytical equa-
tions. In this study, the results of the simulations at very low
frequencies reveal that for a fixed velocity amplitude velocity
images consist of the average velocity profile and ghosts form-
ing a continuous shadow filling the entire velocity field and the
pipe in the velocity and spatial dimensions, respectively,
whereas at a fixed-displacement amplitude, the ghosts disap-
pear. At zero frequency, |K| is a maximum. Normally higher |K]|
values permit higher k indices or a larger number of ghosts
with nonzero intensity. At this particular frequency, how-
ever, the ghost shifting becomes zero and from Eq. 12 it
follows that no velocity artifacts appear on the image other
than at the point corresponding to the average velocity value
for a given x position. In other words, all ghosts have the
same position as the average velocity on the velocity axis,
and thus the image becomes free of the artifacts. According
to Eq. 13, there will be intensity contributions to the velocity
image at the maximum value of |K|. The characteristics of
the ghosts are investigated in detail in the Results and Discus-
sion section.

In the absence of the flow fluctuation, the convolution terms
disappear and Eq. 11 reduces to

_ Y yoT
P(Az, r, T) = A8<fx + 5 ka)a[fz + o Uz(r)} (14)
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Equation 14 provides the image intensity at each radial position
x and the associated velocity through the delta functions for a
steady laminar flow, yielding a 2-D projection of the velocity
profile.

Simulation implementation

The results of the previous section were implemented in a
computer model to simulate the MR flow image by keeping
track of the phases of isochromates using Eq. 6. The output of
the simulation was processed using MATLAB software to
obtain the flow images. The values of the pulse-sequence and
flow parameters were identical to those used in the experi-
ments. Special attention was paid to choosing the number of
isochromates in the simulated volume. Ideally, a very large
number of isochromates would be better in terms of capturing
the spin responses. On the other hand, as the number of
isochromates increases, the CPU time and memory require-
ments increase linearly; therefore a reasonable number should
be selected. The minimum is given by the Shannon theorem
(Bittoun et al., 1984), which states that the frequency differ-
ence between the successive isochromates must be smaller than
half of the reciprocal of the data acquisition time. In other
words there should be more than two isochromates per voxel.
In this study the typical G, value was 8 X 10> Tesla (T)/m,
corresponding roughly to 3.4 X 10° Hz/m. The data-acquisition
period was approximately 5 X 10> s, which resulted in a
number of isochromates per frequency-encoded length as
3.4 X 10> m™". To ensure proper sampling of the time domain
signal, the number of isochromates used in this study was about
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twice the minimum number required. The isochromates were
distributed in equal intervals in the x-direction. In the axial
direction the phase of the signal depends only on the velocity
but not the axial position of the spins. Because the main task in
the simulation is tracking phase changes of each isochromate,
using one isochromate at a certain spatial position was suffi-
cient to encode the velocity provided that flow is uniform along
the axial direction.

For the sake of simplicity, the spin—lattice (7;) and spin—spin
(T,) relaxations were not considered in the simulations. There-
fore the magnetization magnitudes of the isochromates, which
were assumed to be unity, remained unchanged throughout the
simulation. Neglecting the relaxation terms can be considered
reasonable, given that T} < Ty and T, < T, for tap water. The
signal decay between RF pulse excitation and data acquisition
or Ty is negligible.

The displacements of the isochromates were calculated by
assuming a parabolic profile for the average velocity. Although
the analytical expression for the velocity profile of a fluid in
tubular flow under a periodic time-dependent pressure gradient
is more complicated, it can be approximated as parabolic,
provided that the amplitude of the oscillation is small compared
to the average velocity (Leal, 1992). The amplitudes of the
fluctuation term, v_(r), were represented as a fraction of the
average velocity at each point. In this study that fraction was
0.1, sufficiently small for the parabolic profile assumption.
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Experimental
Magnetic resonance imaging

