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Abstract

Pulsed magnetic field gradients are fundamental to spatial encoding and diffusion weighting in magnetic resonance. The ideal
pulsed magnetic field gradient should have negligible rise and fall times, however, there are physical limits to how fast the magnetic
field gradient may change with time. Finite gradient switching times, and transient, secondary, induced magnetic field gradients
(eddy currents) alter the ideal gradient waveform and may introduce a variety of undesirable image artifacts. We have developed a
new method to measure the complete magnetic field gradient waveform. The measurement employs a heavily doped test sample with
short MR relaxation times (7;, 7>, and 75" < 100 ps) and a series of closely spaced broadband radiofrequency excitations, combined
with single point data acquisition. This technique, a measure of evolving signal phase, directly determines the magnetic field gradient
waveform experienced by the test sample. The measurement is sensitive to low level transient magnetic fields produced by eddy
currents and other short and long time constant non-ideal gradient waveform behaviors. Data analysis is particularly facile per-
mitting a very ready experimental check of gradient performance.
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1. Introduction

Pulsed magnetic field gradients are fundamental to
spatial encoding and diffusion weighting in magnetic
resonance and magnetic resonance imaging. Non-ideal
magnetic field gradient pulses have finite rise and decay
times with unwanted transient, eddy current related,
magnetic field gradients contributing to and often
dominating the ideal behavior [1]. These secondary
transient magnetic field gradients result from gradient
switch induced eddy currents in the cold conductive
material of the magnet superstructure, and other sur-
rounding materials. Non-ideal gradient waveforms lead
to intensity artifacts in MRI images and phase/baseline
artifacts in spectra obtained using localized spectros-
copy techniques [2]. If the magnetic field gradient
waveform experienced by the sample is known, then the
waveform can be adjusted or compensated to closer
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approximate ideal behavior. Alternatively, knowledge of
the true gradient waveform may be used in data post-
processing to minimize image artifacts and spectral
distortions [3-6]. The on-going drive for more rapid and
higher resolution MRI means that precise, accurately
switched, magnetic field gradients are of increasing
contemporary importance.

Numerous methods for measuring eddy current ef-
fects and magnetic field gradient waveforms have been
presented in the literature. One common method for
acquiring a magnetic field gradient waveform involves
measuring the induced voltage in a flux coil [7]. This
particular method is sensitive to magnetic fields chang-
ing rapidly in time but is somewhat insensitive to slowly
varying transient fields. Methods described by Wysong
et al. [8] and Boesch et al. [9] exploit the off-resonance
behavior of the NMR signal in the presence of transient
magnetic fields to set compensation networks [10,11].
These methods provide information about the off reso-
nance behavior of the free induction decay (FID) re-
sulting from the time evolution of transient fields
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following a magnetic field gradient pulse. Increased in-
terest in diffusion-weighted EPI has led to several new
methods, for measuring and setting gradient pre-em-
phasis networks [12]. However, none of these techniques
[8-12] provide direct information about the shape of the
full magnetic field gradient waveform.

Magnetic field gradient pulse shapes have been de-
termined using NMR techniques proposed by Takah-
ashi et al. [7] and Yamamoto et al. [3]. The first uses a
self encoding field gradient which calibrates the gradient
shape to be measured and the results are obtained in the
form of a time integral of the gradient pulse. The second
technique utilizes NMR signals acquired from a uniform
sample, in the presence of a gradient pulse, to calculate
the gradient amplitude at a given time in terms of the
ratio of the FID and its derivative. An additional
method proposed by Lee et al. [13] involves calculating
the time derivative of the acquired NMR signal phase,
which is proportional to the amplitude of the gradient
pulse, at a given time point. More recent measurements
of the evolving signal phase during magnetic field gra-
dient waveforms have become quite sophisticated [14].
Such measurements are of critical importance for re-
gridding algorithms in spiral scan MRI.

