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3-D Residual Eddy Current Field Characterisation:
Applied to Diffusion Weighted Magnetic
Resonance Imaging

Kieran O’Brien*, Alessandro Daducci, Nils Kickler, Francois Lazeyras, Rolf Gruetter, Thorsten Feiweier, and
Gunnar Krueger

Abstract—Clinical use of the Stejskal-Tanner diffusion weighted
images is hampered by the geometric distortions that result from
the large residual 3-D eddy current field induced. In this work, we
aimed to predict, using linear response theory, the residual 3-D
eddy current field required for geometric distortion correction
based on phantom eddy current field measurements. The pre-
dicted 3-D eddy current field induced by the diffusion-weighting
gradients was able to reduce the root mean square error of the
residual eddy current field to ~1 Hz. The model’s performance was
tested on diffusion weighted images of four normal volunteers,
following distortion correction, the quality of the Stejskal-Tanner
diffusion-weighted images was found to have comparable quality
to image registration based corrections (FSL) at low b-values.
Unlike registration techniques the correction was not hindered by
low SNR at high b-values, and results in improved image quality
relative to FSL. Characterization of the 3-D eddy current field
with linear response theory enables the prediction of the 3-D eddy
current field required to correct eddy current induced geometric
distortions for a wide range of clinical and high b-value protocols.

Index Terms—Brain, diffusion, eddy currents, magnetic reso-
nance imaging (MRI), tractography.
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I. INTRODUCTION

N MAGNETIC resonance imaging (MRI) a variety of dif-

ferent artefacts result from the induction of eddy currents
during gradient switching. Though modern scanners employ
several mechanisms to mitigate eddy currents, including gra-
dient design, shielding, and gradient waveform pre-emphasis
[1]-5], certain applications such as diffusion weighted (DW)
echo planar imaging (EPI) and phase contrast flow imaging re-
main particularly sensitive to residual eddy current fields.

Unlike other imaging trajectories, EPI has an inherently low
bandwidth per pixel in the phase-encoding direction, which
makes it particularly susceptible to geometric image distor-
tion from residual eddy current fields [6], [7]. In particular,
the strong gradients required to produce diffusion-weighting
still induce residual direction-dependent eddy current fields
that may result in significant geometric distortion resulting
in misregistrations between the different diffusion-weighted
b-values and/or directions that are required to evaluate diffu-
sion-weighted parameters. The errors manifest themselves as
regions of artificially altered apparent diffusion coefficients
(ADC) or fractional anisotropy (FA) [6]. Both ADC and FA are
often used parameters in clinical diagnosis and alterations in
those metrics may lead to misleading results.

To overcome the geometric distortion, Papadikis [5] investi-
gated the possibility of establishing a diffusion-weighted spe-
cific gradient pre-emphasis procedure, but the result may ad-
versely affect the other gradient pulses within the sequence. Al-
ternatively, if the total acquisition time is not a limiting factor
and/or multiple averages are required, then reversing the po-
larity of the diffusion-weighted gradients [8] or the phase-en-
coding direction [9], between data sets has been shown to re-
duce the effect of higher order eddy currents provided an initial
linear co-registration step is performed. Yet, clinically, total ac-
quisition time is a critical factor.

To mitigate eddy currents in the acquisition, Reese et al.
[10], [11] modified the Stejskal-Tanner sequence [12] such that
the eddy currents induced by switching the gradients cancel
at the time of echo formation, at the expense of the minimum
echo time (TE). The twice-refocused spin echo (TRSE) dif-
fusion-encoding scheme reduces the geometric distortion;
however, increasing the spatial resolution or use of stronger
diffusion-weightings can make the longer TE and subsequent
T2 signal loss undesirable [13]. The appeal to return to the
Stejskal-Tanner sequence reinitiates the need of alternative
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techniques to compensate or correct for the eddy current-related
geometric distortion.

Provided that residual eddy current fields remain and that they
are constant during the EPI readout, the geometric distortion
consists of displacement in the phase encode direction by a dis-
tance proportional to the local eddy current field. Image regis-
tration approaches that are restricted to the theoretical geometric
distortions [14] can retrospectively quantify and correct for the
eddy currents. Image registration based eddy current estimation
has been shown to have good performance for b-values up to
1000 s/mm?[15]-[17]. At higher b-values (> 1000 s/mm?), the
greater signal attenuation and the increased sensitivity to diffu-
sion aniosotropy between the different directions makes it more
difficult to register these images correctly [18].

Alternatively if the spatial and temporal evolutions of the
eddy current fields are known or measured [19], the geometric
distortions can be corrected in k-space by regridding from the
deformed to an undeformed k-space grid [20], [21] or in image
space using the calculated pixel deformation maps [22]. For an
ideal correction of the geometric distortion, the eddy current
field has to be known at each voxel position in the volume for all
the diffusion encoding gradients (direction and amplitude) ap-
plied. Truong et al. [23] recently proposed acquiring 2-D eddy
current field maps on a phantom prior to the in vivo acquisition;
however, for the large diffusion-weighted-EPI data sets (> 30
directions) desired for diffusion tensor, high angular resolution
diffusion imaging [24] and spectrum imaging or for large image
volumes (> 20 slices) this procedure would become cumber-
some and would be limited to a specific parameter choice of the
diffusion-weighted imaging protocol.

