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Reduction of Eddy-Current-Induced Distortion in
Diffusion MRI Using a Twice-Refocused Spin Echo

T.G. Reese,” O. Heid,? R.M. Weisskoff,® and V.J. Wedeen'

Image distortion due to field gradient eddy currents can create
image artifacts in diffusion-weighted MR images. These im-
ages, acquired by measuring the attenuation of NMR signal due
to directionally dependent diffusion, have recently been shown
to be useful in the diagnosis and assessment of acute stroke
and in mapping of tissue structure. This work presents an
improvement on the spin-echo (SE) diffusion sequence that
displays less distortion and consequently improves image qual-
ity. Adding a second refocusing pulse provides better image
quality with less distortion at no cost in scanning efficiency or
effectiveness, and allows more flexible diffusion gradient tim-
ing. By adjusting the timing of the diffusion gradients, eddy
currents with a single exponential decay constant can be
nulled, and eddy currents with similar decay constants can be
greatly reduced. This new sequence is demonstrated in phan-
tom measurements and in diffusion anisotropy images of nor-
mal human brain. Magn Reson Med 49:177-182, 2003.
© 2003 Wiley-Liss, Inc.
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Multidirectional diffusion sequences (1-3) have recently
been shown to be useful in the diagnosis and assessment of
acute stroke and in mapping of tissue structure (4-10).
These methods apply gradient pulses at higher intensity
and with longer duration than in any other well known
MRI sequence, resulting in comparatively large and per-
sistent eddy currents. Use of the spin-echo (SE) diffusion
sequence with an echo planar (EP) readout combines atyp-
ically large eddy currents with an eddy current-sensitive
EP readout, causing spatial distortion dependent on the
direction of the applied diffusion gradient. Misregistration
artifacts result when directional diffusion is calculated
from multiple images with differing gradient directions.
Each on and off field gradient transition produces eddy
currents to some degree. If the eddy current (and its asso-
ciated magnetic field) decays to an inconsequential value
between the time of the applied field gradient transition
and the image readout, a spatially dependent change in
image phase will result with no discernible distortion.
Since diffusion encoding relies on the attenuation of the
image magnitude, a change in image phase does not
change the diffusion measurement as long as the phase
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gradient per pixel is small (11). However, when the eddy
current decays slowly, so that a residual field remains
during the image readout, the field behaves like an addi-
tional spatial encoding gradient field and causes distortion
of the image.

While the usual SE diffusion sequence, introduced by
Stejkal and Tanner (12), uses a single refocusing RF pulse,
many SE diffusion sequence variants can be created using
multiple refocusing pulses. SEs result from any combina-
tion of refocusing pulses that returns the spins’ phase
evolution to the origin in classical phase space (13). Using
more than one refocusing pulse permits variable intervals
between the pulses, requiring only that the spins’ alternat-
ing defocusing and refocusing times sum equally at the
time of the intended SE. This flexibility in timing adds
utility when used for diffusion imaging.

Since the on and off field gradient transitions produce
equal and opposite eddy currents, the shorter the time
between on and off transitions, the less decay of the resid-
ual fields during the gradient pulse and the more complete
the fields’ cancellation. Toward this end, a reduction of
distortion can be affected by adding additional RF refocus-
ing pulses to the SE diffusion sequence, splitting the field
gradient pulses into shorter pulses of alternating polarity
(14). By adding the additional refinement of unequal and
asymmetric lengths to these shorter pulses, specific expo-
nentially decaying residual fields can be entirely canceled
(15). The twice-refocused SE (TRSE) sequence described
in the present work compromises neither efficiency or
effectiveness compared to the singly-refocused Stejkal-
Tanner SE sequence, while greatly reducing eddy distor-
tion.

METHODS

An SE diffusion sequence with two refocusing pulses
forms the TRSE sequence as shown in Fig. 1. Two bipolar
field gradients of length 8, + 8, and &, + 3,, are used, with
the RF refocusing pulses dividing each bipolar pair. Con-
sider an idealized sequence, in which the RF pulse dura-
tions and gradient ramping times are infinitely short, then