The method presented is a logical, yet quite general,
development of the single point profile method pre-
sented by Balcom et al. [1]. Our earlier work required the
repetitive application of a complete series of phase en-
code gradients leading to the reconstruction of a simple
phantom image. Contraction of the phantom image,
through the similarity theorem of fourier transforms,
then permitted one to assign a relative gradient attenu-
ation which would be assumed to be true for all phase
encode gradient steps. The current technique is a re-
ciprocal space method which permits one to more di-
rectly examine the phase behavior of arbitrarily
complicated single gradient waveforms.

The technique employs a uniform test sample with
short relaxation times (71, 7>, and 7; < 100 ps) and a
series of closely spaced radiofrequency excitations,
combined with single point data acquisitions. This
technique measures evolving signal phase in the presence
of a magnetic field gradient pulse and directly deter-
mines the magnetic field gradient waveform experienced
by the sample. The measurement is sensitive to low
amplitude transient magnetic fields produced by eddy
currents and other non-ideal gradient waveform be-
haviors. One of the appealing characteristics of the
method is that it is not probe specific. The possibility for
this method to be used as a diagnostic tool for pre-em-
phasis settings, and for classifying non-ideal gradient
behaviors due to the presence of NMR probes and other
conductive media, is presented.

Many methods have been proposed to measure ar-
bitrary k-space trajectories [7,14]. We anticipate this
method may also be used to determine k-space trajec-

tories for use in k-space re-gridding and image recon-
struction. The principal advantages of the method are its
experimental and data processing simplicity. The main
source of uncertainty is the experimental uncertainty of
the signal phase, which increases at low experimental
signal to noise ratios.

2. Theory

We assume radiofrequency (RF) excitation of a uni-
form test sample with a broadband RF pulse. Following
the RF pulse, the FID phase evolves for a time #,, which
we term the encoding time. Short 75 lifetimes reduce the
signal amplitude during time #,, but do not alter the
signal phase. The single point magnetic resonance signal
of a three-dimensional object in the presence of a spa-
tially and time varying magnetic field gradient G.(¢) at
time ¢, after the RF excitation pulse is

st = [ [ [ pwraerenardyas (1)

where p(x,y,z) is the spin density.
The accumulated signal phase, of isochromats with
position z and gyromagnetic ratio v, is given by Eq. (2).

0(z1,) =7 /0 " G(0)=t. 2)

If a cylinder with uniform spin density is oriented
lengthwise along the magnetic field gradient axis the
cross-sectional area is constant over the length of the
object. This is analogous to a one-dimensional sample
with a uniform proton spin density p(z) oriented
lengthwise along the magnetic field gradient axis as
shown in Fig. 1. It is possible to work with other
phantom geometries, for example spherical, however in
this case the proton density weighting is no longer uni-
form, and the resulting equations become more difficult
to work with and the simple intuitive interpretation of
the results is lost.

Assuming a uniform cylindrical phantom geometry,
Eq. (1) may be written as

S(ty) = / " o3 [0(z,1,)] + isin[0(z )] 3)
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Fig. 1. One-dimensional spin density p(z) of a uniform cylindrical
sample oriented parallel to the axis of a magnetic field gradient. Co-
ordinates a and b define the ends of the sample while ¢ defines the
center of the sample relative to the coordinate origin.
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where a and b define the left and right ends of the cyl-
inder with p(z) set equal to unity.

In order to extract the magnetic field gradient am-
plitude from the experimental signal, Eq. (2) may be
further simplified using the mean value theorem for in-
tegrals. The magnetic field gradient pulse interacting
with the sample is a continuous function of time on the

[sin (yG.(¢)1,b) — sin (yG.(¢)tya)]| +1i[ cos (yG. () tya) — cos (yG.(7')t,b)]

defined by the integral in Eq. (4) and the product G.(¢) ¢,,
which is depicted in Fig. 2, allows one to simplify Eq. (2)

0(z, tp) = 7G.(¢')tpz. (5)

Incorporating Eq. (5), and integrating over the length of
the cylindrical sample, the single point NMR signal gi-
ven in Eq. (3) yields