Current eddy current measurement techniques are too time
intensive to be performed on every patient or they require addi-
tional expertise and hardware that limit their clinical application
[25], [26]. To avoid time intensive eddy current field measure-
ments we propose to show how linear response theory [27] can
be used to temporally and spatially characterize the eddy cur-
rent field [28]. As an example, linear response theory was used
to estimate the residual eddy current field of each b-value and
direction of typical diffusion weighted imaging protocols. Cor-
rection with the estimated field map was compared to the com-
monly used FSL’s “eddy correct” algorithm.

II. MATERIALS AND METHODS

A. Eddy Current Field Characterization

An eddy current field is generated by each gradient ramp in
the pulse sequence, whose strength is dependent on the slewrate
and the duration of the ramp. In a diffusion weighted acquisi-
tion, one can assume that the residual eddy current field has a
fixed and variable component. The fixed component comes from
gradient events that are present in every acquisition e.g., the EPI
and the variable component is due to the diffusion-weighting
gradients which change as a function of the b-value and direc-
tion applied. In diffusion weighted imaging the artefacts relate
to different spatial distortions between directions and b-values,
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therefore, one only needs to consider their variable contribution
to the eddy current field. The sequence is designed such that for
fixed acquisition parameters (i.e., field-of-view, matrix size, TE,
etc.), the shape of the diffusion gradients stays constant. Thus,
when changing the b-value, it is only the amplitude of the dif-
fusion encoding gradients that changes, while their respective
duration and ramp times are kept identical. Considering a mono
exponential eddy current model [28], which focuses on the long
time constants (7¢) relevant for the spatial distortions investi-
gated here, the induced field perturbation will scale linearly [29]
with the change in gradient amplitude (AG)

— AGep(t=T) (1)

EC(1) -

where T is the location of the gradient ramp in time (%).

Equation (1) describes the temporal characteristics, if one
considers that the residual eddy current field is slowly varying
and free of electric currents, then the spatial description of the
eddy current field should obey Laplace’s equation and is well
described through the use of a spherical harmonic expansion
[19], expressed in spherical coordinates (r,¢ ,6) as
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where is the radius of the bore, P* are the fully normalized

associated Legendre polynomials and A}, B are the spherical
harmonic coefficients of degree m and order n. The spherical
harmonic coefficients scale with AG . Therefore, using linear
response theory, A", B can be replaced with an expression
that describes the measured eddy current field as a linear sum
of the contribution from each preceding gradient ramp, denoted

by subscript ¢, and on each gradient coil, denoted by subscript j
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where al_, bi  are the linear coefficients relating AG to the
eddy current field’s strength. Substituting (3) into (2) allows the
eddy current field of any arbitrary diffusion-weighted gradient

direction or strength to be described [28]
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Fig. 1. Schematic representation of a diffusion-weighted-EPI sequence and the 3-D eddy current field mapping sequence. Diffusion-weighting gradient test pulses’
timing and amplitude (shaded) in the eddy current field measurement sequence (b) are matched against gradients from the typical diffusion-weighted gradients of

the diffusion weighted sequence (a).

B. Eddy Current Field Measurement

The eddy current fields remaining on the compensated system
were measured on a 190-mm spherical imaging phantom using
the sequence shown in Fig. 1. In 2-D a slice selective or in 3-D
a nonselective RF pulse with either a 2-D or 3-D gradient-echo
readout follows the test diffusion-weighting gradients at a delay
7. The phase of each voxel (A¢), averaged over the TE, is
representative of the eddy current field at a delay 7 after the
diffusion-weighting gradients. Any phase alterations caused by
other gradients (e.g., slice selection) [4] are removed by sub-
tracting the phase accrued of a second identical volume acquired
with no diffusion-weighting gradients. Given the TE, the diffu-
sion-weighting gradient’s average eddy current field at each po-
sition in space can be calculated as

Ap(z,y,2)

(6))

Image reconstruction of the 3-D eddy current field
EC(x.y,2) was performed offline using customized Matlab
scripts (The MathWorks Inc., South Natick, MA, USA). An
isotropic resolution of 8 mm (32 x 32 x 32 voxels, FOV of
25.6 cm) was found to adequately capture the eddy current
field in a reasonable acquisition time. A repetition time (TR) of
150 ms, unless stated, was consistent with the sequence repeti-
tions, the delay between the excitation of subsequent slices in
a clinical diffusion-weighted EPI experiment. TE was fixed at
20 ms to obtain a good range of phase accrued (AEC(z,y, 2)
while avoiding discontinuities due to wrapping. Remaining

discontinuities, if any, were removed using an unwrapping al-
gorithm based on a weighted least squares solution to Poisson’s
equation using a specific form of the fast cosine transform [30].
This algorithm was shown to be more robust to noise and data
inconsistencies or degradations than path following algorithms
[30].

