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a b s t r a c t

Switching gradients generate eddy currents and mechanical vibrations of the gradient assembly causing
errors in the gradient time integrals. This results in image distortions in k-space and inaccuracies in q-
space imaging. The purpose of this work is to develop an MRI based unbiased measurement of the
switched gradient impulse response function (sGIRF). A new gradient pattern, called the Tukey win-
dowed Shifted Sine-Integral (Tw-SSI) pulse, is introduced to excite the gradient eigenmodes uniformly
over a user-defined bandwidth. A 3D MRI-based method with Hadamard encoding was developed to
map the spatiotemporal magnetic field generated after the excitation pulse to obtain the sGIRF for all
the three gradient axes simultaneously. Compared to an energy-equivalent traditional trapezoidal pulse,
the Tw-SSI pulse is able to excite the weak bandlimited cross-terms of the sGIRF by uniformly distribut-
ing the energy across eigenmodes. The developed field mapping method is sensitive enough to capture
both the direct and cross-terms in the sGIRF. The various mechanical resonant modes of the gradient coils
are also revealed, which were found to last longer than eddy currents in the shielded gradient coil stud-
ied. Tunable Tw-SSI pulse offers the flexibility to perform unbiased sGIRF measurements over a band-
width of interest. Rapid MRI field mapping can be easily implemented in any MRI system. The method
may be used to perform gradient pre-emphasis, to evaluate new gradient coil designs, and to characterize
higher order shims.

Published by Elsevier Inc.
1. Introduction

Pulsed magnetic field gradient (PFG) measurements are effected
by residual magnetic fields, persisting long after the pulse, due to
eddy currents generated in surrounding conducting structures
[1], and mechanical vibration of the gradient assembly [2,3]. Errors
in gradient time integrals cause image distortions in diffusion MRI
[4] and introduce artifacts in velocity measurements using phase
contrast MRI [5]. These errors exacerbate in the measurement of
very low diffusivity or flow velocities, which often require strong
gradients. Eddy current fields are typically minimized by overdriv-
ing the gradient amplifiers through gradient pre-emphasis [6],
while the effect of mechanical vibrations is reduced by an appro-
priate choice of the echo time [7] or using an oscillatory pre-
emphasis unit [8].
Efficient gradient pre-emphasis depends on accurately deter-
mining the gradient system switching characteristics described
by the switched gradient impulse response function (sGIRF). The
term ‘switched’ distinguishes sGIRF from the standard gradient
impulse response function (GIRF) used to characterize the gradient
systems [9–11]. GIRF represents the overall transfer function of the
gradient system without particular emphasis on switching charac-
teristic, since it is quantified by deconvolving the measured
response with the test gradient pulse rather than its derivative
(i.e. switching characteristic). On the other hand, sGIRF is particu-
larly sensitive to gradient switching which is the source of eddy
currents and mechanical vibrations of the gradient assembly
described by a superposition of discrete eigenmodes [12,13]. An
ideal sGIRF measurement requires a uniform broad-band excita-
tion of these gradient eigenmodes (both eddy current and mechan-
ical) using a test gradient pattern followed by immediate
measurement of the residual magnetic field at high spatiotemporal
resolution. The sGIRF is then generalized for any arbitrary gradient
pattern assuming the gradient system is linear and time invariant
[14].
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The frequency spectrum of the test gradient derivative provides
the eigenmode excitation profile, which modulates the actual
response of the system [15]. A trapezoid [16–19] is a common test
gradient shape, which has a non-uniform sinc-like excitation spec-
trum with several nulls (i.e. Fourier transform of the derivative of a
ramp function is a sinc). This also introduces a bias in the measure-
ment for low frequency eigenmodes. In addition, the trapezoid pla-
teau time needs to be kept much longer than the gradient
eigenmode decay time constants to ensure the fields from ascend-
ing and descending ramps do not cancel each other. However,
extending this time to counteract very long time constants
increases the gradient temperature, which is known to affect the
gradient mechanical resonance frequencies [20], and possibly
introduce gradient independent field changes, e.g. concomitant
heating of passive shims, confounding the measurement [21]. In
addition, the trapezoidal shape does not provide easy control over
the excited eigenmodes, which could span several orders in magni-
tude [18]. A gradient pattern capable of uniformly exciting the
eigenmodes within a specified bandwidth would allow an unbi-
ased measurement of sGIRF and be useful in designing
bandwidth-optimized measurement protocols.