S(tp) = “/Gz(f/)fp

interval [0, #,]. There exists a time ¢ on the interval (0, z,)
such that

/ " G.(0)dt = G0ty 4)

or similarly, G.(¢') is the mean value of G,(¢) during the
encoding time interval. If we choose an encoding time
which is short compared to the characteristic rise and
decay of the magnetic field gradient pulse, then it is
reasonable to assume that the gradient amplitude chan-
ges linearly during the encoding time. This allows us to
assign a unique time point to the gradient amplitude
measurement. For a linearly varying gradient, the as-
signed time point, #, is simply the midpoint of the in-
terval or #,/2. The equivalence of the gradient areas

(a)

Gradient Amplitude

Time

Gradient Amplitude

Time

Fig. 2. The technique measures signal phase during a short duration 7,
(encoding time) after an RF pulse is applied to the uniform sample.
The gradient waveform is grossly non-ideal for ease of illustration. (a)
At the end of the encoding time the signal phase is proportional to the
gradient area (shaded region) on an interval defined by the encoding
time #,. (b) If the encoding time is short compared to the characteristic
rise or decay time of the gradient pulse, then the gradient changes
linearly during #,. The gradient area in (a) may then be equated to the
area G(t')t,, where G(¢') represents the gradient amplitude at the
midpoint of the encoding time interval.

: (6)

The observed signal is inversely proportional to the
average gradient amplitude during the encoding time.
For large gradient amplitudes therefore the signal may
drop to such low values that random noise will hinder
an accurate phase determination. These effects may be
reduced through the choice of an appropriately short
phase encode time ;.

In order to obtain G,(¢') in terms of signal phase we
recognize that there is a time varying phase angle be-
tween the real and imaginary components of the signal.
Extracting the time-dependent phase angle from Eq. (6),
and using sine double angle formulae we arrive at

/ b + a /
¢ =7G.(7)t, (—2 ) =7G.(7)tpe, (7)
which can be rearranged to give
nN_ ¢
G.(1) = , 8
)= (8)

where ¢ = (b+ a)/2 is the offset of the sample center
from the origin of the axis along which the spatially
varying gradient is applied. This offset is illustrated in
Fig. 1.

Eq. (8) shows that the signal phase is directly pro-
portional to the instantaneous gradient amplitude, as
well as the encoding time and sample offset. Increasing
any one of these parameters will increase the observed
phase accumulation. Since the encoding time and sam-
ple offset are fixed for a specific measurement, the signal
phase is thus a direct measurement of average gradient
amplitude during the chosen measurement interval. This
interval may quite reasonably encompass short time
periods during gradient rise, stabilization and decay in
arbitrarily complicated gradient waveforms. A system-
atic series of such measurements will thus map out the
complete magnetic field gradient waveform.

3. Experimental methods
A heavily doped 2% agar gel was prepared using a

600 mM solution of GdCl; (Aldrich, Milwaukee, WI) in
a cylindrical glass tube with a diameter of 1cm and
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length of 5cm. The phantom had a 7 of approximately
60 us. With such a short value, the 75 is assumed to be
equal to 75, as is the 77. The ends of the sample were cut
using a razor blade and guide to make a well-defined
right cylinder. The cylinder ends were capped using
teflon plugs to prevent drying. The final cylindrical
sample had a length of approximately 16 mm.

Experiments were performed using commercial
(Morris Instruments, Ottawa, Ont.) and homebuilt
quadrature birdcage resonators. The probes were driven
by a 2kW AMT (Brea, CA) 3445 RF amplifier and
experiments were carried out in a Nalorac (Martinez,
CA) 24T 32cm bore superconducting magnet with a
Nalorac gradient insert that was water cooled and self-
shielded. The gradient set had a Nalorac pre-emphasis
unit, Nalorac shim controller, and was powered by a
Techron (Elkhart, IN) 8710 gradient amplifier system.
The spectrometer console was a Tecmag (Houston, TX)
Libra S-16. Pulse programs and data acquisition were
controlled by a Macintosh Quadra 950 running Mac-
NMR.