The MRI system consists of a General Electric CS-1I (Gen-
eral Electric Medical Systems, Fremont, CA)/TecMag Libra
spectrometer (TecMag, Houston, TX), connected to a 0.6-T
Oxford superconducting magnet with a horizontal bore 0.33 m
in diameter. The orthogonal magnetic field gradients G,, G,,
and G. are driven by an Oxford-2339 water-cooled gradient
power amplifier. The diameter and length of the homemade
Alderman—Grant-type (Alderman and Grant, 1979) radio-fre-
quency coil are 6 X 1072 and 11 X 10~ m, respectively.
Similar to the simulations, spatial and velocity encoding are
carried out through frequency and phase encoding, respec-
tively. The number of phase-encoding steps was 64, whereas
the number of scans for each phase encoding step was 1.
Typical values of the pulse-sequence parameters used in the
experiments and simulations, G,, AG_, 8, T, Ty, and T}, were
0.8 X 107> T/m, 0.3 X 107> T/m, 7.4 X 10™* s, 32.5 X 107°
s,59.5 X 1073 s, and 2.3 s, respectively.

Flow loop

The flow system consists of transparent plastic tubing with
2.54 X 1072 m inner diameter, a static mixer, an in-line flow
meter, two plastic tanks, and a variable-speed positive-dis-
placement pump (SPS-20, Sine Pump, Orange, MA). The
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Figure 6. Experimental (a) and simulation (b) results with flow fluctuation frequency of 1.03 Hz.
Even a slight change in the frequency resulted in improved image quality as shown in (c), obtained by simulation at 1.1 Hz.

straight tubing upstream of the magnet bore is 4.5 m in length,
which is sufficient to ensure fully developed flow (L/D ~ 175).
A constant water head is maintained by pumping tap water
from the lower tank to the upper one. Both the overflow from
the upper tank and the return flow from experimental section
running through the magnet are received in the lower tank. The
constant head allowed operation at a steady average flow rate.
The flow fluctuation is introduced by connecting the pump
outlet stream, which has periodic fluctuations, to the line that
passes through the magnet. The frequency and amplitude of the
fluctuations are regulated by changing pump speed and by
partially opening and closing the valves on the connection
between the two lines. The maximum speed at which the pump
can be operated is 100 rpm, which corresponds to approxi-
mately 1.5 Hz.

Result and Discussion

Figure 3 depicts experimental and simulation images for
steady laminar flow of water in a pipe at a Reynolds number of
1520. In the simulation all the flow and MR parameters were
identical to those used in the experiment. In this and all
subsequent figures the velocities are represented along the
horizontal axis and the radial positions along the vertical axis.
These figures are obtained using a 2-D Fourier transform of the
data acquired in the experiments and generated in the simula-
tions (see Eq. 12). They show the probability of finding spins
or isochromates at a particular location and velocity. Dark
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regions imply that the probability of finding spins at the cor-
responding location and velocity is higher than that compared
to the light regions. For the experimental data, the dark regions
represent the projection of the velocity profile, U_(r), onto a
2-D planar surface. This results in the nonzero signal amplitude
interior to the ridge, which is attributed to the projection
operation of the paraboloid surface representing the velocity
profile in a tube onto a plane. The simulations can be consid-
ered as flow between two parallel plates. The projection of this
geometry, therefore, yields a sharp velocity image without any
dark region inside the ridge, as shown in Figure 3b. Other
effects that may result in the observed differences between the
two images include magnetic field inhomogeneities and eddy
currents that decrease the experimental image quality. Further,
the rectangular gradient waveforms assumed in the simulations
ignore possible effects of additional phase accumulation of the
spins because of the finite rise and fall times of the gradients in
the experiments. Despite some differences between the exper-
imental and simulation images, it can be concluded that they
compare well with each other. This is clearly seen when the
two images are superimposed, as shown in Figure 3c.