Owing to superior sensitivity and ease of detection, residual
magnetic fields from the test gradient pulse are usually measured
in the phase of the proton NMR spectrum at multiple time points
after the pulse. Robertson et al. [19] measured the spatial variation
in the fields by moving the sample, while Spees et al. [18] used
samples with different chemical shifts arranged in a lattice. Recent
techniques involve field camera measurements, which use multi-
ple NMR probes arranged in a sphere, to sample the 4D field with
high spatial and temporal resolution [9,10]. However, the hard-
ware is complex and custom built for the system under study.
MR imaging-based techniques overcome the need for customiza-
tion by allowing implementation across different systems without
any special hardware, however current methods lack the speed and
capability to measure higher order shim fields for practical applica-
tions. Boesch et al. used a stimulated echo multi-slice imaging
sequence to measure the field [22]. Bhogal et al. applied the same
technique in a 3D gradient echo imaging sequence [23]. These
imaging methods naturally provide a high spatial resolution but
obtaining high temporal resolution comes at the cost of increasing
acquisition time. Terpstra et al. improved the method developed by
Boesch et al. by replacing 2D multi-slice imaging with 1D projec-
tions along three orthogonal axes to reduce the acquisition time
[24]. However, this method does not allow detection of non-
linear terms, such as xy, xz, and yz, which are important for char-
acterizing shim coils

In this study, a novel test gradient pulse pattern is developed
that is capable of uniformly exciting the gradient eigenmodes
within a specified frequency bandwidth of interest. In addition, a
3D gradient multi-echo imaging-based technique is introduced to
rapidly map the spatiotemporal magnetic fields generated after
the test gradient pulse. The multi-echo approach allows higher
temporal resolution with fewer repetitions compared to currently
available single echo approaches. The 3D imaging capability also
enables characterization of higher order shim fields unlike the
Boesch’s method [24].
2. Materials and methods

2.1. Lumped model for eigenmodes

The eddy current and mechanical eigenmodes are modeled as
inductance-resistance circuits [25] and spring-mass-dampers,
respectively. Since the residual field obeys harmonic equations
and is dominated by lower degree spherical harmonics, its spatial
variation is approximated up to the first order using a trilinear
equation (Equation 10.35 in [15]). Assuming the gradient system
is linear and time-invariant [6,25], the intercept, b0 tð Þ, and slope,
g! tð Þ, of the residual field after an uniaxial test gradient pulse,
GaðtÞ, is modeled as a convolution of the time derivative of GaðtÞ
and impulse response functions for the static and gradient fields
respectively which constitute the sGIRF (Equation 10.39 and
10.40 in [15]). Each of these impulse response functions, h tð Þ, is
modeled as a sum of decaying exponentials to account for eddy
current eigenmodes, and decaying sinusoids to account for the
mechanical eigenmodes,

h tð Þ ¼
Xn
i¼1

aie
� t
si þ

Xm
j¼1

bj sin 2pf jt þ /j

� �
e
� t
jj ð1Þ

where ai; si are the amplitude and time constant of ith eddy current
eigenmode, bj;jj; f j;/j are the amplitude, time constant, frequency

and phase, respectively, of the jth mechanical eigenmode.

2.2. Eigenmode excitation

From the convolution theorem, an unbiased estimate of the
sGIRF requires the spectrum of the excitation gradient pulse
derivative be uniform over a specified bandwidth. In order to cap-
ture short time constants decaying after the pulse, the time
between eigenmode excitation and measurement must be mini-
mal. The following shifted sinc function fits the above criteria, since
its spectrum is a rectangular function of width, Df , and the excita-
tion time is controlled using the shift factor, g,

dGa

dt
¼ Asinc 2pDf ðt � gTÞ½ � ð2Þ

where A is the pulse amplitude and T is the duration. The following
gradient shape is a solution to the above equation, with the initial
condition, Ga t ¼ 0ð Þ ¼ 0.

Ga tð Þ ¼ A Si 2pDf ðt � gTÞ½ � þ Si 2pDfgT½ �ð Þ ð3Þ
where Si is the sine-integral function,

Si½t� ¼
Z t

0
sincðtÞdt ð4Þ

The gradient shape of Eq. (3) is not well behaved, since it does
not go to zero at the end of the pulse. To enforce this condition,
the shape is windowed with the following Tukey function [26],
Wðt; kÞ.

W t; kð Þ ¼
1 0 < t � 1� kð ÞT
sin2 pðt�TÞ

2Tk

h i
1� kð ÞT < t � T

(
ð5Þ

where k is the window factor controlling the relative lengths of con-
stant and sinusoidal portion of the Tukey function. The Tukey win-
dowed, shifted sine integral (Tw-SSI) test gradient pulse, Gaw, is,

Gaw tð Þ ¼ Ga tð ÞWðt; kÞ ð6Þ
Fig. 1A–C shows a plot of this function, along with its derivative

and excitation spectrum. Fig. 1D shows the approximate time of
excitation using the wavelet scalogram, which plots the frequency
content of the gradient derivative over time and shows that the
bulk of the excitation occurs at t ¼ gT with the selected band-
width. For comparison, Fig. 2 shows the eigenmode excitation pat-
tern for the traditional trapezoidal gradient of identical duration.

