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Eddy currents caused by pulsed field gradients in magnetic resonance measurements of high-speed flow
cause the magnetic field gradient amplitude waveform experienced by the sample to be different from
the waveform demanded of the magnetic field gradient amplifiers. By measuring and using the system
impulse response, pre-equalization magnetic field gradient waveform correction can be used to counter-
act the resulting errors in measured signal phase at the cost of minimal additional experimental time. The
effectiveness of the pre-equalization method of magnetic field gradient waveform correction is tested
with a motion-sensitized (pulsed field gradient) version of the SPRITE imaging pulse sequence which
requires extreme gradient slew rates in excess of 1000 T/m/s in a 6.7-cm-bore set of gradient windings.
Pre-equalized, motion-sensitized SPRITE is used to create velocity maps of high-speed (c. 4 m/s) water
flow through a pipe constriction.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

The application of pure phase-encoding magnetic resonance
imaging (MRI) to the study of flow systems has been previously
demonstrated [1-4]. Purely phase-encoded MRI measurement
techniques are able to image multiphase flow systems without
image artifacts caused by magnetic susceptibility differences. In
particular, motion-sensitized versions of the SPRITE (Single-Point
Ramped Imaging with T;-Enhancement) MRI pulse sequence have
been shown to be well-suited to measuring fast, turbulent, multi-
phase flow systems [2].

Unlike traditional single-point imaging (SPI), the SPRITE pulse
sequence incorporates ramping between sequential phase-
encoding magnetic field gradient amplitudes, which greatly
reduces the effects of eddy currents and allows for short repetition
times on the order of milliseconds. However, significant eddy cur-
rent effects are reintroduced when SPRITE is modified to include
motion-sensitization through the use of pulsed field gradients
(PFG). In particular for studying fast flow systems, motion-
sensitized SPRITE includes the addition of bipolar gradient pulses
onto the imaging gradient waveform at each phase-encoding inter-
val [1]. Rapidly-switching, large-amplitude magnetic field gradi-
ents are inherent with this technique and, as a result, eddy
current effects are significant [4-6].

* Corresponding author.
E-mail addresses: adair.alex@unb.ca (A. Adair), f.goora@unb.ca (F.G. Goora),
bnewling@unb.ca (B. Newling).

https://doi.org/10.1016/j.jmr.2018.11.007
1090-7807/© 2018 Elsevier Inc. All rights reserved.

Accurate calculations of velocity using this technique require
accurate knowledge of the magnetic field gradient waveform expe-
rienced by the sample during the phase-encoding intervals. The
true magnetic field gradient waveform experienced by the sample
is not the same as the waveform demanded of the amplifiers (the
input waveform) due to the eddy currents that are produced dur-
ing the phase-encoding interval by the bipolar gradient pulse.
Acquiring motion-sensitized SPRITE data without correcting for
eddy current effects results in errors in both the measured k-
space trajectory as well as the signal phase. The errors in signal
phase cause errors in calculated velocity values, often to the point
of nonsensical results.

Methods to compensate for eddy current effects (primarily
through pre-emphasis or k-space regridding) have been previously
established [7-15]. Eddy current compensation discussed in this
paper uses the pre-equalization correction method [16], which
involves a convolution process rather than the addition process
typical of pre-emphasis. The pre-equalization method uses the
impulse response of the system to calculate a specific input mag-
netic field gradient waveform that, as a result of the eddy currents
present during a measurement, causes the sample to experience
the desired waveform. In this paper, the existing method for cor-
recting phase errors (pixel-by-pixel subtraction of the phase in
an image of stationary fluid [1]) is compared with the pre-
equalization correction method. The pre-equalization method
greatly reduces phase errors caused by eddy currents and allows
for the creation of accurate velocity maps using motion-
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sensitized SPRITE in significantly less measurement time than the
stationary-data method.

2. Theory

SPRITE is a pure phase-encoding MRI measurement technique
which has been used to perform a wide variety of measurements
[17]. In order to measure velocity, motion-sensitization is added
to SPRITE by superimposing a bipolar PFG (pulsed field gradient)
at each phase-encoding interval (see Fig. 1), which provides
motion-sensitized information for each measured k-space data
point. Given the bipolar pulse timings and amplitudes shown in
Fig. 1, and assuming a constant mean velocity vin the flowing sam-
ple, phase can be expressed as

¢ =7 fy Gt) - F(t)dt

1
= pt,[G(ro + 5 vtp) + 1g0t,] @

where G is the amplitude of the imaging gradient, r, is position, and
t, is the phase-encoding time interval (typically 0.5-1 ms).