To investigate the time constant of the residual eddy current
field, and to ascertain there was no spatial dependence of the
time constant, the 2-D eddy current measurement sequence was
used to acquire a slice at isocenter orthogonal to the applied
diffusion-weighting gradient at different delays. These phantom
measurements were used to determine the eddy current decay
time constant for each gradient axis.

To fully characterize the effect of changes to the DW gra-
dient pulses on the induced eddy current fields, various diffu-
sion-weighting gradient pulse shapes, amplitudes and temporal
delays were examined, summarized in Table I, with the 3-D ver-
sion of the sequence on a phantom.

1) The dependence on gradient amplitude was assessed by
applying diffusion-weighting gradients along each of the
three principal gradient axis at different b-values.

The superposition of the eddy current fields induced from
different gradient coils was examined with three oblique
diffusion-weighting gradients.

The shape of the diffusion-weighting gradient pulse was
considered by varying the gradient amplitude, separation
time (A), and duration (). The aim was to simulate the
effect of changing the partial Fourier ratio or image resolu-
tion on the available time to play out a diffusion-weighting

2)

3)
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TABLE I
MODIFICATION OF DIFFUSION PARAMETERS FOR EDDY CURRENT
FIELD MEASUREMENTS
. 8 A TR T PW " Equivalent
Experiment (ms) (ms) (ms) (ms) G/ Gref b-value
45
eddy current ;(5)
decay time 36.7 479 1000 120 0.71 1000
constant 170
200
0.32 250
0.45 500
. . 0.55 750
Principal axis  36.7 479 150 22 071 1000
0.87 1500
1.00 2000
0.45/0.45/-
0.32
. . 0.45/-
Oblique axis  36.7 47.9 150 22 0.32/0.45 1000
0.45/-
0.32/0.45
Diffusion- 36.7 479 0.71
weighted 32.7 499 150 22 0.76 1000
gradient shape 29.2 524 0.81
120
Eddy current 150
history 36.7 479 180 22 1.00 2000
210
20
Eddy current ;3
decay across 36.7 47.9 150 32 0.71 1000
readout
37
42

* Oblique diffusion direction are normalised to Gi.r, the max gradient applied

gradients along the X-axis, the gradient amplitude was
chosen to maintain an equivalent b-value of 1000 s/mm?.

4) The 3-D eddy current field history, i.e., carry over from pre-
viously applied diffusion-weighting gradients was tested
by varying the TR with diffusion-weighting gradients ap-
plied along the X-axis.

5) The effect of the eddy current field’s decay was investi-
gated by varying the time delays (7), between the diffu-
sion-weighting gradients applied along the X-axis and the
3-D gradient echo acquisition.

The other imaging parameters for the eddy current field map

experiments are shown in Table II.

C. Geometric Distortion

To remove the geometric distortion the eddy current field
was treated as time invariant over the EPI readout. We chose
to predict the eddy current field at the TE by considering
the gradient ramps of the diffusion-weighting preceding
that point. To determine the unknown weights a?, and
bJ,,. required in (4), a system of linear equations is created,
A(r,6,0,T;, 7LAG!).X = y where A is the matrix of coeffi-
cients for each voxel (row) and spherical harmonic coefficients
(column); X is a vector containing the unknowns weights a? .

and b ; and, y are the measured eddy current field estimates

nm?>

for each voxel using the different diffusion-weighting gradient
amplitudes applied along the principal axes. The linear system
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TABLE 11
IMAGE ACQUISITION PARAMETERS

Acquisition ff’e}]lzn;(;zls In-vivo validation
parameters for:
2D 3D Clinical High b-value
TE (ms) 20 20 102 91 119
TR (ms) 1000 150 4800 4800
Matrix size 64 32 84 128
Voxel size (mm) 6x6x6 8x8x8 2.5x2.5x3 1.7x1.7x2.0
Slices 1 32 30
Slice gap (mm) 0 1
GRAPPA 2 2
BW (Hz/pixel) 130 390 1384 1954
Tes (ms) 0.81 0.76
PFR 6/8 6/8
Tacq (min:s) 1:08 5:08 1:08 5:22
8 (ms) 37.8 323 424
A (ms) 473 41.8 57.0
b-value (s/mm?) 1000 3000
No of. Directions 12 64

of equations was solved using linear least squares minimization
and was repeated for each gradient coil. Once the weights
a’,, and b} = are known for each gradient coil, (4) can be
evaluated to predict an eddy current field map image, given any
diffusion-weighted protocol, required by any of the available

field map EPI distortion correction software.

D. In Vivo Acquisition

To verify the eddy current characterization and the ability
to predict eddy current related geometric distortion in vivo,
four normal subjects were acquired with two typical clinical
protocols. The clinical protocols consisted of a b-value of
1000 s/mm?® scans applied with 12 different directions, dis-
tributed isotropically on a sphere. The TE of the first ST DW
gradient acquisition was initially matched to what could be
achieved with the EC insensitive TRSE DW gradients, the
TE of the second acquisition used the minimum possible TE
achievable with the use of ST DW gradients. To show the
potential of this method at high b-values, a single subject
was imaged with a b-value of 3000 s/mm? using 64 different
directions distributed isotropically on a sphere. In addition,
the images were acquired off isocenter to ensure that slices
containing the white matter tracts would experience significant
eddy current induced geometric distortions. The other image
parameters, including the diffusion-weighting gradient duration
(6) and separation times (A}, are given in Table II.

