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Small gradient fields resulting from incompletely canceled 
eddy currents can cause geometric distortion in echo-planar 
images. Although this distortion is negligible in most echo- 
planar applications, the large gradient pulses used in diffu- 
sion-weighted echo-planar imaging can result in significant 
image distortion. In this report, it is shown that this distortion 
can be significantly reduced by the application of bipolar 
gradient waveforms. Both bipolar diffusion-sensitizing gradi- 
ents and an inverted gradient preparatory pulse were exam- 
ined for minimizing the eddy currents responsible for these 
distortions. 
Key words: magnetic resonance imaging; diffusion; echo pla- 
nar; distortion correction. 

INTRODUCTION 

Diffusion-weighted (DW) imaging has recently shown 
significant clinical utility in the diagnosis and manage- 
ment of acute stroke (1-3), diseases related to myelina- 
tion of white matter (4-6), and characterization of brain 
tumors (7, 8 ) .  Conventional spin-echo DW imaging tech- 
niques are highly sensitive to patient motion, which 
leads to artifacts in the reconstructed images. Single-shot 
DW echo-planar imaging (EPI) is nearly insensitive to 
patient motion and, therefore, is very promising for map- 
ping diffusion coefficients in the brain. Calculated image 
maps of the trace of the apparent diffusion coefficient, 
diffusion anisotropy, or the full diffusion tensor require 
the acquisition of several images with different degrees 
and orientations of diffusion weighting (4,s). Obviously, 
any misregistration between images due to motion or 
image distortion will lead to inaccuracies in the calcula- 
tions. 

Many new clinical MRI systems are equipped with 
imaging gradients that can achieve relatively large gradi- 
ent amplitudes (e.g., 23 mT/m on our system) and fast 
slew rates (e.g., 120 mT/m/ms). These high-performance 
gradients are capable of much greater diffusion weighting 
at reduced echo times, thereby improving the signal-to- 
noise ratios of the diffusion measurements and image 
quality. Unfortunately, these increased gradient ampli- 
tudes and slew rates also induce significant eddy cur- 
rents, which, if not properly compensated, can result in 
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geometric distortions. Recently, it has been shown that 
these distortions can be modeled with a simple affine 
transformation, and then can be corrected retrospectively 
using an appropriate dewarping on the acquired images 
(9). 

Improvements to eddy current compensation electron- 
ics or the pulse sequence gradient waveforms may be 
able to minimize these distortions and eliminate the need 
for postprocessing of the distorted images. In this note, 
we present evidence that the distortion can be almost 
completely eliminated by the use of bipolar gradient 
waveforms. 

THEORY 

Residual gradient fields from eddy currents, which are 
on during the echo-planar readout, will lead to shifts and 
distortions in the reconstructed image. These shifts will 
principally be in the blipped-gradient direction y due to 
the low image bandwidth in that direction. The direction 
and amplitude of the residual gradient will determine the 
type and magnitude of the distortion as predicted by 
Haselgrove and Moore (9). A residual gradient in the 
readout (x), blipped-gradient (y) and slice-encode ( z )  di- 
rections will lead to shear, scaling, and translation dis- 
tortions, respectively, in the y direction. 

Eddy currents will be induced whenever a gradient 
pulse is turned on or off. The eddy currents will be 
primarily a function of the amplitude of the gradient 
transition and will be a superposition of multiple expo- 
nential decay terms (10, 11). For simplicity, we will 
examine a single exponential decay with time constant, 
T. For a trapezoidal gradient waveform, the rise and fall 
portions of the diffusion-gradient will induce equal eddy 
currents, but of opposite sign. The eddy current for a 
single trapezoidal gradient can be described by 