The phase calculation shown in Eq. (1) assumes that the bipolar
gradient pulse during the phase-encoding interval is as shown in
Fig. 1. However, the amplitude switching of the bipolar gradient
pulse, in the presence of nearby conductive structures, results in
the creation of eddy currents. The induced eddy currents generate
magnetic fields which oppose the changing magnetic field caused
by the bipolar gradient pulse, which results in a finite gradient rise
time. Therefore, it is impossible to obtain the instantaneous gradi-
ent amplitude switching shown in Fig. 1. Eddy currents in a
motion-sensitized SPRITE measurement cause the two lobes of
the bipolar PFG pulses to have different sizes than intended and
to be of different size when compared with one another [4-6].

The incorrect size of the two lobes of the bipolar gradient pulse
causes errors in calculated velocity values. An existing method for
correcting such errors is the use of a stationary data set [1]. In this
approach, all measurements are performed once with the sample
flowing and again with the sample stationary. The measured
phase is a combination of the phase due to motion and the
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Fig. 1. [Top] Schematic of the first few points in a 2D Spiral SPRITE pulse sequence.
Motion-sensitization is applied in the z-direction by superimposing bipolar
gradient pulses (marked with diagonal hatching) onto the imaging gradient G,.
The (non-pre-equalized) magnetic field gradient waveform demanded of the
amplifiers is shown as the dotted line on G,. [Bottom-left] A phase-encoding
interval of the pulse sequence, showing bipolar pulse timings 6 = A =1t, =295 us
and amplitude g. [Bottom-right] The complete G, waveform (shown without
motion-sensitizing pulses) is approximately six seconds in duration.

error in phase due to the incorrect bipolar gradient pulses
(d)measured = ¢motion + ¢error)' The phase from a Stationary (HO
motion) data set directly reports the phase error and a subtraction
corrects the measured phase, which is then used to create velocity
maps for the flowing sample. Besides the significant downside of
requiring twice the experimental time, the stationary-data method
does not correct for errors in the path of the measured k-space tra-
jectory that are caused by the imbalance in the sizes of the two
lobes of the bipolar pulse. One effect of this imbalance, for exam-
ple, is that the first acquired point in a motion-sensitized Spiral
SPRITE measurement is no longer the k-space origin—the benefits
of a centric-scan measurement (e.g., simplified contrast informa-
tion) [18] have been lost.

The stationary-data method corrects velocity data post-
measurement but makes no attempt to better control the gradient
waveform experienced by the sample during the measurement.
Simple adjustments to the amplitude or width of the gradient
pulses can be attempted to reduce the mismatch between the size
of the two lobes [4-6]. This method can greatly reduce any mis-
match, but may still result in small errors due to the reliance on
manual correction [4]. Other methods for changing the magnetic
field gradient waveform to compensate for eddy current effects
are also common. The pre-emphasis method fits the decay of the
magnetic field gradient following a gradient pulse to a superposi-
tion of multiple exponential functions. Choosing the proper time
constants and amplitudes of those exponential functions greatly
reduces the eddy current effects of the magnetic field gradient
delivered by the gradient coils [7-9]. More recent pre-emphasis
techniques that employ the system impulse response have also
been developed [10,11]. The pre-equalization correction method
also controls the behavior of the magnetic field gradient experi-
enced by the sample by using measured information about the
eddy current response, but does so through a convolution method
rather than the addition method common to pre-emphasis. Pre-
equalization ensures that the bipolar gradient pulses experienced
by the sample are balanced in size and match the expected behav-
ior that is used for velocity calculations. The impulse response of
the system is measured separately prior to velocity measurements
and used to calculate the input (the pre-equalized gradient wave-
form) necessary to achieve the desired output (the gradient wave-
form experienced by the sample) [16]. The pre-equalized gradient
waveform x, is given by

Xy(t) = F! {M}

Flh(o)] )

where y, is the desired gradient waveform to be experienced by the

sample, h is the system impulse response, F~! denotes the inverse
Fourier transform, and F is the Fourier transform.