0, +8,=08;+3,

8, + 8, = TE/2

3, +8,=TE/2 —t, [1]
where t,, is the sum of the preparation time following the
excitation pulse and the readout time preceding the SE.
Three equations with four unknowns leaves one free pa-

rameter, here chosen to be §,. Because of the timing flex-
ibility afforded by the second refocusing pulse, all the
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FIG. 1. The TRSE sequence is shown as a timing diagram. The RF
pulses (excite and refocus), diffusion gradients G of lengths &,, 3,,
83, and d,, and the EP readout are shown; other sequence elements
are omitted for clarity. The sequence allows any diffusion gradient
lengths such that the time between the two refocusing pulses is
TE/2, and the dephasing and rephasing due to the diffusion gradi-
ents are equal. The graph below the timing diagram shows the
buildup and decay of eddy currents due to the gradient switching.
The on and off diffusion gradient transitions that generate the eddy
currents are shown with bold black arrows. With knowledge of the
principle eddy current decay time constant A, diffusion gradient
lengths can be calculated so that eddy current buildup is nulled prior to
readout. The proportions of gradient lengths in this figure match the
actual durations of gradients at the eddy current null shown in Fig. 2.

available time between the imaging sequence elements can
be filled with diffusion-encoding field gradient pulses.

Diffusion scans were acquired with both GE Signa (Gen-
eral Electric Medical Systems, Milwaukee WI) and Sie-
mens Sonata (Siemens Medical Systems, Erlangen, Ger-
many) 1.5T clinical MR instruments using single-excita-
tion EPI. The GE Signa was equipped with an Instascan
EPI retrofit (Advanced NMR, Wilmington MA). The image
matrix size was 128 X 128, with an FOV of 256 X 256 mm,
and a slice thickness of 5 mm. Maximum gradient strength
for the Signa was 10 mT/m with a slewing time of
60 ws/mT/m for conventional gradients, and 32 mT/m
with a maximum of 4 ps/mT/m for the EPI readout gradi-
ent. The maximum gradient amplitude for the Sonata sys-
tem is 40 mT/m with a rise time of 5 ps/mT/m. Acquisition
time was 512 ps per line of data, covering 75% of the
phase-encoding axis. Magnitude reconstruction was com-
pleted at the console, with additional processing com-
pleted offline.

Phantom data using the Sonata were acquired of
24 slices with a 256-mm FOV over a 20-cm-diameter water
sphere, 5 mm thickness, and a 2.5-mm gap with B =
1000 s/mm?, TE = 88 ms, and TR = 4800 ms. Data were
collected in the three cardinal axes (axial, sagittal, and
coronal) plus unencoded (T, weighted) with the TRSE
sequence while varying the diffusion field gradient timing
by 1-ms steps across the available range (1-15 ms). A
Stejkal-Tanner sequence with the same diffusion weight-
ing and TE was similarly tested.

Normal volunteers were scanned with informed consent
on the Signa and Sonata under an IRB-approved protocol
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using the Stejkal-Tanner SE and the TRSE sequence with
nominal diffusion field gradient timing. Scan timing was
as in the phantom scans but utilizing multiaxis tensor
encoding (six field gradient axes plus T, weighted). Tensor
analysis was carried out using software written by the
authors and their colleagues for this purpose.

RESULTS

Misregistration between the phantom images collected
with n different diffusion encoding axes, but with the
same sequence type and timing, was evaluated by calcu-
lating the variance o for each pixel magnitude m at loca-
tion x and for sequence timing 3,,

> (m(x,8,) — my,(x,8,))°. [2]

n

XDy =

Summed pixel variance for each slice, timing, and se-
quence type was displayed on a 3D plot, showing the
timing and sequence type that exhibits the best registration
across all slices (Fig. 2).

From the timing of the sequence parameters giving the
best registration using the TRSE sequences, the principle
time constant of the residual eddy currents can be deter-
mined. Assuming a dominant monoexponential decay, we
can model the residual field due to the eddy currents as the
superposition of fields resulting from the on and off tran-
sitions of the diffusion-encoding gradient fields. The re-
sultant field is then a linearly-variant in space, exponen-
tially decaying change in the static field B,,.

B(x,h) = B, + AB(x,1) = B, + |AB| - x >, s(n)exp[(r, — t)/\]
[3]

Let AB be equal and opposite for the on and off transi-
tions of the field gradient waveform with s(n) the sign of
the transition, 7, the time of the nth transition, ¢ sometime
during the readout, and \ the time constant of decay. The
principle time constant \ of the residual field decay can be
determined numerically from the sequence timing that
gives the minimum variance in pixel registration, i.e., \,
such that 2x0%(x,8,) — 0. There exists a unique solution to
2as(n)expl(t, — #)/A] = 0 for realistic values of 7,,, \, and
t. These findings are shown graphically in Fig. 2, and the
calculated time constants \ are shown in Table 1.