The in vivo examples we present in this work used (4) to pre-
dict the field maps and corrected the geometric distortions using
FSL’s FUGUE EPI Unwarping toolbox [31]. FSL’s “eddy_cor-
rect,” which includes bulk motion correction, was also applied
for comparison. Because an image registration based correction
also corrects for rigid body motion, the fieldmap correction was
also corrected for rigid body motion by registering the images
to the b-0 image. Similarly the TRSE method was also regis-
tered to the b-0 Stesjkal-Tanner image to correct for rigid body
motion using FSL’s Flirt algorithm. The effect of the distortion
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correction were assessed visually by creating a standard devia-
tion map across the directions. Similar to FA, in a standard devi-
ation map voxels at sites presenting isotropic diffusion proper-
ties appear hypointense and anisotropic diffusion properties ap-
pear, or regions that are distorted, hyperintense [13] but it was
found to be a more sensitive measure of correction efficiency
when comparing within a b-value shell. At low b-values scans,
quantitative verification of improvement is provided by mea-
suring FA values from regions of interest (ROI) at the anterior
and posterior edges of the brain, the corpus callosum splenium
and in ventricular CSF. The ROI were identified on the uncor-
rected Stesjkal-Tanner image and translated to the corrected and
TRSE images.

To investigate the potential of the correction at high b-values,
we compared the fiber orientation distributions (FOD) in each
voxel as estimated by the classical constrained spherical de-
convolution (CSD) technique [32]. We used the original im-
plementation available in the MRtrix toolbox [33] and a real
and symmetric spherical harmonic basis of the eighth order.
For the estimation of the single-fiber profile (response func-
tion) we followed the guidelines suggested in [32]. Determin-
istic fiber-tracking was performed using MRtrix’s “streamtrack”
algorithm with default parameters.

All experiments were performed on a clinical 3T scanner
(45 mT/m max gradient) with a 32-channel head coil (MAG-
NETOM Trio a Tim System, Siemens AG, Healthcare Sector
Erlangen, Germany) using manufacturer determined settings.

III. RESULTS

A. Phantom Validation

As the general description of the eddy current field is based
on a higher order spherical harmonics (2) we first determined
the minimum order required to sufficiently capture the expected
spatial dependence [Fig. 2(a)]. The root mean square (RMSE)
error of the diffusion-weighting gradient along Z is initially
much larger due to a larger constant offset. Once removed,
all three gradients are comparable. A second-order spherical
harmonic fit (nine degrees-of-freedom) is the minimum re-
quired to describe the eddy current field. Increasing the order
causes limited improvement in the RMSE. We determined that
a third-order spherical harmonic fit, which results in a residual
RMSE of ~ 1 Hz on the principal axes, was a sufficient com-
promise between accuracy and model complexity and will be
used for further analysis.

To validate the use of a single eddy current decay time con-
stant (1) as a fair approximation of the eddy current field’s be-
havior, Fig. 2(b) plots the eddy current field from a diffusion-
weighting gradients applied along each of the principal axis as
a function of delay time. A strong mono-exponentially decaying
relationship was shown for each gradient axis over the time pe-
riod measured. No spatial dependence was observed. The time
constants for the X, Y, and Z gradient axis were found to be of
80.3, 62.1, and 79.8 ms, respectively. With these time constants,
the gradient ramps from the second preceding TR would found
to contribute weights of < 2% and were thus neglected. Only
gradient ramps from the current and previous TR were consid-
ered in (4).
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Fig. 2. Validation of model assumptions. The residual RMSE of the eddy
current field, for each of the three diffusion-weighting gradients, b-value
2000s/mm” aligned along the principal axis, reduces with the order of the
spherical harmonic fit (a). Image (b) shows the expected linear trend between
the mean of the log(RMSE) as a function of delay. Images (c) and (d) plot the
raw root mean square error of the eddy current field, aligned along the X-axis,
from three surfaces of different radii (20, 40, and 60 mm) against the normal-
ized diffusion-weighting gradient amplitude (c) and the effective normalized
gradient amplitude (d) predicted by (1). Normalized diffusion-weighting
gradient amplitude can only model protocols where the gradient shape, the TR
or delay do not change; however applying linear response theory enables the
model to be predictive of these changes to the protocol.

To illustrate the need to consider all diffusion-weighting pa-
rameters, Fig. 2(c) and (d) plots the raw RMSE of the eddy cur-
rent field from three surfaces of different radii (20, 40, and 60
mm). The eddy current field was larger at higher b-values as ex-
pected but protocol changes that result in different timing char-
acteristics can not be captured by a simple dependency on the
diffusion-weighting gradient amplitude alone, as shown by the
clustering of points in Fig. 2(c). At different gradient shapes,
the raw RMSE for each field is similar despite the larger gradi-
ents used with the shorter diffusion-weighting gradient pulses.
Using linear response theory, by summing the contribution of
gradient ramps from two sequence TRs, the linearity is restored
across all protocols [Fig. 2(d)].