2.3. Field mapping

The z-component of the magnetic field generated by the test
gradient pulse is determined at multiple time points using a



Fig. 1. Tukey windowed, shifted sine-integral (Tw-SSI) gradient pulse of 4 ms duration and 4 kHz bandwidth with the bulk of excitation occurring at 3.2 ms. (A) Gradient
pattern used to drive the amplifier, (B) derivative of the gradient pattern showing the sinc excitation in time domain, (C) Fourier transform of the gradient derivative showing
the bandlimited excitation spectrum in frequency domain, and (D) Wavelet transform of the gradient derivative showing the time point at which the excitation occurs (i.e. at
3.2 ms).
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multi-gradient-echo imaging pulse sequence. The Tw-SSI gradient
pulse followed by a variable delay, d, is applied before the slab-
selective RF pulse, as shown in Fig. 3A. Multiple echoes allow
acquisition of multiple time points in a single shot thus reducing
the overall acquisition time. However, this does not limit the sam-
pling period to the echo spacing, since arbitrary temporal resolu-
tion is obtained in an interlaced fashion by incrementing d
(Fig. 3B). The response along each gradient axes is characterized
by applying the Tw-SSI pulse on all the axes with gradient polari-
ties systematically varied according to four-step Hadamard encod-
ing (Table 24.1 in [27]). The phase, ub, for each gradient axis is

extracted from the complex signal, Si, at the ith Hadamard step
using,

uread
b ¼ 1

4
arg

S2 � S3
S1 � S4

� �
;uphase

b ¼ 1
4
arg

S2 � S4
S1 � S3

� �
;

uslice
b ¼ 1

4
arg

S3 � S4
S1 � S2

� �
ð7Þ

The magnetic field response for each gradient axis is extracted
by taking the time derivative of these phase terms,

Bz r!; t þ d
� �

¼ 1
c
dub

dt
ð8Þ

Phase unwrapping was performed in 3D space, if necessary,
using an algorithm outlined in [28]. It was also performed in time,
before the numerical derivative approximation using forward dif-
ferencing, using an IDL (Harris Geospatial Solutions, Broomfield,
Colorado) library function, phunwrap.
2.4. Gradient amplifier response measurement

Since the frequency response of the gradient-amplifier/coil limit
the bandwidth of the Tw-SSI pulse, the response was measured
with the amplifier connected to the gradient coil and driven with
a chirp pulse using a linear frequency sweep from zero to
22.5 kHz in 20 ms at 3% maximum gradient amplitude (Fig. 4A).
The gradient digital-to-analog converter (DAC) input and the
amplifier output were simultaneously recorded (Picoscope Model
5444B, Pico Technology North America Inc, TX). The amplifier
transfer function was calculated by taking the Fourier transform
of the ratio of output and input waveforms.

2.5. MRI measurements

MRI measurements used a 330 mm inner diameter (ID) Oxford
4.7 T horizontal bore magnet and Agilent VNMRS imaging console,
controlled by VnmrJ3.1A software (Agilent Technologies, Santa
Clara, CA), with 115 mm ID RRI BFG-200/115-S14 gradients (Reso-
nance Research, Billerica, MA), which has 80 mm diameter linear
spherical volume with maximum gradient strength and slew rate
equal to 670 mT/m and ~5600 T/m/s respectively for all three axis,
driven by IECO GPA-400–750 3-axis gradient amplifiers (Interna-
tional Electric Co., Helsinki, Finland) and transmit-receive 88 mm
ID custom quadrature birdcage RF coil. Measurements were per-
formed after zeroing gradient pre-emphasis settings.

Measurements were performed on 0.6% hydrogel (w/v), in a
66 mm ID round bottom flask, doped with 27 mM copper sulfate
pentahydrate to reduce the T1/T2 relaxation times. A hydrogel



Fig. 2. Trapezoidal gradient pulse of 4 ms duration and 200 ls rise time. (A) Gradient pattern used to drive the amplifier, (B) derivative of the gradient pattern showing the
bipolar impulse excitation in time domain, (C) Fourier transform of the gradient derivative showing the sinc-type excitation spectrum in frequency domain, and (D) Wavelet
transform of the gradient derivative showing the time points at which the excitation occurs.
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hampers fluid motion resulting from natural convection flows,
which may induce velocity-dependent phase errors [29,30]. The
large sample size provides greater sensitivity to slow-spatially
varying magnetic field while remaining within the linearity vol-
ume of the gradient coil. Sample T1 and T2 were measured to
choose TR such that the spin phase memory is fresh before each
RF excitation. T1 was quantified using inversion recovery spec-
troscopy with TR = 2500 ms and TI = 5.625, 11.25, 22.5, 45, 90
and 180 ms, and T2 with a Carr-Purcell-Meiboom-Gill sequence
using TR = 2500 ms, TE = 1 ms and 128 echoes.

The sGIRF was measured with the MRI technique shown in
Fig. 3 using TR = 250 ms, TE = 0.3 ms, echo spacing = 0.5 ms and
24 echoes with a Tw-SSI gradient pulse duration of 4 ms, excitation
bandwidth of 4 kHz, g ¼ 0:8 and k ¼ 0:25 and peak gradient ampli-
tudes of 480, 300, 240 mT/m on x, y and z gradients, respectively,
chosen to prevent phase wrapping. For the Tw-SSI pulse, the
resulting maximum gradient slew rates were approximately equal
to 4000, 2500 and 2000 T/m/s on x, y and z gradients respectively.
The excitation bandwidth was matched with the bandwidth of the
gradient amplifier (Fig. 4) to maintain the fidelity of the Tw-SSI
pulse. The window factor, k, was chosen to reduce the truncation
ripples in the frequency response. The d delay ranged from 0.05
to 0.45 ms in steps of 0.1 ms to obtain a field sampling frequency
of 10 kHz for a total duration of 12.27 ms. The field of view was
66 mm � 66 mm � 66 mm to encompass the whole spherical vol-
ume, in a matrix of 32 � 32 � 32. The total acquisition time was
approximately 1.5 h for all three gradient axes combined. A short
TR was chosen to reduce the acquisition time but long enough to
prevent field carryover to successive TR intervals which was veri-
fied with a 500 ms TR acquisition.
The sGIRF was measured twice to ensure temporal stability of
the gradient system and reproducibility of the fitted parameters.
To evaluate the bandwidth property of the Tw-SSI pulse, two
responses were measured with excitation bandwidth set to
1 kHz and 4 kHz. The 1 kHz excitation used a 16 ms pulse duration
to maintain the time-bandwidth product. However, since the mea-
sured response also depends on the time between excitation and
start of reception, the 4 kHz excitation used g ¼ 0.2, so that this
time was 3.2 ms for both the acquisitions.