We start the analysis of the flow images with a superimposed
fluctuation by inferring their appearance at very high and very
low values of the flow fluctuation frequency. At very low
frequencies, K attains a maximum as shown in Figure 2.
Because of the constraint given in Eq. 13, |y8Tu /K| < 1, the
ghosts up to a large value of index k survive. On the other hand,
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the position shifts of the ghosts become very small. Therefore,
the resultant image consists of many ghosts with very small
separation. This is seen in Figure 4, which shows experimental
and simulation results for a fluctuation frequency of 0.64 Hz.
The ghosts in the simulations are introduced by including the
phase of the spins developed because of the fluctuating part of
the flow and it is given by the last term of Eq. 6. These results
compare well with each other in terms of capturing the fluc-
tuation effects. Besides a slightly dark ridge indicating the
mean velocity profile, the ghosts appearing at equal intervals,
as implied by Eq. 12, are the main features of the images. The
amplitudes of the ghosts are determined by the flow and pulse-
sequence parameters through the Fourier transform of J,(KG,)
given by Eq. 13.

Increasing the value of the fluctuation frequency results in
smaller |K]| values, which become almost zero after obtaining
local maxima, as seen in Figure 2. Then, even for the ghosts of
very small index k, the criterion |y87Tu,/K| > 1 holds, implying
that there are no effects of the flow fluctuation on the image.
Also, because J(0) = 0 for k = 1 the only ghost that remains
is for k = 0, for which there is no position shift. The simulation
results at the two high frequencies, 20.5 and 64.9 Hz, are
shown in Figure 5. Some ghosts persist at the lower frequency,
although they completely disappear at the higher frequency,
and the image becomes identical to the one with no fluctua-
tions, as predicted by Eq. 12. |K]| has its first local minimum at
the frequency 30 Hz. Above that frequency |K| never becomes
significantly larger than the |K| value at 64.9 Hz. Therefore, we
can conclude that operating at flow fluctuations above 30 Hz
results in sufficiently small |K]| values for no flow artifacts to
appear in the images.

The effects of the intermediate flow fluctuation frequencies,
on the order of 1 Hz, are quite complex. While keeping the
other parameters constant, operating at different frequencies in
this range makes the ghost effects strong or weak without a
particular trend because of the complex nature of the functions
involved. From Figure 2, it is apparent that near o, = 1 Hz |K]
is close to its maximum. Therefore, ghosts up to large k indexes
can be expected to have appreciable amplitude. High index
values coupled with moderate ghost shifting can lead to the
ghost positions on the velocity axis larger than half of the
maximum velocity that can be encoded, giving rise to the
wraparound of the velocity image, which is also known as
aliasing. At some particular frequencies, the aliased ghosts
completely dominate the image such as for the case depicted in
Figure 6, which shows the images obtained by experiments and
simulations at the fluctuation frequency of 1.03 Hz. Even a
slight deviation from that frequency value is observed to im-
prove the flow image quality appreciably with distinguishable
flow patterns, as seen in Figure 6¢, obtained using a frequency
of 1.1 Hz.

Equation 12 indicates that the pulse-sequence parameters
phase-encoding gradient step AG_, phase-encoding duration 6,
and flow time T have the same effects on the ghost positions;
that is, decreasing any of them will result in an increase in
ghost separation by the same amount. The field of view in the
flow direction (that is, the total range of velocity) is another
property of the images that is also inversely proportional to
those parameters. Therefore, the relative positions of the ghosts
appear the same when any of the parameters above are
changed. Halving the values of & and 7, used in the calculation
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Figure 7. Simulation results at 6 = 3.7 x 10~ s (a) and at
Tesla (T) = 16.27 x 102 s (b), corresponding
to the half value of the values used in Figure
4b.