We found that the raw RMSE of the Z diffusion-weighting
gradient is fairly constant as a function of radial location due
to a large constant offset observed and raw RMSE of the X and
Y diffusion-weighting gradient eddy current fields are larger
further from isocenter. The ability to capture oblique diffusion
weighted gradient directions based on the characterization of
gradients aligned along the principal axes is demonstrated in
Fig. 3(a). After subtraction of the eddy current field predicted by
(4), the residual RMSE is reduced to < 1 Hz for all experiments
where the diffusion-weighting gradient is aligned with the prin-
cipal axes (data not shown). The oblique diffusion-weighting
gradients have a slightly larger residual RMSE than those
aligned with the principal axes. The RMSE is < 1.3 Hz for
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Fig. 3. Raw and residual RMSE from a surface of radius 60 mm. A model,
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field to ~ 1 Hz for a range of different protocol settings. (a) Different oblique

diffusion-weighted gradient directions. (b) Gradient shapes. (c) TRSeq. (d) Dif-
ferent delays.

the oblique diffusion-weighting gradients while the RMSE is
< 0.3 Hz for diffusion-weighting gradient aligned with the
principal axes with an equivalent b-value of 1000 s/mm?.

To further validate our assumptions on the effect of
timing characteristics of the diffusion-weighting gradients
Fig. 3(b)—(d) plots the raw and residual RMSE as a function
of gradient shape, TRSeq, and delay. The effect of different
gradient shapes shows the raw RMSE is relatively constant de-
spite the diffusion-weighting gradient increasing in amplitude
as pulses become shorter [Fig. 3(b)]. As the TRSeq is increased
the raw RMSE decreases even though the diffusion-weighting
gradient pulse remains the same indicating the eddy current
history effect between sequence repetitions [Fig. 3(c)]. At
longer delays, the raw RMSE reduces slowly indicating that
the eddy current field is dominated by a long-term eddy cur-
rent component as assumed but for the purposes of distortion
correction can be considered time invariant [Fig. 3(d)].

Fig. 4 shows surface representations of the raw (b-value
2000 s/mm?) and residual eddy current field at a radius of 60
mm. For the oblique diffusion-weighting gradients most of the
spatial dependencies of the raw eddy current fields are well
captured by the fitted eddy current model but the residual eddy
current field shows continued spatial dependence compared to
when the diffusion-weighting is applied only along one axis.
Fig. 5 shows a comparison between the predicted and fitted
spherical harmonic coefficients. When the magnitude of the
spherical harmonic coefficient is large, the predicted coefficient
agrees well with the fitted. Smaller coefficients show more
variation with the fitted eddy current model’s coefficients. The
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small differences between the predicted and fitted spherical
harmonic coefficients may explain why some spatial depen-
dency remains in the residual RMSE seen in Fig. 4. Overall the
residual RMSE for each oblique diffusion-weighted gradient
direction was reduced from 6.0, 4.2, and 5.4 Hz to 0.9, 1.3, and
0.8 Hz over this surface.

B. In Vivo Validation

To assess the characterization of the eddy current field
with (4), the ability to remove the geometric distortion in
vivo was assessed using two typical clinical protocols. After
distortion correction with the predicted field maps the mis-
alignments are mostly removed. The standard deviation maps
of the diffusion-weighted images acquired using the clinical
protocols, with different diffusion-weighted gradients timing
characteristics (Table II), are shown in Figs. 6 and 7. The
pixel-wise standard deviation maps, across the directions,
show eddy current induced misalignment of the uncorrected
Stesjkal-Tanner images. Regions of high standard deviations
can be seen at the anterior and posterior edges of the brain.
After distortion correction with the predicted field maps, the
regions of high standard deviation at the edges of the image are
reduced in intensity without significant blurring of the image.
Further improvement could be obtained after the additional step
to correct for rigid body motion was performed. The results
obtained with the proposed methodology compare well with
FSL’s image registration eddy current correction. Qualitatively,
the TRSE acquisition outperforms the retrospective correction
methods as no high standard deviations are found at the edges
of the anatomical image.

For a more quantitative assessment of the residual eddy cur-
rent contamination, the FA values from each of the four sub-
jects, with the TE 102 ms clinical protocol are presented in
Table III. In the Corpus Callosum Splenium where an FA value
of 0.7-0.8 is expected, the mean and standard deviation of the
FA are unchanged after correction for each subject. Both the
mean and standard deviation in the CSF decrease and are similar
to TRSE after FSL and fieldmap +IRB corrections (as in the CSF
isotropic diffusion can be assumed FA should be very close to
zero); however in the fieldmap only correction the CSF value re-
mains largely unchanged. The ROI for the anterior and posterior
images were traced around the areas of hyperintense signal in
the standard deviation map of the uncorrected Stejskal-Tanner
image. In general, at the anterior and posterior edges of the
brain, the mean FA decreases after all applied corrections: FSL,
fieldmap, and fieldmap +R B corrections; however these values
were still at least double what was observed in the TRSE. In
the anterior region of subject 1 and 4 and the posterior region
of subject 4 the fieldmap correction performs particularly well
compared to FSL. In all other regions the fieldmap correction
with and without bulk motion correction the mean FA was sim-
ilar to FSL. In most cases, the standard deviation of the FA is
only slightly reduced and indicates the presence of residual er-
rors in each method compared to the TRSE.

