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Eddy Current-Nulled Convex Optimized Diffusion
Encoding (EN-CODE) for Distortion-Free Diffusion Tensor
Imaging With Short Echo Times

Eric Aliotta,"* Kévin Moulin,"' and Daniel B. Ennis*#3*

Purpose: To design and evaluate eddy current-nulled convex
optimized diffusion encoding (EN-CODE) gradient waveforms
for efficient diffusion tensor imaging (DTI) that is free of eddy
current-induced image distortions.

Methods: The EN-CODE framework was used to generate
diffusion-encoding waveforms that are eddy current-compen-
sated. The EN-CODE DTl waveform was compared with the
existing eddy current-nulled twice refocused spin echo (TRSE)
sequence as well as monopolar (VONO) and non-eddy cur-
rent-compensated CODE in terms of echo time (TE) and image
distortions. Comparisons were made in simulations, phantom
experiments, and neuro imaging in 10 healthy volunteers.
Results: The EN-CODE sequence achieved eddy current com-
pensation with a significantly shorter TE than TRSE (78 versus
96 ms) and a slightly shorter TE than MONO (78 versus 80
ms). Intravoxel signal variance was lower in phantoms with
EN-CODE than with MONO (13.6 =11.6 versus 37.4 +25.8)
and not different from TRSE (15.1 =11.6), indicating good
robustness to eddy current-induced image distortions. Mean
fractional anisotropy values in brain edges were also signifi-
cantly lower with EN-CODE than with MONO (0.16 = 0.01
versus 0.24 +0.02, P<1 x 10®) and not different from TRSE
(0.16 = 0.01 versus 0.16 = 0.01, P = nonsignificant).
Conclusions: The EN-CODE sequence eliminated eddy cur-
rent-induced image distortions in DTl with a TE comparable to
MONO and substantially shorter than TRSE. Magn Reson
Med 000:000-000, 2017. © 2017 International Society for
Magnetic Resonance in Medicine.
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INTRODUCTION

Diffusion-weighted imaging (DWI) uses large amplitude
gradient pulses to impart sensitivity to diffusion in the
MRI signal amplitude. These same gradients, however,
induce eddy currents within conductive hardware com-
ponents in the MRI system, which generate additional
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magnetic fields. The use of active-gradient coil shielding
(1-3), advanced gradient coil designs (4), and gradient
pre-emphasis corrections (5,6) has reduced the magni-
tude and effect of eddy currents, but they can still lead
to substantial image distortions with the large amplitude
gradient pulses used in DWI. These image distortions are
especially apparent in echo planar imaging (EPI)—the
readout most commonly used in both DWI and diffusion
tensor imaging (DTI)—which is particularly sensitive to
magnetic field perturbations. Within a specific protocol,
eddy current—induced image distortions are dependent on
the direction and magnitude (ie, b-value) of the diffusion-
encoding gradients, which leads to misregistration among
different DWI and confounds diffusion tensor reconstruc-
tion if not carefully corrected for in postprocessing (7,8).

In addition to improved gradient hardware and postpro-
cessing methods, modified pulse-sequence approaches are
another solution strategy. For example, the twice-
refocused spin-echo (TRSE) pulse sequence (9) signifi-
cantly reduces eddy current-induced image distortions.
The TRSE sequence balances the eddy currents produced
by each diffusion-encoding gradient ramp by using a
bipolar gradient encoding design and an additional refo-
cusing pulse. Twice-refocused spin-echo is an effective
technique for mitigating eddy current-induced distor-
tions, but it significantly increases echo times (TEs) com-
pared with conventional monopolar (MONO) encoding.
This is particularly true for low to moderate b-values
(b <1000 s/mm?) and long EPI readouts (> 50 ms, ie, high
spatial resolution imaging). The use of two refocusing
pulses also enhances sensitivity to B; imperfections and
increases specific absorption rate deposition (10).

Recently, convex optimized diffusion encoding (CODE)
was described as a framework for generating time-optimal
(minimum TE) gradient waveforms for spin-echo EPI (SE-
EPI) DWI (11). The CODE framework formulates the
design of the diffusion-encoding gradient waveforms as a
constrained (ie, gradient hardware limits, pulse sequence
timing constraints, b-value, and gradient moment require-
ments) convex optimization problem. Consequently,
CODE can efficiently determine the diffusion-encoding
gradient waveform that optimally satisfies all require-
ments and produces the shortest TE.