Diffusion tensor MRI of normal human subjects was
collected for subjective comparison of the Stejkal-Tanner
and TRSE sequences. Tensor images of diffusion attenua-
tion were calculated; contrast in these images demon-
strates directional diffusion anisotropy (Fig. 3). Misregis-
tration in the diffusion images can generate anomalous
contrast due to the comparison of dissimilar materials in
the same pixel. The image misregistration is most apparent
at the tissue—air interface surrounding the head. Here the
comparison of pixels in air with eddy-current-shifted tis-
sue pixels between differing gradient directions produces
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FIG. 2. Eddy current-induced misregistration can be measured as the variance in pixel-by-pixel image intensity of a stationary homoge-
neous object encoded with different diffusion directions. Increased variance indicates misregistration. A spherical water phantom 20 cm in
diameter was imaged with 24 5-mm slices with diffusion encoding in each of the three cardinal axes (x, y, and z). The B-value was
1000 s/mm? and the TE was 88 ms. The summed variance between x, y, and z for all pixels in each transverse plane slice and each possible
sequence timing is shown in this figure. The eddy current minimum (null) appears at 7 ms. The Stejkal-Tanner SE sequence gave about three
times more variance than the worst-case TRSE timing.

large amounts of contrast unrelated to tissue diffusion DISCUSSION

anisotropy. This spurious contrast can also be seen in the

gray matter; white/gray diffusion contrast clearly improves Due to its long readout times, EPI is particularly suscepti-
with better image registration evident with the TRSE se- ble to eddy-current-induced image distortion. Residual
quence. Blurring and displacement of fine white matter fields that are constant across the FOV produce an image
structure is also reduced with TRSE. translation along the phase-encode axis just as an off-

Table 1
Variance in Three Slice Axes Due to Misregistration of the Cardinal Diffusion Axes, Summed Over All 24 Slices for Each Adjustment of
Timing Given in the Methods

Stejkal-Tanner Minimum Maximum Idealized Numerically
SE variance TRSE TRSE N calculated
(in millions) variance variance N
Transverse 17 (1:1) 0.23 (73:1) 5.2 (3.2:1) 37 ms 30 ms
Sagittal 11 (1:1) 0.75 (14:1) 4.5 (2.4:1) divergent divergent
Coronal 13 (1:1) 0.34 (37:1) 2.7 (4.8:1) 51 ms 40 ms

The variance is shown in millions of units, and the ratio of improvement over the Stejkal-Tanner sequence is shown following the TRSE
variance values in parentheses. Time constants \ were calculated from the zero intercept of a linear fit of the variances with 8, equal to from
1 to 6 ms. \ was calculated by Newton’s method from the idealized sequence timing (zero rf pulse length and zero gradient ramp time) due
to Heid (15), while the numeric value was calculated from the actual sequence timing. All axes had a 3, setting with a clear minimum in
variance (7 ms for transverse and coronal, 9 ms for sagittal), although the sagittal axis does not fit the monoexponential model well enough
to provide a meaningful value of A.
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FIG. 3. Comparison of Stejkal-Tanner and TRSE sequences in diffusion tensor MRI of the human brain. Typical GE/Instascan images from
the same level in the midbrain are shown. The usual Stejkal-Tanner SE diffusion sequence was used for the upper pair of images, and the
TRSE sequence was used for the lower pair. The T,-weighted images of this slice from each sequence type are indistinguishable. Diffusion
anisotropy (29) is shown as the grayscale images on the left. The first eigenvector of the diffusion tensor are in color at the right. The
eigenvectors, calculated and displayed as in Wiegell et al. (10), shows the direction of the eigenvector as red, green, and blue, with the
degree of anisotropy given by the color intensity. Pixels in the color eigenvector images without significant diffusion anisotropy have been
masked. The arrows point to regions of anomalous diffusion contrast resulting from misregistration of dissimilar materials. Note the
prominent edge artifact visible in the Stejkal-Tanner SE images, which is almost entirely absent in the TRSE images. Improved image
registration with TRSE also clarifies anatomy by removing artifactual contrast.

resonance condition would. Residual fields can also mir- (nominally 1 pixel) in the EP readout axis requires a very
ror the first-order spatial dependence of the applied gradi- small additional field; for an image with N = 128 lines,
ent fields. The archetypical skew distortion (a stretching or vy 2 1 2

shrinking along the image diagonal) of less than 3.125 mm YGeasyNT = 128 Gepi T and Gogay < 128 =N Gopi = 1.5
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X 107*mT/m, or less than 0.005% of the applied gradient,
where T is the readout time and the imaging gradient G,
is 40 mT/m.