3. Experimental

Measurements were performed using a 4.7 T vertical bore
superconducting magnet (Cryomagnetics, TN, USA) and a Redstone
HF NMR spectrometer console (Tecmag, TX, USA). Magnetic field
gradients were generated with a homemade magnetic field gradi-
ent set (with an inner bore diameter of 5.08 cm), driven by Techron
7700 Series power supply amplifiers (AE Techron, IN, USA). The
gradient set is capable of generating magnetic field gradients in
three orthogonal spatial directions (x, y, and z). At maximum cur-
rent, the gradient amplitudes available are G, = 0.66T/m,
Gy = 0.54 T/m, and G, = 0.72 T/m. Radio frequency (RF) excitations
were accomplished using a Doty DSI-874 RF 'H probe (Doty Scien-
tific, SC, USA), driven by an AMT M3205A RF amplifier (American
Microwave Technology, CA, USA). A glass pipe, with an inner diam-
eter of 17.3 mm, was placed vertically inside the magnet bore and
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positioned such that a constriction in the pipe (with a minimum
inner diameter of 5.5 mm +0.1 mm) was within the sensitive
region of the RF probe (see Fig. 2).

The flowing liquid was distilled water doped with CuSO4. Bulk
relaxation time constant measurements using a standard
inversion-recovery technique gave a T; of 20 ms. The water was
pumped from a reservoir (where it was maintained at
12°C+0.5°C) vertically down through the glass pipe using a
BPDH10-L centrifugal pump (Berkley, WI, USA). The flow rate
(measured using a mechanical flow meter to be
6.0 Lpm £ 0.4 Lpm), was kept below the threshold flow rate that
would have caused hydrodynamic cavitation at the constriction.
The RF probe was sufficiently far within the magnet that the flow-
ing sample reached equilibrium magnetization before reaching the
imaging region.

Images were acquired using the Spiral SPRITE pulse sequence,
which is a 2D, centric-scan version of the pure phase-encoding
SPRITE MRI measurement technique [19]. A phase-encoding time
interval t, = 590 ps was used to create 2D 'H density images of
the sample. The time necessary to acquire one scan of k-space
was approximately six seconds. Sixteen scans were acquired for
each image and averaged together to improve SNR, resulting in a
total measurement time of approximately 1.5 min per image.
Images were acquired in the zy-plane orientation (the z-axis is
along the length axis of the pipe). The imaging field of view was
5.7 cm in the z-direction and 1.6 cm in the y-direction. The nomi-
nal spatial resolution for the images was 0.9 mm in the z-direction
and 0.25 mm in the y-direction. Using the maximum flow speed of
4 m/s + 0.5 m/s (which is the estimated flow speed at the constric-
tion throat, calculated from the volumetric flow rate), the liquid
travels 1.2 mm+0.2 mm during the motion-encoding interval
1t, =295 ps. This corresponds to a distance traveled in the z-
direction of approximately 1.3 pixels, which results in smearing/
misregistration artifacts in the images. There is no misregistration
in regions where the flow speed is low enough that the distance
traveled during the motion-encoding interval is less than the size
of a pixel (this corresponds to flow speeds below 3 m/s).

Spatially-resolved velocity data were acquired with motion-
sensitization applied solely in the z-direction by adding bipolar
pulses to the z-imaging gradient. If desired, the experiment can
be repeated with bipolar pulses applied in any other direction in
order to measure that component of velocity. Velocity information
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Fig. 2. A schematic of the apparatus showing the glass pipe oriented vertically (in
the z-direction) within the magnet. The contour of the constriction is shown at the
left.

was gathered by performing a series of measurements with seven-
teen different bipolar pulse gradient amplitudes g (see Fig. 1). The
data were zero-filled to thirty-two points and an inverse Fourier
transformation along the dimension defined by g generated a
center-of-mass propagator for each pixel in the 2D image [20-
22]|. Fig. 3 shows an example center-of-mass propagator taken
from the center point of the velocity map in Fig. 6B. The peak value
in each center-of-mass propagator was assigned as the modal dis-
placement for that pixel, but no other interpretation of the center-
of-mass propagator shape was attempted [20-22]. The modal
velocity was determined by dividing the modal displacement by
the motion-encoding interval § t,. The nominal velocity resolution
in the velocity maps is 0.32 m/s. Switching the gradient amplitude
from —g to g during the bipolar pulses occurred over 200 ps. For
the maximum value of g used for this experiment (0.2 T/m), the
gradient slew rate was 2000 T/m/s, which is a dB/dt of 60 T/s at
3 cm (half the field of view in the z-direction). For comparison, a
typical maximum slew rate for a medical MRI system is 200 T/m/
s which is a dB/dt of 70 T/s at the bore radius of 35 cm [23].