The proposed method’s potential at high b-values is shown
in Fig. 8. Without correction, the high b-value protocol shows
regions of poor coherence in the fibers extending from the
corpus callosum and the FODs show a lack of coherence on
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Fig. 4. Surface representations of the raw and residual eddy current fields. The ability to capture spatial dependence in the model is shown by comparing the
fitted and predicted eddy current fields induced when using oblique diffusion-weighted gradient directions, the shortest diffusion-weighting gradient pulse shape
(¢ = 29 ms) and a TR of 210 ms. Color scale represents the strength of the eddy current field (Hz) at the spherical surface of radius 60 mm.
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Fig. 5. Comparison of the fitted and predicted spherical harmonic coefficients.
The majority of the fitted and predicted coefficients for the three oblique diffu-
sion-weighted gradient directions are in good agreement. The few coefficients
that are not well predicted are small in magnitude.

the edges of the corpus callosum. This indicates that the major
white matter tracts were successfully placed in an eddy current
sensitive region as intended. The low SNR remaining at high
b-values causes the FSL registration to fail in correcting for
the eddy current induced distortions. After FSL correction the
coherence of the fibers extending from the corpus callosum
was lost. The FODs show that regions of artificial coherence
were introduced in the deep gray matter (arrows) by the reg-
istration. In comparison the fieldmap +RB correction was
not constrained by the low SNR and resulted in an improved
coherence of the fibers extending from the corpus callosum

Field Map
+

Field Map  Rigid body

Fig. 6. Standard deviation maps from four subjects using two Stejskal-Tanner
(ST) clinical protocols TE = 102 ms (BW = 37.4 Hz/pixel) at different po-
sitions (15.0, 18.2, 35.1, and 30.05 mm, respectively). The ST images have been
corrected with FSL eddy current distortion algorithm, the predicted field map
with and without a rigid body registration with FSL. The twice refocused spin
echo (TRSE) is also provided for comparison. The greyscale was fixed across
all images and was chosen to emphasize the residual distortion errors seen in
the Stejskal-Tanner image after correction. The errors are significantly reduced
after distortion correction for each subject, irrespective of the slice location.

and the FODs appear more regular and better represent the
underlying anatomy (circles).
IV. DISCUSSION

To remove the necessity of measuring the eddy current field
of each diffusion-weighted gradient direction and amplitude for
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Fig. 7. Standard deviation maps from four subjects using two Stejskal-Tanner
(ST) clinical protocols TE = 92 ms (BW = 37.4 Hz/pixel) at different
positions (15.0, 18.2, 35.1, and 30.05 mm, respectively). ST images have been
corrected with FSL eddy current distortion algorithm, the predicted field map
with and without a rigid body registration with FSL. Greyscale was fixed across
all images and was chosen to emphasize the residual distortion errors of the
Stejskal-Tanner image after correction. Errors are significantly reduced after
distortion correction for each subject, irrespective of the slice location.

every protocol used, we characterized, using linear response
theory, the eddy current field using 2-D and 3-D eddy current
field measurements acquired on a phantom to predict the field
map required for image-based field map geometric distortion
correction.

Eddy current models in the literature [ 16], [34]—[37] are based
on the theoretically constrained linear distortions of scale, shear
and translation which approximate the eddy current field as a
stack of linear planes. Typical in vivo diffusion-weighted EPI
acquisitions acquire a stack of transverse slices to achieve cov-
erage of the whole brain, thus the spatial constraint applied in a
“correction” based approach is for the eddy current fields to sat-
isfy a smoothly varying function in the (z) direction [38]. Hors-
field [36] extends this concept by using a third-order polyno-
mial approximation to improve the in-plane spatial description
of the eddy current field; however, this description is “unphys-
ical.” Though other basis functions could be utilized, such as a
cosine basis functions [39], the use of spherical harmonics pro-
vides a generic spatial description of the eddy current field that is
based on a physical solution [19] to Laplace’s equation. In addi-
tion, we found a spherical harmonic fit better described the data
than a simple polynomial model [38]. We found that a spherical
harmonic fit of order 2, nine degrees-of-freedom, captures the
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bulk of the eddy current field’s spatial dependency. Increasing
the order of the fit resulted in limited improvement, as shown in
Fig. 2(a). For our scanner, a third-order fit reduced the residual
RMSE to less than 1 Hz and was considered a sufficient trade
off between accuracy and computational efficiency. Other scan-
ners may have more complicated spatial dependencies and may
need to consider higher order fits, which could be determined
during the characterization of the system.