To minimize eddy currents resulting from MRI pulse
sequences, several methods are widely employed. The gra-
dient coil can be designed to minimize its electromagnetic
coupling with any conductive parts in the magnet cryostat
and surround (16,17). Another approach, called “active
eddy compensation” or “gradient preemphasis” (18,19),
compensates for eddy currents by changing the shape of
the field gradient amplitude envelope to anticipate the
combined intended and residual fields. Both methods are
now common in high-performance MRI systems. One can
also modify the image data to undo the effects of the
additional gradient fields due to eddy currents, as in Refs.
20-25. Although most investigators can access this correc-
tion, the method entails added noise and processing time,
and requires manual recalibration for changes in sequence
timing.

The method described here minimizes the effects of
eddy currents by changing the design of the pulse se-
quence. Several authors have designed sequences that
strive to minimize eddy currents. Boesch et al. (19) pro-
posed adding gradient prepulses to partly compensate for
residual fields due to the subsequent encoding gradients.
Replacement of long constant gradients with bipolar gra-
dients has been used in diffusion spectroscopy (26,27),
and in diffusion imaging (28) to reduce eddy current
buildup. To our knowledge, the sequence described here
and in Ref. 15 is the first to null residual fields of a specific
time constant, with no loss of scanning efficiency. Al-
though one of the authors has presented a closed-form
solution for sequence timing based on knowing the dom-
inant residual field decay constant A and the idealized
sequence timing (zero length RF pulses, zero gradient
ramp time; see Ref. 15), one would not typically know X\
prior to implementation of the TRSE sequence. In the
present work, the sequence itself was used to determine
the best timing to minimize distortion, and N was calcu-
lated numerically from the sequence timing. Differences
between \ calculated using an idealized sequence (zero RF
pulse length, zero gradient ramp time) and the actual se-
quence timing were about 15% (Table 1). Using A, the
nominal TRSE sequence timing for any B-value can be
calculated.

More efficient sequence timing with TRSE offsets any
time penalty due to the additional refocusing pulse. A
simple comparison using idealized sequence timing (zero
RF pulse length, zero gradient ramp time) shows that the
TRSE sequence will always be more efficient (i.e., shorter
TE for the same B-value) than the Stejkal-Tanner SE for
realistic readout times. Define ¢, as the readout time before
the echo, and ¢, as the gradient preparation time after the
excitation pulse. Then

Bw [TE—t,—t,]° "
Bi‘STf ﬂ >0 1 tr>tp [4]

where By, is the B-value of the Stejkal-Tanner SE sequence
and B,y is the B-value of the TRSE sequence for a given
TE. For example, a Stejkal-Tanner SE sequence with a B of
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1000, t, of 16 ms, gradient strength of 40 mT/m, and a
refocusing pulse length of 4 ms will have a TE of about
76 ms. A similar TRSE sequence with a ¢, of 4 ms and a 3,
of 7 ms will have a TE of 59 ms—a 22% decrease in TE.

As can be seen in the phantom data (Fig. 2) for our
Sonata system, the dominant time constant is sufficiently
distinct to allow cancellation of the majority of eddy dis-
tortion by nulling a single time constant. Fortunately, the
cancellation function has a broad minimum around the
putative null; thus the majority of benefit can be achieved
without precise characterization of eddy current spatial
and temporal distribution. As shown in the phantom data
from our Sonata, different image orientations have slightly
different putative nulls. This likely results from a super-
position of eddy currents with slightly different decay
constants, each with a different spatial distribution, and
each more or less dominant depending on the orientation
of the image axes. In the tested cases, the worst-case timing
for TRSE produced about one-third of the misregistration
variance of a Stejkal-Tanner SE diffusion sequence with
equal B and similar timing.

Additional new sequence designs to cancel eddy cur-
rents of more than one decay constant can be formed by
adding more refocusing pulses. Each additional pulse pro-
vides an additional degree of freedom, and could simulta-
neously cancel eddy currents with different decay con-
stants. Although feasible, practicality issues such as added
complexity, necessarily longer TEs, increased RF power
deposition, the need for characterization of spatial depen-
dence, and the presence of parasitic echoes make the im-
plementation and use of such sequences uncertain.

CONCLUSIONS

We have presented a method to improve multidirectional
diffusion images by reducing spatial distortion caused by
eddy currents. Addition of a second refocusing pulse to
the SE-EPI sequence changes the timing and number of
diffusion-encoding gradient pulses. Distortion is reduced
by adjusting the new sequence’s timing to null eddy cur-
rents with a single time constant. We have demonstrated
improved image quality using the new sequence without
any loss of scanning efficiency or effectiveness, and with-
out any calibration and/or correction of images.
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