The measured sGIRF for the Tw-SSI pulse was compared with a
trapezoidal pulse of identical duration with the peak gradient
strength adjusted such that the root-mean-square current was
the same as the Tw-SSI pulse resulting in 200, 125, 100 mT/m with
ramp times equal to 36, 24, 20 ls on x, y, z gradients, respectively.
This prevents temperature changes in the gradient coil from alter-
ing the response [20].
2.6. Data processing

As discussed in Section 2.1, the dynamics of b0 tð Þ and g! tð Þ, gen-
erated after the Tw-SSI gradient pulse, are calculated by fitting the
time-dependent 3D field (Eq. (8)) to a trilinear equation using the
Levenberg-Marquardt least squares IDL library function, MPFIT
[31]. To prevent overfitting, several sub-model cases were used
(e.g. b0, gxx; b0 þ gxx, gyy, b0 þ gyy, etc.) and the model which best
explained the variance in the data was chosen. The calculated
b0 tð Þ and g! tð Þ were deconvolved with the test gradient pulse
and Fourier transformed to obtain the frequency domain sGIRF.
Since the excitation spectrum of the Tw-SSI pulse is approximately



Fig. 3. MRI technique to sense the residual field from a test gradient pulse along
with the temporal field sampling scheme. (A) Multi-gradient echo pulse sequence
with a test gradient (i.e. Tw-SSI) before the slab-selective radiofrequency (RF) pulse
for field reception. Tw-SSI gradient pulse used to excite the gradient eigenmodes is
highlighted in orange. d; TE are the delay and echo times respectively, and ESP is the
echo spacing and a is the flip angle of the RF pulse. (B) Interlaced scheme showing
three separate acquisitions to sample the generated field at arbitrary temporal
resolution set by d. The acquisitions are shifted by integer multiples of d to cover the
time axis as shown in the figure. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Frequency response of the gradient amplifier for x-, y- and z- gradient coils.
(A) Output from the gradient DAC showing the chirp gradient pulse with frequency
linearly swept from 0 to 22.5 kHz in 20 ms used to drive the amplifier, and (B) Bode
diagram showing amplifier gain versus frequency.
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rectangular, the deconvolution step simplifies to scaling by the rel-
ative peak gradient strength on the three axes.

The unknown parameters (a; s; b;j; fand/) were found by fit-
ting the model to the measured b0 tð Þand g! tð Þ using MPFIT. The
model for b0 tð Þand g! tð Þ was obtained analytically by solving the
convolution integrals (Equation 10.39 and 10.40 in [15]) using
Eqs. (1) and (6) for impulse response function and excitation gradi-
ent pattern respectively. Since the eddy current amplitude is usu-
ally much larger than the oscillatory component, modeling is
performed in two steps to improve the fit. First, the measurement
was fitted to the eddy current model (b ¼ 0), then the residual was
fit to the oscillatory model (a ¼ 0). Parsimony was also imposed on
the model fitting using the F-test [32] to prevent over-fitting, and
eddy current and oscillatory amplitudes were constrained to be
less than 5%. Time constants were constrained to be greater than
the excitation pulse inverse bandwidth or half the echo time
whichever is larger.
3. Results

The average relaxation times were T1 = 39 ± 7.5 ms and T2 = 31.
25 ± 5.5 ms, so relaxation was complete for the gradient response
measurement TR of 250 ms. The frequency response of the gradient
amplifiers/coils is shown in Fig. 4B. A plot of the amplifier gain ver-
sus input current frequency exhibited a low-pass-filter type ampli-
fier response beginning to decline after approximately 4 kHz.

Using the 4 kHz bandwidth Tw-SSI pulse, Fig. 5 shows the twice
measured time-domain sGIRF along with the model fit (solid lines).
The model fit for the measured responses was in good agreement
with the data (R2 > 0.5) from both the repetitions except for a
few cases (e.g. y-gradient generated by pulsing the x-gradient in
run 1). The fitted parameters provided in Tables 1, 2 and 3 for x-,
y- and z-gradient coils respectively were also similar across the
repetitions. The parameters obtained using the energy equivalent
trapezoidal pulse are included in the tables for comparison. Using
the Tw-SSI pulse, the field measurement technique captured the b0

field, strong direct gradient response fields (e.g. x-gradient field
produced by pulsing x-gradient) and the orders-of-magnitude
weaker cross-interaction gradient response fields (e.g. y-gradient
field produced by pulsing x-gradient) generated after the Tw-SSI
pulse for all the three gradient axes. The R2 value for the model
fit obtained with the trapezoidal pulse clearly showed it was able
to elicit only the direct gradient response, hence the cross-
interaction gradient response obtained using the pulse are not dis-
cussed further.