The pulse sequence used for the experiments is similar
to the sequence presented in Fig. 3. Thirty-two broad-
band RF pulses were typically applied in each execution
of the pulse sequence. Low flip angle pulses were used to
ensure minimal perturbation of longitudinal magneti-
zation from pulse to pulse. The spacing between RF
pulses was 260 ps with each pulse lasting 10 ps, corre-
sponding to a flip angle of 24°. Brief duration RF pulses
were applied in order to ensure uniform excitation of the
broad line sample.

Quadrature phase cycling was employed, and four
signal averages were collected, during each experiment.
Early and late RF pulses in the sequence were used to
obtain a reference signal phase from which a baseline
could be determined for the gradient waveform. Eleven
equally spaced RF pulses were applied during the gra-
dient rise to acquire signal phase at a series of times after

Fig. 3. Schematic of the pulse sequence used to acquire gradient
waveforms. RF pulses prior to, and after, the gradient pulse establish
an experimental baseline phase. The shaded area represents the
product of the gradient and encoding time #, which determines signal
phase. Repetitive applications of the basic pulse sequence have time t
incremented to yield high temporal resolution in the final measure-
ment.

the gradient had been switched on. The pulse-encode
events applied to the phantom after the gradient has
been switched off are used to measure evolution of signal
phase in the presence of the decaying gradient up to 5ms
after the gradient switch off. Each RF pulse corresponds
to a discrete measurement of gradient amplitude during
the encoding time. The entire gradient waveform, at
high temporal resolution, was measured by repeating the
pulse sequence with the addition of small time incre-
ments, t, as illustrated in Fig. 3. A final 5ps per point
resolution was chosen for the 32 pulse sequence, and the
encoding time, #,, was chosen to be 40 us. Total mea-
surement times were usually less than 3 min.

An experimental time resolution on the gradient
waveform which is less than the encoding time ¢, re-
quires the application of RF pulses which are system-
atically shifted in time t with repetitive application of
the basic pulse sequence represented by Fig. 3. These
time shifted measurements measure partially overlap-
ping gradient areas as illustrated in Fig. 4.

When the arctangent function is used to calculate the
signal phase, the phase angle plus multiples of © are
indistinguishable. This was particularly important when
the gradient amplitude is large enough to cause the
signal vector to change quadrants during an individual
pulse-encode measurement. This phase angle wrapping
leads to distinct discontinuities in the gradient waveform
which can be corrected simply by adding multiples of &
to the signal phase where the wraps occur. Alternatively,
one can choose a maximum phase for a given maximum
gradient amplitude simply by choosing an appropriate #,
or sample offset ¢ such that wrapping will not occur.
Data processing was carried out using several routines
written in IDL (Research Systems, Boulder, CO).

The cylindrical sample was oriented inside the probe
such that the longitudinal axis was parallel to the di-
rection of the chosen magnetic field gradient. Before
performing the gradient waveform experiments the
sample offset ¢ was measured using one-dimensional
SPRITE images [15]. The SPRITE imaging method is
well suited for imaging semi-rigid polymers and other

Gradient Amplitude

——

£ Time

Fig. 4. When the spacing between gradient time points, in repetitive
applications of the pulse sequence, is less than the encoding time, the
experiment measures overlapping gradient areas with increased overall
temporal resolution. The gradient waveform is grossly non-ideal for
ease of illustration.
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systems containing short relaxation time nuclei, such as
the gel phantom used in these experiments.

4. Results and discussion

Fig. 5 shows two magnetic field gradient pulses, of
opposite polarity, measured using the method described.
Each gradient pulse had a nominal amplitude of +1 G/
cm and a duration of 3 ms The magnetic field gradient
pulses, overlaid in the figure, were measured in separate
experiments. The offset ¢ was measured to be 17 mm. Eq.
(8) illustrates the direct relationship between signal
phase and the instantaneous gradient amplitude. If the
sign of the gradient is altered, this changes the sign of
the signal phase. Because the signal phase and gradient
amplitude are directly proportional, Eq. (8), we may
plot the signal phase as gradient amplitude, assuming
that the phase corresponding to the maximum gradient
is known. The maximum phase is equated to the chosen
gradient maximum determined at gradient stabilization.
All displayed gradient amplitudes are thus scaled to an
assumed gradient maximum in each experiment. There
is a small but measurable difference between the abso-
lute value of the peak gradient amplitudes for these bi-
polar pulses. A long duration low amplitude decay
component is observed following each gradient pulse.