The corrected in vivo images, had lower FA values and re-
duced signal variation between diffusion-weighted images at
the anterior and posterior edges as shown in Figs. 6 and 7 and
in Table III. The inner structures of the brain remained largely
unchanged. Without rigid body correction the intensity of the
standard deviation map remains similar compared to original
Stejskal-Tanner image. After bulk motion correction, the inten-
sity of the fieldmap corrected standard deviation map becomes
similar to FSL and the TRSE which also underwent a rigid body
registration step. It is well known that an interpolation step blurs
the image. The additional improvement seen in Figs. 6 and 7,
with the rigid body step was thus in part due to the correction of
bulk motion but also the residual errors are dampened by the in-
creased blurring seen in the image. This finding agrees with the
FA values which found a similar improvement in the fieldmap
correction at the anterior posterior regions of the brain but no
improvement of the CSF region, placed in the ventricles, where
the eddy current field’s geometric distortions are expected to be
low.

Fig. 8 demonstrates the advantages of this technique at high
b-values where it is known that image registration techniques
suffer due to low SNR and distinctly different image features
between diffusion directions. The FSL registration over fits the
data resulting in regions of false coherence and degrading the
coherence present in other regions. In fact, without the avail-
ability of an SNR independent correction as proposed, the user
would be best not to attempt any eddy current correction at all. In
comparison the fieldmap +RB correction can remove the eddy
current distortions and improve the coherence of the FODs and
resulting fiber tracking with the underlying anatomy.

Eddy current models have also previously shown that the
eddy current field is linearly dependent on the amplitude of
the diffusion-weighting gradient. This assumption is a fair
approximation if time dependent effects, eddy current history
(build up of eddy current across sequence repetitions) and the
diffusion-weighting gradient pulses’ timing and shape, can be
neglected. But, in a clinical setting indirect protocol changes
such as image resolution and different partial Fourier ratios
may also modify the gradient timing and the induced eddy
current field behavior resulting in a loss of linearity with the
diffusion-weighting gradient amplitude [Fig. 2(c)]. Through
linear response theory, the applicability of the model (4), was
extended to cover the temporal characteristics of the eddy
current field’s behavior Fig. 2(d). This feature removes the
requirement to measure the eddy current field map for each
specific protocol which currently restricts the usage of field
map corrections in a clinical environment. In other words, the
proposed correction strategy here requires a one-time charac-
terization of the eddy current field during the scanner tune-up
in a fashion as described in materials and methods. The derived
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Subj Location TRSE ST FSL Fieldmap Fieldmap +RB
C.C Splenium 0.60+0.15 0.70+0.20 0.66 +0.18 0.67+0.18 0.68 +£0.19
CSF 0.06 + 0.02 0.15+0.04 0.07 £0.01 0.14 £0.04 0.09 +0.02
! Anterior 0.06 £ 0.03 0.22+£0.10 0.26 £0.28 0.14+£0.04 0.13 £ 0.05
Posterior 0.06 + 0.02 0.40+0.29 0.24 +£0.24 0.29 +0.22 0.24 +0.21
C.C Splenium 0.78+0.13 0.82+0.15 0.82+0.15 0.81+0.15 0.81+0.16
CSF 0.05 +0.02 0.13+0.03 0.09 +£0.03 0.13+0.02 0.09 £ 0.03
2 Anterior 0.17£0.19 0.45+0.22 0.32+£0.28 0.34 £0.22 0.30 £ 0.27
Posterior 0.08 £ 0.04 0.33+0.24 0.31+0.33 0.26 £0.20 0.18 £0.19
C.C Splenium 0.67 £0.12 0.76 £0.18 0.72+0.17 0.75+0.18 0.72+0.17
CSF 0.07 £ 0.01 0.17 £0.05 0.06 + 0.03 0.16 £ 0.05 0.08 £ 0.03
3 Anterior 0.18+0.18 0.36 £0.16 0.32+0.35 0.22+0.11 0.25+0.23
Posterior 0.11+0.05 0.44 +£0.30 0.40 +£0.35 0.35+0.28 0.31+£0.30
C.C Splenium 0.76 £0.16 0.77+0.16 0.78+0.18 0.77+0.16 0.77 £0.19
CSF 0.06 +£0.01 0.14 £0.03 0.10 £ 0.02 0.13+£0.03 0.09 £0.02
4 Anterior 0.14 £0.07 0.31+£0.16 0.28 £0.30 0.21+£0.14 0.19+£0.20
Posterior 0.08 + 0.04 0.29 +£0.22 0.27 £ 0.31 0.24+0.19 0.15+0.19

eddy current coefficients can then be applied to a wide range
of diffusion protocols without any limitations on scanned body
region and image properties including SNR and CNR.