In this work, the CODE framework was used to design
eddy current—-compensated diffusion-encoding gradient
waveforms for DTI that is free of eddy current image dis-
tortions with a single refocusing pulse. To do so, an
additional eddy current nulling constraint was incorpo-
rated into the CODE optimization framework. The resul-
tant eddy current-nulled convex optimized diffusion



encoding (EN-CODE) gradient waveforms shorten the TE
compared with both TRSE and MONO DTI, particularly
for low b-values and high spatial resolution imaging.
The EN-CODE sequence was evaluated using eddy cur-
rent simulations as well as imaging in both phantoms
and healthy volunteers.

THEORY
CODE Optimization Framework

The previously reported CODE framework uses convex
optimization to design diffusion-encoding gradient wave-
forms that minimize TE in SE-EPI DWI for a given b-
value with no explicit constraint on gradient waveform
shape or symmetry (11). Minimum TE waveforms are
achieved by first maximizing the b-value for any particu-
lar sequence timing, which is given by

2 Touy 2
b=y / F(t)*dt [1]
0

where b is the b-value; v is the gyromagnetic ratio of 'H;
Tpigr is the time corresponding to the end of diffusion
encoding, and

F(t) = /O t G(t)dr [2]

where the time t=0 corresponds with the center of the
excitation pulse.

However, because the b-value (Eq. [1]) is a convex and
nonunique function of G(t), it does not contain a single
maximum that can be determined through convex optimi-
zation. To facilitate convex optimization, the objective func-
tion can be reformulated by defining the function, B, as

Tpigy
B:/ " F(t)dt (3]

The magnitude of B corresponds directly with the b-
value, but it is a concave functional of G(t) (ie, its second
variation is negative definite (12)); thus, it contains a
unique maximum that can be determined using convex
optimization. Consequently, the gradient waveform G(t)
that maximizes B (and thus the b-value) can be deter-
mined using the following objective function:

G(t) = argmax B(G) [4]
G

G(t) is defined discretely and arbitrarily on t=medt, in
which m is an integer number of gradient time points,
and dt is the temporal discretization of the optimization.

Optimization Constraints

In addition to maximizing the b-value, CODE diffusion-
encoding gradient waveforms must also be achievable on
an MRI system. Therefore, the CODE optimization
includes three constraints: (i) pulse sequence timing con-
straints to ensure that gradients are off during periods of
radiofrequency activity and during readout; (ii) gradient
moment constraints to ensure that the total gradient area
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(ie, My) is zero and that higher-order gradient moments
(M4, M) for motion-compensated diffusion encoding are
zero as needed (M; and M, were not nulled in the pre-
sent study); and (iii) hardware constraints to limit the
gradient waveform design to operate within gradient
amplitude and slew-rate limits. The EN-CODE sequence
adds a fourth constraint on the diffusion-encoding gradi-
ent waveform for eddy current nulling.

Eddy Current Model

Eddy currents are generated within various conductive
MRI hardware components during the application of
time-varying gradient pulses. Eddy currents predomi-
nantly exhibit exponential decay over time and can be
modeled as a resistive-inductive circuit. The eddy cur-
rents generated during equivalent gradient ramp-up and
ramp-down intervals (eg, in a trapezoidal gradient wave-
form) are equal in magnitude and opposite in direction.
Exponential decay of the eddy currents generated at ear-
lier time points, however, leads to imperfect cancellation
and a nonzero superposition of the eddy current—
induced magnetic fields (Bgc). These magnetic fields can
persist during the EPI readout and result in deviations
from the target k-space trajectory and substantial image
distortions. By modeling the induced eddy currents with
a resistive-inductive circuit Bgg from an arbitrary gradi-
ent waveform, G(t) can be described as follows (13):

Bro(t) = 3. w(xi)(g o) (5]

where * is the convolution operator; \; are the time con-
stants of eddy current decay; and w is a system-
dependent scaling factor for each \;. Previous approaches
have effectively eliminated eddy current-induced image
distortions by compensating for a single A (9,14). Consid-
ering only a single A reduces the problem to

Bre(h, 1) = w(n) 90 « et (6]
dt

In general, w is scanner-dependent scalar value, but it is
not necessary to know the value to null eddy currents
for any single A, if the convolution term can be mini-
mized at a specific time. Therefore, a new function
is defined that is proportional to Bgc, but independent
of w:

dG ;
= xen 7
e(\, 1) are [7]
An eddy current nulling constraint can then be defined
using Equation [7] as follows:

8()\nu]]a Tlef) =0 [8]

where A\, is the target decay constant to be nulled.
Importantly, nulling eddy currents at Tp; ensures that
eddy current contributions from the diffusion-encoding
gradient waveform are zero for all t > Tp;yp.