shown in Figure 4b, obtains simulation results shown in Fig-
ures 7a and b, respectively. All other pulse-sequence and flow
parameters are the same for both figures. They show that
decreasing the values of 6 or T causes the ghost separation and
velocity field of view to increase by the same proportion. Also,
0 and T play arole in ghost amplitudes through Eq. 13. Because
8 and T are typically on the order of milliseconds, the argu-
ments of the Eq. 10 will be small for moderate fluctuation
frequencies, and the dependency of K on 6 and T can be
approximated as linear instead of sinusoidal; thus, effects of &
and 7T on the resultant image can be considered as identical.
The larger they become, the higher the index k becomes, which
increases the number of ghosts with appreciable amplitudes.
The parameters AG. and repetition time T, have opposite
effects on the ghost separations and amplitudes, as seen in
Figure 8. Both simulated images in Figure 8 were obtained
using the same parameters as those in Figure 4b, except that
AG. was changed in Figure 8a and 7 in Figure 8b. As implied
by Eq. 12, decreasing the AG, yields wider ghost separation,
whereas increasing 7 gives a similar result. In terms of ve-
locity field of view and ghost separation, AG, has the same
effects as 6 and 7, as expected. That can be seen when Figure
8a is compared with Figures 7a and 7b. The criteria for the
ghosts to have an appreciable intensity can be expressed in a
different way by substituting the terms in the last delta function
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Figure 8. Simulation results at AG, = 0.15 X 10~ *Tm™"’
(a) and at TR = 4.6 s (b), corresponding to the
half and twice the values used in Figure 4b,
respectively.

in Eq. 12 for the ghost positions on the velocity axis u_, in Eq.
13, yielding kTrw /(KAG,) < 1. It can be concluded that AG,
has the same effect on the ghost intensities as K. Therefore we
can expect that the number of ghosts has the same dependency
on the parameters AG_, 8, and T within the typical range of the
parameters, as shown in Figures 7 and 8a. On the other hand,
Tk has an opposite effect on the ghost intensities compared
with that of AG.. The net result of increasing T} is an image
with a smaller number ghosts having larger separations, as
shown in Figure 8b. The other difference between Figures 8a
and b is in their velocity axis scales, given that changing T}, has
no effect on the velocity field of view, as seen in Figures 4b and
8b.

Another flow parameter that affects the flow images is the
amplitude of the fluctuation, v.. Equation 12 predicts that v,
plays a role in the intensity of the ghosts through the Bessel
function. To test this, simulations were performed at the fluc-
tuation amplitudes of 10 and 50% of the fluctuation used in the
simulation shown in Figure 4. The results are depicted in
Figure 9, which shows that the ghost intensities increase as v,
increases, whereas their positions remain unchanged. Another
effect of ghost amplitude is that more ghosts appear in the
center region of the pipe. The main reason for that is the higher
flow fluctuation amplitudes in the regions close to the pipe
center, compared with those close to the pipe wall. Fluctuation
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amplitudes at each radial position were specified by taking 10%
of the time-averaged velocity at the corresponding radial po-
sitions.

Conclusions

For MR flow images, periodic flow fluctuations have strong
effects on the artifacts that appear as repeating ghosts in the
phase-encoding direction. The frequencies of the fluctuations
determine the separation distance and the amplitudes of the
ghosts. In comparison to other flow and MRI pulse-sequence
parameters, the flow fluctuation amplitude is at least of equal
importance in governing the ghosts. As the fluctuation fre-
quency increases, the ghosts are less apparent. Therefore at
frequencies above 30 Hz, for typical experimental parameters
used in MR flow imaging, periodic flow fluctuations will not
significantly influence the measured velocity profile. At mod-
erate frequencies, there is no particular trend in ghost formation
with respect to fluctuation frequency because of the complex
nature of the interaction. The effects of the other pulse-se-
quence parameters, such as phase-encoding duration, flow
time, and phase-encoding gradient step, have the same effects
on the ghosts and resultant MR image in terms of the distance
between ghosts and velocity field of view, whereas the ghost
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Figure 9. Simulation results at the fluctuation frequency
of 0.64 Hz and mean flow to fluctuation ampli-
tudes ratios of 0.01 (a) and 0.05 (b), corre-
sponding to 10 and 50% of the fluctuation am-
plitude used in Figure 4b, respectively.
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separation is directly proportional to the repetition time as
opposed to the other pulse-sequence parameters. The amplitude
of the flow fluctuations influences only the intensities of the
ghosts. Finally, this work shows that in practical applications of
MRI to industrial problems, artifacts that are likely to be
encountered can be estimated a priori and appropriate correc-
tions can be made. This potentially allows for a wider range of
applications as well as lower cost implementation of the tech-
nology.
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