The method is useful for inspecting low amplitude,
long decay time constant gradients which may result
from incorrect pre-emphasis settings or eddy currents.
Figs. 6a and b present gradient pulses with amplitudes
of 2.5 G/cm, duration 3 ms, measured using sample off-
sets ¢ of 15 and 41 mm, respectively. The first 32 data
points, prior to Oms, and the last 52 data points, after
8.0 ms, define a gradient baseline. The time interval be-
tween baseline data points is 50 ms, i.e., the measure-
ment time interval is not the same for the gradient
baseline measurement as it is for the gradient waveform
measurement. The first post-gradient baseline measure-
ment was 50 ms after switch-off to ensure complete de-
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Fig. 5. Experimental magnetic field gradient waveforms, G, deter-
mined with the pulse sequence of Fig. 3. The nominal gradient strength
was +1 G/cm with a gradient pulse duration of 3 ms.

(a) 3.0 T T T T T T T T T T T
€ |

S

S o0l

3

2 L L 1 i

'?;1 40 60 80
<10} ]
C

k3

2 N i}
©

S 00| — - ]

0.0 20 40 6.0 8.0

Time (ms)
(b) 30 T T T T T T T T T T T
A i !"‘“'0.10 ]
2
) 0.05 1
o 20+ H
3 0.00 g
=1 L i
€
< 10| ]
fey
2
ke - 4
© ;‘
(0]
00} — 1
00 20 40 6.0 8.0
Time (ms)

Fig. 6. Experimental measurement of the G, gradient undertaken with
the pulse sequence of Fig. 3. The pre-emphasis network settings were
not optimized. The inset figures show an expanded view of the baseline
revealing a low amplitude, long time constant decay after the gradient
pulse has been turned off. The sample offset ¢ was changed from (a) to
(b). Gradient baseline data points have a reduced temporal resolution,
50 ms.

cay of any residual gradient. The inset in Fig. 6a and b
shows an expanded view of the gradient, revealing a low
amplitude, long time constant, decay after gradient
switch off. The insets also clearly reveal the differences
between the still evolving gradient and the true baseline.

The inset in Fig. 6a illustrates a low amplitude gra-
dient decay, with substantial noise, measured with a
sample offset of 15 mm. By increasing the sample offset
to 41 mm, the amplitude of the low-level gradient is
more accurately determined, inset Fig. 6b. This is pre-
dictable from Eq. (7) which shows that the signal phase
is directly proportional to the sample offset, which per-
mits a more precise measurement of smaller phase dif-
ferences—and hence small gradient differences. Phase
angle unwrapping was applied to both gradient wave-
forms.

The uncertainty in the maximum gradient amplitude
measurement has apparently increased in Fig. 6, as
compared to the gradient pulses presented in Fig. 5. The
signal strength predicted by Eq. (6) is inversely pro-
portional to the gradient amplitude during the encoding
time. For increasing gradient strength, the signal
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amplitude will decrease. At maximum gradient ampli-
tude, the signal phase determination may be adversely
affected by random noise. If one wishes to observe low
amplitude gradients, or portions of a gradient waveform
with low amplitude gradients, then this potential prob-
lem is avoided. Magnetic field gradient pre-emphasis
settings may be guided by this method through exami-
nation of the low amplitude residual gradients following
gradient switch off.

The sensitivity of the method to low amplitude
magnetic field gradients may be estimated based on a
reasonable phantom size and displacement with rea-
sonable estimates of phase signal to noise. Our estimate
of the minimum detectable gradient, of the order of
0.01 G, is in accord with the results of Fig. 6a.