On the contrary, the eddy current models presented in the lit-
erature, which aim to correct eddy current induced distortions
at higher b-values, rely on the ability to reliably extrapolate the
image registration parameters as a function of gradient strength
[16], [35], [37]. To ensure a linearity of the image registration
parameters with gradient strength these models: 1) must have
enough reliably registered low b-value scans to obtain the linear
fit; 2) have a similarity measure required that minimizes the reg-
istration error of images with significantly different features; 3)
should not be affected by the compensatory nature of image reg-
istration parameters, i.e., image shear can be described using a
rotation and translation [40]; and 4) should be independent of
the bulk motion. Alternatively, another method attempts to ac-
count for the changes in image features between directions by
registering the high b-values scans to synthetic images simu-
lated from low b-values [41]. However, this approach again re-
quires additional low b-value scans which increases the acqui-
sition time and assumes that no rigid body motion occurs be-
tween the low and high b-value scans. In comparison, the pro-
posed eddy current field map correction approach is indepen-
dent of these limitations. It provides the ability to predict the
eddy current field for any image orientation and can account
for changes in the protocols that significantly alter the diffu-
sion-weighting gradients. Furthermore it separates the bulk mo-
tion and eddy current correction problems. This would allow a
registration with a reduced number of degrees-of-freedom or
alternative bulk motion correction strategies [42], [43] to be
utilized which should prove more reliable and robust at high
b-values.

A. Limitations and Future Work

Susceptibility induced geometric distortion, which is also
a major drawback of DW EPI acquisitions could also be

incorporated into the correction procedure. For example if
a EC(x,y,z) BO fieldmap was available [44], it could be
simply added to the predicted fieldmap from the model or after
a spherical harmonic fit could be incorporated into (4) as a
gradient independent contributor to the predicted fieldmap.

The characterization of the eddy current field was based
on measurements from three diffusion-weighted gradient di-
rections applied along each gradient axis, whose amplitudes
were equivalent to six different b-values. A total of 48 min was
required by the 3-D eddy current field mapping sequence to
acquire the diffusion-weighted gradient directions and ampli-
tudes used to determine the unknowns in (4). (The optimization
of the field mapping sequence is beyond the scope of this work,
but we foresee that great reduction in the scan time is feasible.)
A wider, but fewer, selection of diffusion-weighting gradients
with different amplitudes and timing characteristics may yield
further improvement in the characterization of the eddy current
fields. The oblique diffusion-weighted scans showed that the
linear superposition of the gradient coils worked well when the
spherical harmonic coefficient’s spatial dependence was strong.
Any significant mismatch between fitted and predicted coeffi-
cients occurred when there was a weak dependency. Inclusion
of oblique diffusion-weighting gradients in the characterization
of the model may further improve the ability to capture all
spatial dependencies in the system.

To further reduce the time required to characterize the system
a 1-D measurement, similar to the method for evaluating the
gradient pre-emphasis unit settings, could equally provide an
estimate of the eddy current decay constant rather than the 2-D
method applied if no spatial variation of the eddy current decay
constant was observed as seen on our system. The number of
preceding gradient ramps which need to consider depends on the
eddy current field decay constant. On this scanner, consideration
of gradient ramps from two sequence repetitions was adequate
to obtain the desired linearity, for other scanners with a different
eddy current decay constant the model may need to consider
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Fieldmap + RB
correction

Fig. 8. Distortion correction at high b-values. Eddy current sensitive Ste-
jskal-Tanner protocol was used to acquire the large white matter tracts in an
off-center position to ensure significant eddy current induced distortions would
occur (A). Insert on the lower right shows the position of isocenter, the outer
circle indicates 100 mm from isocenter. An FSL correction (B) failed to recover
all fibers extending from the corpus callosum and resulted in false regions of
coherence in the deep gray matter (arrow). Fieldmap +RB (C) correction is
able to recover the fibers extending from the corpus callosum, and as shown by
the FODs results in an improved coherence in the corpus callosum (small circle)
and does not block the extending fibers (ellipse) across all images and was
chosen to emphasize the residual distortion errors of the Stejskal-Tanner image
after correction. Errors are significantly reduced after distortion correction for
each subject, irrespective of the slice location.

the gradient ramps from additional sequence repetitions to sat-
isfactorily capture the eddy current history behavior. It is also
important to note that consideration of eddy current history ef-
fects allows a truer prediction of the eddy current behavior seen
by the first slices of each volume after a change of direction or
b-value.

V. CONCLUSION

We show that using linear response theory to incorporate the
diffusion-weighting gradients’ timing characteristics and eddy
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current history allowed the induced eddy current field to be pre-
dicted independent of the protocol settings. This modification
allowed characterization of the eddy current field prior to use
in vivo that sufficiently described the geometric distortion ex-
perienced in a in vivo diffusion-weighted-EPI image due to any
arbitrary applied diffusion-weighting gradient amplitude, direc-
tion, slice location or orientation in the volume without limits in
terms of SNR and CNR in the in vivo image and valid for a large
range of image protocol parameter. The corrected images have
improved image quality without the need of additional field map
measurements or pulse sequence modifications. The proposed
correction method was found to be capable to correct eddy cur-
rent effects equally well as existing state-of-the-art retrospective
correction schemes (here FSL was used for comparison). Due to
the independency of the proposed methodology on image char-
acteristics (e.g., SNR), it is considered to have particular high
potential to be applied for emerging diffusion imaging applica-
tions where diffusion-weightings as high as 12000 s/mm? are
used [45]. Errors due to eddy currents are not limited to diffu-
sion-weighted imaging, following similar methodologies could
allow the characterization of the eddy current fields for other
MR applications such as phase contrast flow measurements, to
be quantified, predicted, and corrected.
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