Comparing the magnitude of eddy current-induced
artifacts between two different pulse sequences is
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FIG. 1. The EN-CODE gradient optimization algorithm. The time-optimal solution is determined by finding the minimum TE for which a
diffusion-encoding gradient waveform that is both consistent with all constraints and achieves the target b-value (biarger) €Xists. Successive
binary searches divide the TE search space with each call of the convex solver. The function B (Eq. [4]) is directly related to the b-value
(ie, maximizing B also maximized the b-value) and is compatible with convex optimization. The EN-CODE algorithm is equivalent to the
previously described CODE algorithm with the added eddy current nulling constraint.

typically an empirical exercise. Note, however, that
Equation [7] can also be used to define the eddy current
characteristics of any diffusion-encoding gradient wave-
form, which we term the “eddy current spectrum.” By
calculating e(\,t) over a range of \, and at the end of dif-
fusion encoding (Tp;f), the eddy current spectrum can be
compared among different diffusion-encoding gradient
waveforms. Importantly, because w is not included in
this formulation, the eddy current spectrum is system-
invariant.

Solution Strategy

The time-optimal EN-CODE gradient waveforms are deter-
mined by finding the minimum TE for which a gradient
waveform exists that is consistent with all constraints and
reaches the desired b-value. This is efficiently accom-
plished using a binary search through a TE search space
with each iteration of Equation [4] (11,15) (Fig. 1). Upper
and lower limits on TE (TEy and TE;) are first defined to
initialize the optimization. TEy is defined by the TE of
MONO plus 20 ms, which was a suitable upper bound in

all cases examined. TE, is defined by the TE of a spin-
echo sequence without diffusion-encoding gradients,
which has a minimum TE of T, + 2T, in which T, is
the duration of the EPI readout before the spin echo
(exactly half of the readout time for full-Fourier imaging)
and Tgo is the refocusing pulse duration.

METHODS
Simulations

The EN-CODE diffusion-encoding gradient waveforms
were designed with a range of individual A\, (10-100
ms, ANy, =10 ms) using the algorithm shown in Figure
1. This range of A,, values was chosen to match the
time scale of the DWI pulse sequence and corresponds
with values that have been previously shown to be rele-
vant on a clinical MRI system (9,10,14). The simulated
pulse-sequence parameters were b=1000 s/mm?, band-
width =1852Hz/pixel (0.6 ms echo spacing), T.=27.5
ms and Ti50=05.2 ms, corresponding with a neuro DTI
protocol with 1.7-mm in-plane resolution and a 300 x
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Table 1
The DWI/DTI Protocol Details for Both Phantom and In Vivo Imaging
FOV (mm) Resolution (mm) b-value (s/mm?) TR (ms) TE (ms) Other
MONO 80
CODE 300 x 300 1.7 x 1.7 x 5.0 1000 2300 " 2x GRAPPA 5 averages 15 slices
TRSE 96 Band width = 1852 Hz/px
EN-CODE 76-78

300mm field of view (FOV) that was subsequently used
for phantom and in vivo imaging. Hardware constraints
were defined for a 3 Tesla (T) MRI scanner with high-
performance gradients (Gphax=80 mT/m and SRyax=
200 T/m/s), but with G, limited to 76 mT/m and SR, .«
limited to 50 T/m/s to limit peripheral nerve stimulation
during diffusion encoding. All optimizations were per-
formed in MATLAB (The MathWorks, Natick, MA) using
the CPLEX linear solver (IBM Corp, Armonk, NY) and
the YALMIP toolbox (16) with a time step dt=100ps
that maintained EN-CODE gradient waveform computa-
tion times to less than 5min without notably affecting
the minimum possible TE.

Analogous TRSE diffusion-encoding gradient wave-
forms were also designed using the same pulse-sequence
parameters and hardware constraints and with the same
Aun values used for EN-CODE. Conventional MONO
waveforms and non-eddy current-compensated CODE
waveforms were also designed. Eddy current spectra
were then simulated for each diffusion-encoding gradient
waveform using Equation [7] for a range of A\ (0 to 100
ms, AN =1 ms) and Tp; matched to each sequence.