Using the Tw-SSI pulse, the fields decayed with a single time
constant of approximately 300 ls. The trapezoidal pulse resulted
in direct eddy current amplitudes and time constants lower than
that obtained using the Tw-SSI pulse for all the three gradient axes.
The parameters characterizing the cross-interaction gradient
response using Tw-SSI pulse were similar across both measure-
ments. However, the y- and z-gradients generated by pulsing x-
gradient had different time constants and amplitudes despite sim-
ilar data as shown by Fig. 5C and D. The z-gradient generated by
pulsing y-gradient had slightly different time constant with similar
amplitudes, but opposite sign. The y-gradient generated by pulsing
the z-gradient had different time constants and amplitudes despite
similar data as shown in Fig. 5K.

The method also captured the weak mechanical response of the
gradient coils. The mechanical resonance frequency for the direct
x- and y-gradient response fields were approximately equal to
500 Hz, while the z-gradient had a frequency of 650 Hz. The ampli-
tudes of the mechanical oscillations and signs of the frequency var-
ied across the repetitions mainly due to the differences in fitted
phase (e.g. b0 response of x-gradient coil in Table 1) or the picked
resonant mode of the gradient coil (e.g. direct gradient response of
x-gradient in Table 1). Mechanical oscillations and cross-gradient
response fields typically persisted for a much longer period with
time constants on the order of several milliseconds. The eddy cur-



Fig. 5. Time domain gradient response (plus symbol) obtained using 4 kHz bandwidth Tw-SSI excitation repeated twice (run 1 and run 2) along with model fit (solid lines).
(A–D) b0, x, y, z gradient fields respectively generated by pulsing the x-gradient coil, (E–H) b0, x, y, z gradient fields respectively generated by pulsing the y-gradient coil, and
(I–L) b0, x, y, z gradient fields respectively generated by pulsing the z-gradient coil.
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rent amplitude of direct gradient field was orders of magnitude
higher compared to mechanical oscillations.

Fourier transforming the measured time domain sGIRF shows
the effect of repetition time on the measured sGIRF for TR = 250
and 500 ms (Fig. 6). In the frequency domain, exponentially decay-
ing eddy current fields appear as Lorentzian functions centered at
zero frequency (e.g. Fig. 6L), while the mechanical response appear
at frequencies associated with oscillations (e.g. Fig. 6B arrows).



Table 1
Eq. (1) model fit parameters for x-gradient excitation obtained using Tw-SSI pulse with 4 kHz bandwidth for 4 ms repeated twice (run 1 and run 2) along with that obtained using
an energy equivalent trapezoidal pulse rounded to three significant figures. The eddy current amplitude, a, and mechanical oscillation amplitude, b, of the gradient response field,
gi, are expressed as the percent of the applied test gradient strength, and in lT/mT/m for the b0 response field. The time constant associated with eddy currents, s, and mechanical
oscillations, j, along with the frequency of oscillation, f, and phase, /, are also included. The goodness fit was measured using the coefficient of determination, R2.

Distortion Pulse shape a s (ms) b j (ms) f (kHz) / (rad) R2

b0 (lT/mT/m) Tw-SSI (Run 1) �5.00E�2 0.268 1.54E�2 5.46 �1.11 0.929 0.641
Tw-SSI (Run 2) �3.69E�4 0.347 1.39E�2 5.98 1.10 2.20 0.567
Trapezoid 1.02E�3 0.948 �27.4 0.186 �0.915 �0.518 0.370

gx (%) Tw-SSI (Run 1) 5.00 0.270 �1.40E�5 3.23 0.496 0.275 0.981
Tw-SSI (Run 2) 5.00 0.269 �7.57E�3 0.644 �3.43 �0.958 0.980
Trapezoid �0.875 0.186 �0.290 0.186 0.825 0.931 0.986

gy (%) Tw-SSI (Run 1) �1.65E�5 5.79 0.178 0.324 0.0227 �0.419 0.525
Tw-SSI (Run 2) �1.17E�5 7.61 �1.83E�5 1.61 �0.536 1.47 0.515
Trapezoid 1.39E�2 0.417 4.84E�4 24.5 �0.881 0.976 0.318

gz (%) Tw-SSI (Run 1) �5.00 0.265 1.46E�5 5.77 �0.225 �0.849 0.664
Tw-SSI (Run 2) �3.25E�2 0.290 1.55E�5 2.24 �0.679 2.68 0.684
Trapezoid �6.77E�4 8.10 1.01E�2 0.471 0.715 �2.44 0.0982

Table 2
Eq. (1) model fit parameters for y-gradient excitation obtained using Tw-SSI pulse with 4 kHz bandwidth for 4 ms repeated twice (run 1 and run 2) along with that obtained using
an energy equivalent trapezoidal pulse rounded to three significant figures. The eddy current amplitude, a, and mechanical oscillation amplitude, b, of the gradient response field,
gi, are expressed as the percent of the applied test gradient strength, and in lT/mT/m for the b0 response field. The time constant associated with eddy currents, s, and mechanical
oscillations, j, along with the frequency of oscillation, f, and phase, /, are also included. The goodness fit was measured using the coefficient of determination, R2.