where t ,  and t ,  are the times of the rise and fall portions 
of the trapezoid (refer to first trapezoid in Fig. la) ,  t is the 
time from the initial start of the sequence ( t  > t ,  > t , ) ,  
and lo is the initial eddy current amplitude for each 
transition. Therefore, for a relatively short trapezoidal 
pulse, the eddy currents induced by the rising and falling 
ramps will tend to cancel each other out, which will lead 
to minimal residual gradients. If, however, the trapezoid 
is relatively long in duration, such as the case for diffu- 
sion gradients, then the eddy currents from the rise and 
fall ramps of the gradient waveform will not totally can- 
cel, and there will be residual eddy currents after the 
gradient pulse. The amplitude of the residual eddy cur- 
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FIG. 1. Schematics of pulse-sequence timing. (a) Standard DW 
spin-echo EPI sequence (I). (b) Bipolar DW EPI sequence (11). (c) 
Standard DW EPI sequence (Ill) with gradient prepulse. Although 
shown as rectangles, the gradient waveforms are actually trape- 
zoidal with finite ramp widths. 

rents will be a function of the pulse amplitude and the 
pulse duration. 

In DW imaging, at least two diffusion gradients are 
applied. For a pair of diffusion gradients with the same 
polarity, as shown in Fig. l a ,  the residual eddy current 
after the second diffusion gradient is 

e'd'') ] [21 I = ] o e - f l T [ ( e f d T  - e f b / 7  + - 

where to and f, are the start and end times of the second 
trapezoid. For long eddy current time constants, Eq. 121 
can be approximated by the linear relationship, 

I J,,e-f'T[(fo - f b )  + ( t ,  - f d ) ] / T  [31 

If the duration of both diffusion gradients are equal, the 
residual eddy currents are approximately double that of a 
single gradient pulse. 

Conversely, the eddy currents generated by a pair of 
diffusion gradients with opposite polarity, as shown in 
Fig. Ib ,  will tend to cancel 

I z= ~,,e~*"[(f0 - f b )  - ( f ,  - t d ) ] / T  I. 0 [4] 

If the pulses are otherwise identical, the y distortion will 
be equal, but in opposite directions. For example, if a 
positive gradient pulse causes the image to shift by -yo,  
then a negative gradient pulse will cause the image to 
shift by +yo. 

The timing of a standard DW spin-echo sequence is 
illustrated in Fig. la .  One diffusion gradient pulse is 
applied on each side of the 180' refocusing pulse. For 

this pulse sequence, the diffusion weighting can be de- 
scribed by 

S = Soe-bD [51 

where So is the signal strength ignoring diffusion, D is the 
diffusion coefficient, and b is the diffusion weighting 
factor (12) 

Here, y is the gyromagnetic ratio, G(t) is the gradient 
waveform, and TE is the echo time. If the diffusion 
weighting contributions from the imaging gradients are 
ignored, Eq. [6] and the gradient transition times are 
short, Eq. [2] becomes 

where Gd is the diffusion gradient amplitude, S is the 
width of each diffusion gradient, and A is the time dif- 
ference between the start of the first diffusion gradient 
and the start of the second. The actual calculation for 
trapezoidal diffusion gradients was described by Price 
and Kuchel (13); however, this is a very small correction 
for the case of relatively short ramp times. In Fig. l a ,  both 
diffusion gradients have the same polarity, and therefore, 
will have residual eddy currents in the same direction 
that will add linearly. 

Based upon the previous discussion, i t  would seem 
that the eddy currents and distortion may be minimized 
by using more optimal diffusion gradient waveforms. 
One obvious solution is to use bipolar diffusion gradients 
on each side of the refocusing pulse as illustrated in Fig. 
1b. For bipolar diffusion gradients with no delay between 
each lobe, Eq. [7] becomes 

Since there are two sets of bipolar pulses for the sequence 
in Fig. Ib ,  the b value will be twice the result of Eq. (81. 
The effective diffusion weighting for two sets of bipolar 
gradient pulses is less than 25% as efficient as the orig- 
inal unipolar diffusion gradients shown in Fig. 'la. By 
increasing the duration of the bipolar diffusion gradients 
in Fig. 1b by 59%, diffusion weighting close to the unipo- 
lar case can be achieved. The penalty for doing this is an 
increase in the minimum echo time. The use of bipolar 
diffusion gradients for canceling self-induced gradients 
in DW spin-echo imaging (non-EPI) sequence was de- 
scribed previously by Trudeau et al. (14). The minimiza- 
tion of self-induced gradients resulted in  more accurate 
measurements of diffusion anisotropy. This should also 
be the case for our pulse sequence, in addition to remov- 
ing the distortion from the EPI readout with the self- 
induced gradients. 