Echo time differences between EN-CODE and alterna-
tive diffusion-encoding methods were also evaluated.
Minimum TEs were compared over a range of b-values
(200 to 2000 s/mm?) and T. (10-60 ms) (corresponding
to approximately 0.5 to 3.0 mm isotropic in-plane resolu-
tion, with full-Fourier symmetric k-space coverage) using
(i) TRSE with A\, =80 ms; (ii) EN-CODE with A\, =80
ms; and (iii) MONO. A A\, of 80 ms was used based on
the findings of the phantom imaging experiments shown
subsequently.

Phantom Imaging

Phantom experiments were performed to evaluate eddy
current-induced image distortions among diffusion-
encoding methods and to determine the optimal A, for
our system. A phantom containing 50-mL conical tubes
(diameter of 5.5cm) of water submerged in a
susceptibility-matched fluid with a negligible MRI signal
(Fomblin, Solvay Solexis, West Deptford, NJ) was imaged
using a 3T scanner (Prisma, Siemens, Erlangen, Germa-
ny). The DWIs were acquired with b=1000 s/mm?* along
six diffusion-encoding directions (* x, *y, *z), 1.7 x 1.7
x 5mm spatial resolution (T.=27.5 ms), 15 interleaved
slices, parallel imaging acceleration factor of two with
GRAPPA (17), five averages to improve signal-to-noise
ratio, and repetition time (TR)=2300 ms (Table 1). All
acquisition parameters were matched, except TE, for all
diffusion-encoding schemes: (i) MONO (TE =80 ms); (ii)
CODE (TE=71 ms); (iii) TRSE with \,,;=20-100 ms
(TE=96 ms); and (iv) EN-CODE with A,,;;=10-100 ms

(TE=76-78 ms). A A\, of 10 ms was used for TRSE
and EN-CODE. Note that A\, ;=10 ms was not achiev-
able for TRSE with this protocol, because of timing con-
straints imposed by this particular T.. The EN-CODE
waveforms were calculated offline as described previous-
ly and then implemented on the scanner.

Eddy current-induced image distortions were evaluat-
ed for each diffusion-encoding waveform by measuring
the pixel-wise coefficient of variation (CoV) across the
three acquired directions. The mean global CoV (CoV,.
bal) Was then calculated within all water voxels (masked
to exclude the very low Fomblin signal in the b=0
images) as well as edge voxels (CoVgqg) at water-
Fomblin interfaces. Masking was performed using magni-
tude thresholding and built-in binary image operations
in MATLAB.

The optimal \,,; were determined for EN-CODE and
TRSE by comparing the mean CoVggg, from the acquisi-
tions with each of the 10 \,,; values. The N\, that led
to the minimum CoVgge was then used for in vivo
imaging.

Apparent diffusion coefficient (ADC) maps were also
reconstructed from each DWI set, and the mean global
ADC values were measured within all water voxels.

In Vivo Imaging

Neuro DTI were acquired in healthy volunteers (n=10)
to further compare the four diffusion-encoding protocols.
Four DTI sets were acquired: (i) MONO; (ii) CODE; (iii)
TRSE with A,un=80 ms; and (iv) EN-CODE with
Moull = 80ms. A A, of 80 ms was chosen for TRSE and
EN-CODE based on the phantom results. The in vivo pro-
tocol was identical to the phantom study, but with 20
diffusion-encoding gradient directions to facilitate tensor
reconstruction (Table 1).

Images were reconstructed using the manufacturer-
provided pipeline, and no additional image registration
or distortion correction was performed to correct for
eddy current-induced image distortion before offline
tensor reconstruction from each DTI set. Fractional
anisotropy (FA) maps were then generated offline from
the diffusion tensors. The mean whole-brain global FA
(FAGIobal) was measured for each diffusion-encoding pro-
tocol within a manually drawn whole-brain mask on the
b=0 images and in the outermost single-pixel layer from
the global mask (FAgge). To visualize differences in
eddy current-induced image distortion, FA-weighted
color maps of the diffusion tensor primary eigenvector
(red, green, and blue mapped to x, y, and z) were gener-
ated for each subject (18). A supplemental video is also
available online.
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EN-CODE Waveforms
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Eddy Current Spectra

e(M) [arb.]
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FIG. 2. (@) The EN-CODE diffusion-encoding gradient waveforms
designed for A\yyLL=20, 40, 60, 80, and 100 ms. Although EN-
CODE does not impose any specific gradient shape, the resultant
waveforms contain only trapezoidal and triangular pulses. (b) The
resultant eddy current spectra for each of the waveforms shown
in (@). Each waveform nulls the eddy currents with A=y
Aun=80 ms empirically produced the smallest eddy current—
induced image distortion on our system and was used for all in
vivo imaging. Note that while the location of the refocusing radiofre-
quency pulse varies slightly between waveforms in (a), the position
shown is approximated to improve visibility.