Two separate experiments (with the same flow conditions)
were performed to compare the different correction methods. For
the stationary-data method, two sets of data were acquired for
all seventeen (different g amplitudes) motion-sensitized Spiral
SPRITE measurements. One set of data was acquired with the liquid
flowing. For the other set of data, the pump was shut off and the
liquid was not flowing. The signal phase measured from the sta-
tionary data set is the error in phase due to the presence of eddy
currents during the measurement. Therefore, the phase informa-
tion from the stationary data set was subtracted from the phase
information from the flowing data set during data processing to
remove the error. The corrected phase was then used to create
velocity maps.

The second method used the pre-equalization technique to cor-
rect for the phase error due to eddy currents. The magnetic field
gradient monitor (MFGM) technique was used to measure the
response of the system to a gradient amplitude step input
[24,25]. Other gradient waveform measurement processes have
also been used for pre-emphasis correction methods [12,14]. Dif-
ferentiating the system response to the gradient step resulted in
the system impulse response, h(t) [16]. This information was used
according to Eq. (2) to generate a magnetic field gradient waveform
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Fig. 3. An example center-of-mass propagator taken from the center point of the
velocity map of Fig. 6B. The horizontal axis, in m/s, is the displacement divided by
A =1t,. The vertical axis is probability. The only physical interpretation of the
center-of-mass propagator that was used was the choice of maximum probability to
represent the modal velocity in a pixel [20-22].
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(the pre-equalized waveform, x,(t)), which, as a result of convolu-
tion with the impulse response, causes the sample to experience
the desired gradient waveform, y,(t). The desired gradient wave-
form is selected to conform to the limits of gradient amplifier slew
rate and bandwidth.

Including data processing and MFGM measurements, a system
impulse response can be obtained in a few hours. However, it is
only necessary to obtain the system impulse response once for a
given apparatus configuration [16]. Some variation in the
impulse-response of the system with temperature might be
expected, but has proven too small to be noticeable in velocity
measurements made so far. This is in contrast to observable
changes caused by changing the RF probe, for example. Pre-
equalized magnetic field gradient waveforms were generated for
all seventeen (different g amplitudes) motion-sensitized Spiral
SPRITE measurements. These pre-equalized waveforms were used
to measure the flowing sample and the resulting data were used to
create velocity maps of the flow system.

4. Results and discussion

Fig. 4 shows the behavior of the magnetic field gradient wave-
form with and without pre-equalization. If the desired waveform
is used as input, the sample experiences an undesired, distorted
output (characterized by slower-than-desired switching due to
eddy currents). However, by using the pre-equalized waveform
as input, the sample can be made to experience a waveform that
closely matches the desired waveform. Although Fig. 4 shows only
one amplitude of the gradient switching, pre-equalization has been
shown to apply over a range of gradient values [16]. Some nonlin-
ear behavior is expected (due, in part, to gradient amplifier perfor-
mance and thermal variation in the system), but agreement
between results and expectations show that any nonlinear behav-
ior is small enough that linearity can be assumed [16]. The behav-
ior of the pre-equalized waveform is as expected—since eddy
currents reduce the gradient amplitude switching rate, the pre-
equalized waveform starts switching earlier and at a higher rate
in order to achieve the desired output.