Distortion Pulse shape a s (ms) b j (ms) f (kHz) / (rad) R2

b0 (lT/mT/m) Tw-SSI (Run 1) 5.00E�2 0.295 0.172 0.529 �0.443 �1.06 0.988
Tw-SSI (Run 2) 5.00E�2 0.294 �0.225 0.532 0.442 1.07 0.988
Trapezoid 1.14E�4 3.97 0.792 1.78 4.95 �1.28 0.0971

gx (%) Tw-SSI (Run 1) �8.89E�6 14.7 �1.44E�4 2.21 1.17 �1.89 0.303
Tw-SSI (Run 2) �1.02E�5 10.1 1.34E�4 2.40 �1.15 1.47 0.382
Trapezoid �0.0174 0.390 4.01E�3 4.79 �4.78 0.775 0.211

gy (%) Tw-SSI (Run 1) �5.00 0.272 �1.74E�5 3.02 0.494 �2.87 0.993
Tw-SSI (Run 2) �5.00 0.272 �3.50E�5 2.23 0.495 �2.89 0.994
Trapezoid 0.809 0.186 �0.206 0.186 �1.73 1.43 0.963

gz (%) Tw-SSI (Run 1) �2.38E�3 0.434 1.01E�5 4.00 0.632 0.603 0.685
Tw-SSI (Run 2) 5.40E�3 0.364 �5.32E�2 0.280 �0.958 1.56 0.566
Trapezoid �2.33E�4 8.00 �0.172 0.186 �0.775 �1.07 0.11

Table 3
Eq. (1) model fit parameters for z-gradient excitation obtained using Tw-SSI pulse with 4 kHz bandwidth for 4 ms repeated twice (run 1 and run 2) ran twice along with that
obtained using an energy equivalent trapezoidal pulse rounded to three significant figures. The eddy current amplitude, a, and mechanical oscillation amplitude, b, of the gradient
response field, gi, are expressed as the percent of the applied test gradient strength, and in lT/mT/m for the b0 response field. The time constant associated with eddy currents, s,
and mechanical oscillations, j, along with the frequency of oscillation, f, and phase, /, are also included. The goodness fit was measured using the coefficient of determination, R2.

Distortion Pulse shape a s (ms) b j (ms) f (kHz) / (rad) R2

b0 (lT/mT/m) Tw-SSI (Run 1) �5.00E�2 0.287 0.411 0.512 �0.245 �0.208 0.975
Tw-SSI (Run 2) �5.00E�2 0.288 �0.143 0.622 0.369 �1.21 0.977
Trapezoid 1.49E�2 0.198 �0.289 24.5 3.21 �1.42 0.263

gx (%) Tw-SSI (Run 1) 4.86E�6 24.5 �9.14E�7 10.1 0.489 �2.55 0.584
Tw-SSI (Run 2) 6.07E�6 8.22 9.19E�7 7.55 0.491 0.814 0.430
Trapezoid �0.0329 0.186 �1.14E�3 24.5 �3.18 �1.11 0.263

gy (%) Tw-SSI (Run 1) �4.53E�5 0.930 3.27E�4 1.01 �1.31 �0.505 0.309
Tw-SSI (Run 2) 5.00 0.265 5.22E�6 2.53 �0.410 �2.00 0.143
Trapezoid �4.02E�2 0.186 3.38E�3 4.38 �2.95 0.325 0.164

gz (%) Tw-SSI (Run 1) 5.00 0.281 0.194 0.237 0.652 3.07 0.999
Tw-SSI (Run 2) 5.00 0.282 2.48E�2 0.358 0.634 2.56 0.999
Trapezoid �2.25 0.186 0.0575 0.341 �1.54 0.991 0.990
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Comparing different TR results, b0 and direct gradient response
fields did not show any significant differences. Plotting the
response in the frequency domain also reveals several resonant
modes which were not visible in the fit, likely due to the imposed
model parsimony. The direct gradient field response shows x- and
y-gradient coil resonances at approximately 546, 1134 and
3400 Hz (Fig. 6B and 6G), while the z-gradient did not appear to
resonate. Resonant peaks in the cross-term gradient field response
matched the resonance frequency of the gradient coil generating
the field. For example, the x-gradient response field (Fig. 6J) pro-
duced by pulsing the z-gradient had a resonance peak at 546 Hz,
corresponding to one of the resonance modes of the x-gradient coil,
as shown in Fig. 6B. Also, such behavior was observed on the
x-gradient field response (Fig. 6F) produced by pulsing the
y-gradient, and z-gradient field response (Fig. 6D) produced by
pulsing the x-gradient.