All values are reported as mean +1 SD, and compari-
sons were made using paired t-tests, in which P
values < 0.05 were deemed statistically significant.

RESULTS
Simulations

Figure 2 shows EN-CODE gradient waveforms generated
for a range of \,,n values and the corresponding eddy
current spectra, normalized to the largest peak. Each EN-
CODE gradient waveform nulled the eddy currents for
each specified Ay

Pulse sequence diagrams for MONO, CODE, TRSE
with A,u1 =280 ms, and EN-CODE with A\, =80 ms are
shown in Figure 3. Each was used for both phantom and
in vivo imaging. The TRSE had the longest TE (96 ms),
which was reduced to 80 ms with MONO, further
reduced to 78 ms with EN-CODE, and minimized to 71
ms with CODE. The eddy current spectra for each
sequence are shown in Figure 4. The MONO encoding
demonstrated the largest residual eddy currents across
all time constants (\), whereas CODE notably reduced
the eddy currents at all X while minimizing TE, com-
pared with the other three methods. The TRSE and EN-
CODE sequences demonstrated even greater eddy current
reductions, particularly for A > 20 ms.

The minimum TE for TRSE (A\,.1=80 ms), EN-CODE
(Mpunn =80 ms), and MONO over a range of b-values and
T., as well as TE differences between sequences, are
shown in Figure 5. The EN-CODE sequence had a shorter

TE than TRSE for 78% of the examined cases (TErrsg —
TEgn.cope = 20.8 =18.8 ms) and a shorter TE than
MONO in 65% of the cases (TEMONO - TEEN»CODE =3.1=*
12.7 ms) while conferring eddy current insensitivity. The
EN-CODE sequence had a longer TE than MONO for
short EPI readouts (T, < 25 ms) at b-values above 500 s/
mm? and a longer TE than TRSE for short EPI readouts
(T¢< 30 ms) at all b-values. For T.>30 ms, EN-CODE
had a shorter TE than MONO and TRSE for all b-values.
The choice of A\, had only a small effect on the TE for
EN-CODE (the maximum TE difference between \,.
values was 2 ms) and had no effect on TE for TRSE.

Phantom Imaging

CoVggge was plotted for MONO and CODE, and for TRSE
and EN-CODE, as a function of A,y (Fig. 6). CoVgqg, Was
greatest for MONO (CoVggge=37.4 + 25.8%) and reduced
by 39% with CODE (CoVgqge=22.8 = 18.0%). The mini-
mum CoVygge for EN-CODE was achieved with A\, =80
ms (CoVggge=13.6 +11.6%), which reduced CoVggge by

6(t) -l ‘ \
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a F TE
CODE —TE=71ms

. ' ‘ -

b :— Toi T‘

MONO — TE = 80ms
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— V
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EN-CODE — TE =78ms
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FIG. 3. Pulse sequence diagrams for b=1000 s/mm? with MONO
(a), CODE (b), TRSE (c), and EN-CODE (d) diffusion encoding. The
EPI time-to-echo, T, was 27.5 ms, which agrees with the 1.7-mm
in-plane spatial resolution (FOV=300 x 300mm) for all four
sequences. The MONO and CODE frameworks are both suscepti-
ble to eddy current distortions, whereas TRSE and EN-CODE are
eddy current-compensated. The EN-CODE sequence accom-
plishes eddy current nulling with a slight TE decrease compared
with MONO, whereas TRSE requires a significant TE increase
compared with MONO.

EPI I—P
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FIG. 4. Simulated eddy current spectra at the end of diffusion
encoding (Tpiy) for a range of eddy current decay time constants
(\) for each sequence are shown in Figure 3. Spectra are normal-
ized by the peak of the MONO spectrum. The MONO framework
generates the largest residual eddy currents for all values of A.
The CODE framework notably reduces eddy currents while mini-
mizing TE, whereas TRSE and EN-CODE lead to large reductions
for N greater than 20 ms and an eddy current null point at the
prescribed Ay =80 ms.