A feature of the eddy-current compromised magnetic field gra-
dient that is experienced by the sample is that the two lobes of the
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Fig. 4. Input and output gradient waveforms for part of a motion-sensitized Spiral
SPRITE measurement showing the gradient switching that occurs during a phase-
encoding interval. The desired waveform is shown as the dashed line. Using the
desired waveform as the input to the gradient amplifier produces the line marked
with circles as the output gradient experienced by the sample. Using a pre-
equalized waveform as input (marked with asterisks) produces the solid line as
output, which closely matches the desired waveform. Output waveforms were
measured using MFGM [24]. The x-axis is in units of seconds and data points occur
every 10 ps. The y-axis is normalized to the maximum amplitude of the desired
waveform (which is 88 mT/m in this case). The desired waveform has a slew rate of
approximately 1600 T/m/s. The inset shows the complete waveform that was used.
The main plot focuses on the behavior of the second phase-encoding interval, as
shown.

bipolar pulse are of unequal sizes. A consequence of this imbalance
is that the net magnetic field gradient amplitude during each
phase-encoding interval is shifted from its intended value, which
shifts the measured k-space trajectory away from its expected
path. For the case of Spiral SPRITE (a centric-scan measurement),
the first k-space point collected should be the k-space origin. How-
ever, due to the unequal lobe sizes, the net gradient amplitude for
the first acquired point is non-zero and the k-space origin is not
acquired until later in the waveform (i.e., it is no longer a
centric-scan measurement, which removes the benefits of simpli-
fied contrast and improved signal-to-noise ratio that come with
the centric approach [18]). The stationary-data method does not
correct the lobe size imbalance prior to measurements; therefore,
it cannot fix the issues that result in a non-centric-scan measure-
ment. On the other hand, the pre-equalization method is able to
correct the lobe size imbalance, which results in a measurement
having the correct k-space trajectory. Representations of the mea-
sured 2D k-space data for four different, uncorrected motion-
sensitized SPRITE measurements are shown in Fig. 5. The
motion-sensitizing bipolar gradient pulses are applied to the G,
imaging gradient. Fig. 5A shows the k-space data that arises from
a measurement with g = 0 (i.e., no motion-sensitization)—the k-
space peak is at the center of the measured spiral trajectory, as
expected. When g is increased (Fig. 5B), the imbalance in the bipo-
lar gradient lobe sizes causes the measured trajectory to shift along
the k;, axis (i.e., the k-space peak is shifted away from the center of
the measured spiral trajectory). When g is further increased
(Fig. 5C and D), the shift also increases. For extremely large g, the
shift can be large enough that the k-space origin data point is
not acquired at all.

Velocity maps of the flowing sample are shown in Fig. 6(A-C).
Fig. 6A is the velocity map that is created by using motion-
sensitized Spiral SPRITE without any form of correction. The results
clearly show incorrect results for water flow through the pipe con-
striction. Fig. 6B is the velocity map that is created by using the
pre-equalization method to correct the magnetic field gradient

Fig. 5. Natural logarithm (arbitrary units) of acquired 2D k-space data for
uncorrected, motion-sensitized Spiral SPRITE with different bipolar pulse ampli-
tudes g. Motion-sensitization is applied in the z-direction. The amplitude g is zero
for (A) (i.e., no motion-sensitization) and increases incrementally through (B), (C),
and (D) (amplitudes of 0.07 T/m, 0.13 T/m, and 0.20 T/m, respectively). The k-space
span is 17.6 m~! in the z-direction and 62.7 m~! in the y-direction for 64 x 64 2D k-
space. Size difference between the lobes of the bipolar gradient pulses cause the
measured k-space trajectory to shift away [(B), (C), and (D)] from its intended path
(A). For extremely large g [i.e., greater than that of (D)], the measured k-space
trajectory can shift sufficiently far that it does not acquire the k-space origin data
point.
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Fig. 6. Maps of the z-component of velocity for water flowing vertically down through a pipe constriction. (A-E) The spatial (zy) axes have units of centimeters and the
velocity values have units of meters per second. The velocity maps are of (A) Flowing sample with no correction, (B) Flowing sample with pre-equalization correction, (C)
Flowing sample with stationary-data method correction, (D) Non-flowing sample with no correction, and (E) Non-flowing sample with pre-equalization correction. The
uncorrected velocity maps show nonsensical data. The corrected velocity maps show expected behavior with flow speeds reaching a peak value of 4 m/s at the constriction
throat for the flowing sample and uniform 0 m/s for the non-flowing sample. A noise threshold mask was used with the velocity maps to remove noise outside the pipe. (F)
Shows agreement between the centerline velocity along the pipe axis for the pre-equalization correction method (* symbols) and centerline velocity based on the pipe
diameter and volume flow rate (o symbols). Velocity resolution in the pre-equalization correction map is shown as error bars on the centerline data. The z-axis has units of

centimeters and the y-axis has units of m/s (color images available).