The method yields a set of average gradient ampli-
tudes during the encoding time for each pulse-encode
event, recorded at sequentially later times in the wave-
form. It is important to note, when using a time spacing
which is less then the encoding time, that each mea-
surement of gradient amplitude will overlap subsequent
measurements if gradient areas overlap as illustrated in
Fig. 4. In cases where gradient pulses exhibit extremely
rapid fluctuations, the running average effect of the
measurement will lead to a broadening/smoothing of the
waveform.

In the limit of no phase angle wrapping, with ap-
propriate experimental limits on #,, ¢ and the maximum
gradient, a simple and direct display of signal phase
from successive RF pulses is a robust measure of the
gradient waveform. The minimum encoding time £, is
limited by the ring down time of the RF probe employed
in the measurement. Spectrometers which are able to
display signal phase from single point acquisitions, will
directly reproduce on the spectrometer display, with no
data processing, the magnetic field gradient waveform.
Increasing the temporal resolution does require multiple
applications of the pulse sequence, with subsequent in-
terleaving of the experimental data prior to display.

It should be noted that this method will be sensitive
to By shifts which may accompany magnetic field gra-
dient pulses. In this case the spatially constant, but
temporally varying, magnetic field change will introduce
phase changes which may be interpreted as gradient
changes. While in principle it may be possible to differ-
entiate these cases by altering the position of the phan-
tom, a better and simpler solution is to use alternate
methods of measuring and compensating for By shifts.

The current method may be employed to measure
more sophisticated magnetic field gradient waveforms.
Fig. 7 presents a measurement of the gradient waveform
for a set of three rapidly switched bipolar gradients. The
sequence used to measure this waveform included four
equally spaced RF pulses for each gradient switch. The
spacing between pulses was 260 ps. The ultimate time
resolution, following multiple interleaves, during the
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Fig. 7. Rapidly switched bipolar gradients, G,, measured with the pulse
sequence of Fig. 3. Each gradient lobe has a nominal duration of 1 ms
with a nominal amplitude of +£1.5 G/cm. The experimental waveform
clearly illustrates systematic non-ideal behavior in the component
lobes.

gradient waveform was 5 ps. It is important to note that
the experimental measurement shows that the positive
and negative gradient lobes differ in peak amplitude. In
addition, the experiment shows there are waveform
differences between consecutive positive, and consecu-
tive negative, gradient lobes. Note in particular the
differences in width of the first two gradient lobes. This
indicates that the gradient time history alters the be-
havior of subsequent pulses, when eddy current effects
have not reached a steady state. This would clearly be an
undesirable characteristic for high speed imaging tech-
niques where fast gradient switches are required.

Non-ideal gradient waveforms may lead to image
distortions due to the deviation of the acquired k-space
points from the expected k-space trajectory. Many
methods have been recently proposed to determine the
true k-space trajectories, for rapid MRI, techniques
which can be used during image processing to com-
pensate for non-ideal gradient behavior [7,14,16]. The
method is sufficiently flexible, through variation of all
parameters, to be generally applicable, even to whole
body instruments where the gradient performance is
extremely demanding. Here a predetermined gradient
waveform could be used to form a look-up’ table for use
in image reconstruction schemes, particularly for EPI,
which is sensitive to even small amplitude long-term
eddy currents.

5. Conclusion

We have presented a single point measurement of
magnetic field gradient waveforms which accurately re-
produces the gradient time history of a test sample. The
method yields information concerning gradient behavior
during gradient rise, stabilization, and decay. This
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information can be used to set pre-emphasis networks,
diagnose eddy current hardware problems, or it may be
used to trace k-space trajectories for input to image re-
construction algorithms. We have found the method of
great practical use for the first two applications, and
anticipate similar benefits in the third.

The measurement requires a specialized, but easily
fabricated, test sample. The strongest features of the
technique are its ease of implementation, its minimal
data processing and ease of interpretation.
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