64% compared with MONO, and was used for subsequent
in vivo imaging. The TRSE sequence demonstrated mini-
mal variation with the choice of N (CoVgqge differences
were < 0.9% between \,,; values), so A, ;=80 ms was
also used for TRSE in vivo (CoVggge=15.1 * 11.6%).
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CoV maps for MONO, CODE, TRSE (A, =80 ms) and
EN-CODE (A, =80ms) in a single slice are shown in Fig-
ure 7a. The CoV was high for MONO near phantom edges
(water-Fomblin interfaces), indicating eddy current—
induced misregistration between images with different
diffusion-encoding directions. This effect was mitigated
with CODE and substantially reduced with TRSE and EN-
CODE, as shown in the CoVgigpar and CoVggge values
plotted in Figure 7b.

No significant differences were observed in mean ADC
values from any of the sequences. The MONO ADC was
2.1+ 0.3mm?/ms, the CODE ADC was 2.1 * 0.25 mm?/
ms, the TRSE (A,,u=80 ms), the ADC was 2.1=*
0.25 mm?/ms, and the EN-CODE (\,. =80 ms) ADC was
2.1+ 0.22 mm*/ms.

In Vivo Imaging

A representative neuro DTI example is shown in Figure 8.
The apparent SNR of the DWI from TRSE was lower com-
pared with the other sequences, because of the longer TE
(Fig. 8a) and the second refocusing pulse. Eddy current
distortion between diffusion-encoding directions in MONO
and CODE led to regions of notably elevated FA near brain
edges (Fig. 8b and 8c) that were largely eliminated with
TRSE and EN-CODE. Differences in eddy current-induced
image distortions among techniques are also demonstrated

TEtrse TEen-cope TEmono TE
60 60
50 50 L 159
w 40
g - 40 100
» 30 30 30
(B -

20 20 20 2 .

10 . 10 10 E A o
[sfeolololelelolololio] OO0 OO0 O OO0 0O0OODOO0DODO0O O
S¥EBSITESS S¥8I3SITERS SF88SIFERS

a b [s/mm 2] b [s/mm 2] b [s/mm 2]
TE+rse -TEen-cope TEmono-TEen-cobE  ATE
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v o4 4 |
£ 0 0 . .
e 30 30
20 20 20
101 10 -40
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) §P85E5885F  RPBISSTESS
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FIG. 5. (@) The minimum TE as a function of b-value and EPI time-to-echo, T, for TRSE, EN-CODE, and MONO diffusion encoding. (b)
Echo time differences between TRSE and EN-CODE (left) as well as between MONO and EN-CODE (right). Positive values (blue) indi-
cate EN-CODE has a shorter TE, whereas negative values (red) indicate EN-CODE has a longer TE. The EN-CODE sequence had
shorter TEs than TRSE in 78% of instances, and shorter TEs than MONO in 65% of instances. The black square indicates the parame-
ters used for phantom and in vivo imaging in this study, and are plotted in Figure 3. The upper row (T,=60 ms) corresponds to a DTI

protocol with approximate 0.5-mm in-plane spatial resolution with a
approximate 3.0-mm resolution.

full-Fourier readout; the lower row (T.=10 ms) corresponds to an
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FIG. 6. Diffusion tensor imaging distortion, quantified by the mean
coefficient of variation across diffusion-encoding directions within
phantom edges (CoVeqge), for each of the pulse sequences exam-
ined. Image reconstruction was performed using only the vendor-
provided pipeline, and no eddy current image distortion correction
was performed. The MONO framework was the worst (CoVegge =
37.4 + 25.8), whereas CODE performed slightly better (CoVegge =
22.8 +18.0). For MONO and CODE, these results are independent
of M- The TRSE and EN-CODE sequences substantially reduced
image distortion for all choices of N,y The CoVegge Was mini-
mized for EN-CODE with A\n =80 ms (CoVggge=13.6 *11.6),
which was used for subsequent in vivo imaging. The choice of
Mnun had little effect on distortion for TRSE, so A\, =80ms
(CoVegge = 15.1 = 11.6) was also used for TRSE in vivo.

in Supporting Video S1, which includes a second example
with a movie cycling through all diffusion-encoding
directions.