waveform prior to data acquisition. The velocity map shows rea-
sonable results; the flow speed is higher in regions of the pipe with
smaller diameter and the maximum flow speed agrees with the
expected flow speed at the constriction throat of 4 m/s + 0.5 m/s
(calculated from the volumetric flow rate and constriction throat
diameter). Fig. 6C is the velocity map that is created by using the
stationary-data method to correct for phase errors during data pro-
cessing. Again, the velocity map shows reasonable results, with
behavior similar to the velocity map corrected using the pre-
equalization method. Despite strong similarity, the velocity maps
shown in Fig. 6B and C are not identical. A possible cause of this
is that although the stationary-data method is able to isolate phase
that results from fluid motion, the exact shape of the bipolar wave-
form experienced by the sample is unknown, compromising accu-
rate velocity quantification. Therefore, calculations of modal
velocity that are performed using the expected timing and ampli-
tude parameters yield incorrect results.

Fig. 6D and E are velocity maps created of a stationary sample
(therefore, with a known flow speed of 0 m/s throughout the sam-
ple). Fig. 6D is the velocity map with no correction method, which
shows nonsensical results, as expected. Fig. 6E is the velocity map
of the stationary sample that is created by using the pre-
equalization correction method. It shows the expected results of
a uniform flow speed of 0 m/s across the sample. This confirms
(within the current velocity resolution of 0.32 m/s) that our
assumptions about linearity over a range of g values are valid.
Fig. 6F shows the agreement between the centerline velocities
along the axis of the pipe calculated from the pre-equalization-
corrected velocity map (Fig. 6B) and from the known pipe diameter
and volume flow rate.

Total experiment time is also important to consider for the two
correction methods. Acquiring all seventeen (different g ampli-
tudes) motion-sensitized Spiral SPRITE measurements resulted in
a total measurement time of approximately 30 min. The pre-
equalization method requires no additional measurement time
once the system impulse response has been measured for a given
combination of magnet, gradient set and probe. The stationary-
data method, on the other hand, requires acquiring twice the num-
ber of measurements. The doubling of measurement time is even
more of a disadvantage if 3D velocity maps are attempted or if a
large number of averages are needed to improve the signal-to-
noise ratio (for example, with a gas sample). Another advantage
of the pre-equalization method is that there are circumstances in
which the stationary-data method is wholly impractical (i.e., some
multiphase samples cannot be prepared in a stationary state such
as in sprays [26] or cavitation).

5. Conclusion

Two-spatial-dimension images of water flowing through a pipe
constriction were created using the Spiral SPRITE MRI pulse
sequence. Bipolar magnetic field gradient pulses were superim-
posed onto the imaging gradient waveform to provide motion-
encoding and velocity maps of the flow were created.

The bipolar gradient pulses used to motion-sensitize the Spiral
SPRITE pulse sequence introduce large-amplitude, rapid-switching
magnetic field gradients into the measurements. The resulting
eddy currents that are created by these bipolar pulses cause the
magnetic field gradient waveform experienced by the sample to
be different than the waveform that the user demands from the
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gradient amplifiers. Due to the altered behavior of the magnetic
field gradient waveform experienced by the sample, the measured
signal phase cannot directly be used to calculate velocity
information.

Two methods of correcting for phase errors due to the presence
of eddy currents were presented. The stationary-data method from
the literature [1] is able to remove the phase error during data pro-
cessing, allowing the creation of velocity maps; however, the pro-
cess requires measurements when the sample is stationary as well
as when it is flowing, which doubles measurement time and may
be impossible for some samples (such as in sprays or cavitation).
The pre-equalization method uses prior knowledge of the system
impulse response to ensure that the magnetic field gradient wave-
form experienced by the sample is as desired, which improves
accuracy. This method is presented here for the first time in appli-
cation to improve velocity measurements, even in the presence of
extreme gradient slew rates. A benefit of the pre-equalization
method is that it does not require the significant additional exper-
imental time that is needed for that stationary-data method.
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