Fig. 7 shows the effect of varying the excitation bandwidth.
Fig. 7B and 7G illustrate the bandlimited response, where the
1.1 kHz and 3.4 kHz resonant modes of the x- and y- gradient coils
was suppressed for 1 kHz bandwidth. Since the time between exci-
tation and reception was longer (compare Fig. 6), high-amplitude,
short time-constant eddy current was suppressed, revealing a pre-
viously hidden resonance modes of the z-gradient coil approxi-
mately at 125 and 630 Hz, as shown in Fig. 7L.



Fig. 6. Effect of varying TR on the measured filtered sGIRF shown by the Fourier spectrum for all three gradient axes. Measurement was performed using the Tw-SSI gradient
pulse with 4 kHz excitation bandwidth for 4 ms with TR = 250 ms and 500 ms. (A–D) b0, x, y, z gradient fields respectively generated by pulsing the x-gradient coil, (E–H) b0, x,
y, z gradient fields respectively generated by pulsing the y-gradient coil, and (I–L) b0, x, y, z gradient fields respectively generated by pulsing the z-gradient coil. The
mechanical resonance frequencies of the x-gradient coil are shown using arrows in B.
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4. Discussion

This study developed an MRI method to rapidly excite and mea-
sure fields generated by gradient switching with potential applica-
tions to improving PFG experiments. A new gradient pulse shape,
called Tw-SSI, was introduced for uniform eigenmode excitation
over a bandwidth within the capabilities of a gradient system
under study. Magnetic fields were rapidly sampled shortly after
excitation using a multi-gradient-echo 3D MRI sequence. The
method was able to characterize the eddy current and mechanical
eigenmodes for all three axes simultaneously using Hadamard
encoding.



Fig. 7. Effect of varying excitation bandwidth (1 and 4 kHz) on the measured filtered sGIRF while maintaining the time-bandwidth product of the pulse. The shift parameter,
g, for the 4 kHz bandwidth pulse was reduced to keep the time between field excitation and reception constant. (A–D) b0, x, y, z gradient fields respectively generated by
pulsing the x-gradient coil, (E–H) b0, x, y, z gradient fields respectively generated by pulsing the y-gradient coil, and (I–L) b0, x, y, z gradient fields respectively generated by
pulsing the z-gradient coil. Suppression of the 1.12 and 3.40 kHz resonant mode of the x- and y-gradient coil by the 1 kHz bandwidth Tw-SSI pulse is shown by arrows in A, B
and G. The resonance modes of z-gradient coil at 125 and 630 Hz are shown using dashed arrows in L.
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4.1. Excitation gradient pulse

To the best of our knowledge, the importance of excitation gra-
dient pulse has been studied previously for GIRF measurements
[11,33] but not for the sGIRF. Vannesjo et al. used chirp shaped gra-
dient pulses for measuring GIRF by spreading the pulse energy uni-
formly across a specified band of frequencies [11]. However, sGIRF
measurement with chirp-pulse has limitations; (1) the measure-
ment is biased towards high frequencies, since the sGIRF depends
on test gradient derivative whose Fourier transform is the gradient
spectrum weighted by the frequency, (2) chirp pulses excite eigen-
modes sequentially (typically from low to high frequencies), which
allows low-frequency eigenmodes to decay before readout.

The effect of uniform excitation energy across the eigenmodes
is evident from comparing the gradient responses measured with
Tw-SSI and energy equivalent trapezoidal pulses. The broadband
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sinc-like excitation spectrum of the trapezoidal pulse rendered the
cross-terms invisible, because the pulse energy in the bandwidth
containing the cross-terms was not sufficient for excitation. The
results also showed the trapezoidal pulse underestimated the
direct eddy current amplitudes and time constants, despite having
a good fit. This is likely due to the ill-posed nature of phase
unwrapping involved in the field map calculation with multiple
phase jumps between voxels from overexcitation of low frequency
eigenmodes.

The other advantage of the new excitation gradient pulse is the
capability to tune the excitation bandwidth, which was illustrated
by suppression of high frequency eigenmodes in the x- and y-
gradient coils using a smaller bandwidth pulse (Fig. 7). Variable
bandwidth tuning allows selective probing of eigenmodes, which
typically span several orders of magnitude in strength and
frequency.

4.2. Eigenmodes and Pre-emphasis

The gradient response and model parameter fitting were repro-
ducible, except for a few cross-term cases likely due to low SNR
(see Fig. 5H). Model fitting results for all the three gradient coils
showed a single dominant eddy current eigenmode of very high
amplitude and sub millisecond time constant. The equal small-
time constant value on all three gradient axes suggests identical
coupling with a small and/or less conductive structure, which
implies the source might be the RF shield or a small structure
intrinsic to the gradient set. Large amplitude, long-time constant
eddy currents were not observed likely due to gradient shielding.