Global FA analysis is shown in Figure 9. The FA was
reduced with CODE compared with MONO (FAgioba =
0.24 +0.01 versus 0.25*+0.01, P=0.02; FAEdge: 0.21 =%
0.02 versus 0.24 * 0.02, P=3 x 10%). The FA was further
reduced with EN-CODE compared with MONO
(FAGIobal = 0.24 + 0.01 versus 0.25 *0.01, P=1.5 x 107
FAgqge=0.16 = 0.01 versus 0.24+0.02, P<1 x 107).
Similar FA reductions were observed with TRSE com-
pared with MONO (FAgioba=0.23 =0.01  versus
0.25*+0.01, P=1 x 107 FAEdge: 0.16 =0.01 versus
0.24 +0.02, P<1 x 10®). There was no significant differ-
ence between TRSE and EN-CODE for either FAgiopa Or
FAEdge-

DISCUSSION

The results of the simulations, phantom imaging, and in
vivo imaging all indicate that EN-CODE achieves a sig-
nificant reduction of eddy current distortions compared
with MONO. In simulations, EN-CODE reduced the TE
compared with MONO and TRSE for a wide range of
imaging and diffusion-weighting parameters, only failing
to do so for very short (ie, low-resolution) EPI readouts.

Symmetric, full-Fourier k-space coverage was used in
this work, but partial Fourier imaging can be used to
substantially shorten T, and thereby reduce TE, particu-
larly for TRSE and, to a lesser extent MONO, which
would reduce or eliminate the TE reduction of EN-
CODE. However, the use of partial Fourier leads to an
increase in bulk-motion sensitivity (19), the potential for
additional signal attenuation from eddy currents (20), a
broader point-spread function, and lower signal-to-noise
ratio. The EN-CODE sequence can be used to shorten TE
without the drawbacks of partial Fourier imaging. For
the protocol used in this study (1.7-mm in-plane resolu-
tion, b=1000 s/mm?), a partial Fourier factor of 6/8 (ie,
T, =20.6 ms) results in a TE of 78 ms for TRSE, which is
equivalent to full-Fourier EN-CODE.

Although EN-CODE reduced the TE compared with
TRSE and MONO for a wide range of acquisition param-
eters, it led to longer TEs for cases with high b-values
and very short (ie, low spatial resolution, partial Fourier)
EPI readouts. In these cases, the temporal footprint of
the readout within the TE is reduced, which improves
the efficiency of nonoptimized waveforms. Therefore,
TRSE may be a better choice for these applications. The
EN-CODE framework is compatible with a TRSE-like
double-echo sequence that, when combined, may also
confer TE reductions. However, this has not been evalu-
ated in the present study.

Eddy current distortions in EN-CODE were more sensi-
tive to the choice of A, than TRSE. This may be
because of the substantially lower gradient amplitudes
used in TRSE than in EN-CODE (gradient amplitude was
46 mT/m for TRSE versus 76 mT/m for EN-CODE). The
use of two refocusing pulses in TRSE causes the mini-
mum TE to be especially dictated by T, rather than b-
value (as shown by the flat TRSE TE distribution in Fig.

Coefficient of Variation Across Directions
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a TE = 80ms TE=T71ims TE = 96ms TE=78ms
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FIG. 7. (a) Coefficient of variation maps calculated across all
diffusion-encoding directions for each technique. (b) Mean CoV
values within all cylinders, CoVgopa (red), and within edge voxels
only, CoVeqge (blue). High CoV indicates large differences in signal
intensity between diffusion directions, which is indicative of eddy
current-induced image distortions. The CoV was largest with the
MONO sequence, reduced with CODE, and further reduced with
TRSE and EN-CODE, especially for edge voxels. (c) The segmen-
tation used for global analysis.
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FIG. 8. (a) Diffusion-weighted images from each technique with matched window and level, (b) reconstructed FA maps, and (C) FA-
weighted primary eigenvector maps in which the x, y, and z vector components are mapped to red, green and blue, respectively. The
MONO diffusion encoding leads to substantial eddy current image distortions, which lead to regions of artificially high FA (white arrows).
These were reduced with CODE and further reduced with TRSE and EN-CODE. The EN-CODE sequence, however, had a shorter TE
than TRSE (78 versus 96 ms), which led to higher apparent signal-to-noise ratio in (a).

5), which also indicates that higher b-values could have
been accomplished without increasing TE by increasing
gradient amplitude. This also led to lower slew rates for
TRSE (30 T/m/s), because ramp times were fixed for all
diffusion-encoding gradients in our vendor-provided
implementation of TRSE. Further optimization could
have therefore led to a slightly shorter TE for TRSE.
However, even with the higher gradient amplitudes and
higher slew rates, EN-CODE (A,,1=80 ms) achieved
equivalent eddy current-nulling performance to TRSE
()\null =80 ITIS].

The relatively flat behavior of EN-CODE for A, > 50
ms indicates that the technique is unlikely to be sensitive
to slight variations in hardware between scanners or to
the presence of multiple eddy current decay times. This
behavior is also consistent with the smooth eddy current
spectra for EN-CODE, as shown in Figure 2. Further

distortion reductions may be achievable by nulling multi-
ple values of A\, as previously shown in a double-echo
sequence (10), albeit with likely TE increases.

The in vivo neuro DTI results demonstrate that EN-
CODE improves diffusion tensor reconstruction without
the need for postprocessing eddy current corrections.
Although numerous image processing corrections exist
that improve DTI reconstruction in the presence of eddy
current distortions (8,20,21), an eddy current-nulled
diffusion-encoding approach avoids the added complexi-
ty and potential for errors (22), and EN-CODE achieves
this with no penalty, compared with MONO, over a
wide range of acquisition parameters.

It is possible that subject motion between diffusion-
encoding directions could have contributed to the observed
artifacts near the edges of the brain. However, the consis-
tency of our findings across 10 subjects indicates that eddy
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FIG. 9. (a) Mean global FA values measured in all brain voxels, FAgioba (red), and voxels along brain edges, FAgq4e (blue). * indicates signif-
icant differences from MONO (P < 0.05). (b) Example DWI and mask used for FAgiopa and FAgqge analysis. Notably, FAgqge Was highest
with MONO, decreased with CODE, and decreased further with both TRSE and EN-CODE. This indicates that CODE reduces eddy current
distortions compared with MONO and that both TRSE and EN-CODE further reduce them. Trends were equivalent for FAgiopa and FAgqge,
but changes were exaggerated in edge voxels, where distortions have a larger effect on the diffusion tensor.

current—induced image distortions were the predominant
cause of distortion in the MONO and CODE sequences.

Although it was not evaluated in this work, the tripo-
lar approach for eddy current nulling previously
described by Finsterbusch (14) also reduced the TE com-
pared with TRSE in many scenarios, and used only a sin-
gle refocusing pulse. The EN-CODE sequence has similar
benefits to this approach, but has the added flexibility of
optimally conforming to any set of sequence parameters.
Furthermore, the tripolar approach uses a gap between gra-
dient lobes to accomplish eddy current nulling, which
leads to suboptimal diffusion-encoding efficiency, which
extends the TE.

The EN-CODE gradients are not symmetric about the
refocusing pulse; therefore, concomitant magnetic field
corrections are needed to avoid significant image arti-
facts. A previously described linear correction was used
in this work (11,23), and no residual effects were
observed. This approach is used widely for TRSE and
was also used for CODE in this work.

Also noteworthy is that CODE, which does not explic-
itly account for eddy currents, improved eddy current
distortions compared with MONO, while substantially
reducing the TE. The CODE sequence has previously
been shown to reduce TE compared with MONO for a
wide range of b-values and EPI durations (11), indicating
that the CODE gradient design is both time optimal and
more robust to eddy current-induced image distortion
than MONO. However, both phantom and in vivo imag-
ing showed that some residual eddy current effects were
still present in CODE.

CONCLUSIONS

The EN-CODE sequence reduces eddy current—induced
image distortions in DTI by incorporating eddy current
compensation in the previously described CODE optimi-
zation framework. The EN-CODE framework also has a
shorter TE compared with MONO and TRSE over a wide
range of acquisition parameters.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article.

Video S1. (a) Movie cycling through diffusion-weighted images with differ-
ent diffusion-encoding directions from each technique, (b) reconstructed FA
maps, and (c) FA-weighted primary eigenvector maps, in which the x, y, and z
vector components are mapped to red, green and blue, respectively. The
MONO diffusion encoding leads to substantial direction-dependent eddy cur-
rent image distortions that lead to misregistration between DWI, resulting in
regions of artificially high FA. These image distortions (and high FA regions)
are reduced with CODE and further reduced with TRSE and EN-CODE.
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