For this particular gradient system under study, longer time
constant responses arise mainly from mechanical oscillations of
the gradient assembly. Fourier analysis showed multiple resonance
frequencies which were identical for the x- and y-gradient coils,
but different from the z-gradient coil. Roozen et al. has shown that
the mechanical eigenmodes excited by x- and y-gradient coils are
different from that of the z-gradient coil due to the nature of the
Lorentz forces acting on the coils [3]. Often the z-gradient coil is
a wire structure while the x- and y-gradient coils are etched copper
plate patterns, which might explain the different resonant modes
observed. Observation of x-gradient resonance modes for z-
gradient excitation implies that pulsing one gradient coil vibrates
the other two coils in the set. This suggests that the oscillations
in the cross terms could be reduced by mechanically isolating
the individual gradient coils better perhaps by winding them in
separate formers with gaps in between.

Model fit parameters might allow the design of pre-emphasis
gradient waveforms to reduce eddy currents. Compared to other
methods, this method of uniform eigenmode excitation and sensi-
tive field detection improves the accuracy of pre-emphasis setting.
However for this gradient system, pre-emphasis was not per-
formed since the dominant eddy current amplitude was very large
and the time constants too small to be corrected using the limited
bandwidth of the amplifier [15]. Compensating the effects of
mechanical resonance requires an oscillatory pre-emphasis unit,
such as the one described in [8], not available in this system.

4.3. Field reception

MRI based gradient field reception methods have been devel-
oped in several previous studies [22–24], however the application
of these methods is limited by long acquisition times compared to
the state-of-the-art field camera measurements [9–11]. The MRI
method in the present study uses Hadamard encoding and a
multi-echo pulse sequence with adequate sampling frequency to
allow the response of all the three gradient axes to be measured
in a reasonable amount of time. The multiple readouts in a single
TR enable higher temporal resolution with fewer repetitions of
the acquisition.

The MRI based method introduced here has enough sensitivity
to measure both the strong direct and weak cross magnetic fields
of the gradient response. The spatial and temporal resolution of
the measured field could easily be tailored for the gradient/shim
system under study without need for field camera hardware. How-
ever, the field camera does provide far greater temporal resolution
(56 kHz [11]) in a shorter acquisition time. However, such high
sampling frequency might not be required with the limited band-
width of typical gradient amplifier/coil systems.
4.4. Translation to whole-body MR systems

As discussed below, this methodology could be adapted to
whole-body MRI systems. The strength of the Tw-SSI pulse would
need to be lowered to reflect the lower gradient strength and slew
rates available in the whole-body clinical gradients. For example,
Tw-SSI pulse for a typical whole-body MR system with maximum
gradient strength and slew rate less than 45 mT/m and 200 T/m/s
respectively, would have a peak gradient amplitude of 20 mT/m for
a duration of 4 ms with bandwidth equal to 4 kHz. Increasing the
pulse bandwidth to 8 kHz would require a gradient strength of 10
mT/m while remaining within the slew rate limit.

The loss in sensitivity to residual magnetic fields due to lowered
gradient strength is however compensated by several factors. The
large size of the clinical gradient systems exacerbates the ampli-
tude of eddy currents and mechanical vibrations making them
easier to detect [34]. Multiple receiver channels available in clinical
systems improves SNR which in turn improves the phase measure-
ment sensitivity [27]. The large linear volume of whole-body MR
gradients (i.e. 500–600 mm diameter compared to 80 mm used
in this study) allows samples much bigger than that used in this
study, which in turn increases the accuracy of the linear fit to weak
magnetic fields.

The repetition time of the imaging sequence also needs to be
increased to accommodate longer-time constants eddy currents
in whole body systems [35]. The resulting long acquisition time
could be reduced by increasing the number of echoes, and use of
parallel imaging to reduce the number of phase encoding steps
[36]. The signal loss resulting from more echoes is minimized by
lengthening sample T2* with a uniform susceptibility sample and
advanced shimming [37,38]. Additionally, the lower B0 field
strength of most clinical scanners helps reduce field inhomogene-
ity effects. For time constants much longer than the T2* of the sam-
ple, the field sampling time could be arbitrarily increased using
multiple shots by shifting the imaging block in Fig. 3B after the last
echo of the previous shot.
4.5. Limitations

The method presented here has limitations: (1) To estimate the
pre-emphasis constants accurately, the field generated immedi-
ately after the pulse must be sampled, which is limited by the echo
time of the sequence. The shortest achievable TE depends on the
gradient amplifier bandwidth and peak gradient slew rate. (2)
The efficiency of the acquisition depends on the shortest achiev-
able echo spacing which depends on the gradient hardware and
receiver switching time. (3) This imaging-based approach assumes
the field generated after the test gradient pulse is small enough not
to cause geometric distortions in the image. These effects are exac-
erbated in fast imaging with very short TE and ESP, since the mag-
nitude of the generated field is very large immediately after the
test gradient pulse. However, this could be partly overcome by
adjusting the peak gradient strength of the pulse.
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4.6. Future work

This method might be used to design flow or diffusion gradient
shapes optimized to eliminate artifacts, and improve new gradient
coil designs, e.g. by increasing the stiffness of the gradient coils to
shift the mechanical resonance frequencies beyond the amplifier/
coil excitation bandwidth. Given the 3D imaging capability, the
pulse sequence can be used to characterize higher order shim
gradient switching which is used for non-linear spatial encoding.
These non-linear shim fields have been thought to reduce
peripheral nerve stimulation, a factor which limits the gradient
performance especially in human MRI [39,40].
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