If the time constants for the eddy currents are suffi- 
ciently long, the distortion can also be compensated by 
applying an inverted preparatory gradient pulse before 
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the initial 90” RF excitation as illustrated in Fig. lc .  This 
gradient pulse does not contribute to the diffusion 
weighting, but does generate eddy currents. The ampli- 
tude and duration of this gradient should be as least as 
great as the amplitude and twice the duration of each 
diffusion gradient. The advantage of this technique is 
that it does not require an increase in the minimum echo 
time. Gibbs and Johnson (15) previously implemented 
and reported using gradient prepulses to cancel the ef- 
fects of eddy currents in DW NMR spectroscopy. They 
demonstrated that eddy currents from the diffusion gra- 
dients attenuated the NMR peaks, when the gradient 
prepulses were not used. 

METHODS 

All imaging was performed at 1.5 Tesla GE SIGNA MRI 
scanner (General Electric Medical Systems, Milwaukee, 
WI) with actively shielded gradients using the 5.5 oper- 
ating system. The gradient system was operated with a 
maximum strength of 23 mT/m and a slew rate of 120 
mT/m/nis on all three axes. EPI images shown in this 
report were obtained using a quadrature “birdcage” 
transmit-receive head coil and a DW spin-echo EPI tech- 
nique. 

Our experiments were designed to test two different 
eddy current compensation schemes to see how well 
they eliminate the associated distortions. The resultant 
images will be compared against the conventional unipo- 
lar diffusion gradients illustrated in Fig. la .  The two 
configurations that were tested include (1) bipolar gradi- 
ents on each side of the 180’ refocusing pulse (Fig. 1b) 
and (2) inverted gradient prepulse with unipolar diffu- 
sion gradients (Fig. Ic). The gradient pulses were trape- 
zoidal with ramp times of 248 ps. 

DW brain images of a human volunteer were acquired. 
The base sequence was a spin echo with a fractional 
echo-planar readout (76 phase encodes out of 128) to 
minimize the echo time. The imaging parameters were 
TR = lOOO-ms, 22 X 22-cm” field-of-view, 128  X 128 
acquisition matrix, a receiver sampling bandwidth of 
Z84 kHz, and a 7-mm slice thickness. Nine individual 
images were averaged together to improve the image 
signal-to-noise ratio. A series of four averaged images 
was obtained in each case: (1) no diffusion weighting, (2) 
diffusion weighting in x, (3) diffusion weighting in y ,  and 
(4) diffusion weighting in z. For all experiments, the 
amplitudes of the diffusion gradients and the preparatory 
pulse was 2.2 G/cm. For each of the three diffusion 
imaging schemes examined, the diffusion timing param- 
eters, S and A,  the prepulse width, A ,  the diffusion 
weighting factor, b. and the echo time, TE, are listed in 
Table 1. The length, A ,  of the preparatory pulse in se- 

Table 1 
Experimental Timing Parameters 

6 h b TE A 
(ms) (ms) (dmm‘) (ms) (ms) 

Method (sequence) 

Unipolar ( I )  31 37 893 97 

Unipolar w/prep (Ill) 31 37 893 97 120 
Bipolar (11) 27 27 905 143 

quence 111 was determined empirically, by applying an 
inverted prepulse without diffusion gradients and trying 
to match the distortions observed with the unipolar dif- 
fusion gradients. A pulse of 120 ms closely matched the 
distortion of the images in sequence I with the diffusion 
weighting factors listed in Table 1. 

A stroke patient was then imaged with the bipolar 
gradient sequence (11). Identical imaging parameters to 
those described for the volunteer were used except TR = 
1800 ms and 10 individual images were averaged in each 
diffusion weighting direction to improve the image qual- 
ity. Four 7-mm thick slices were imaged in each TR 
period. 

Images of the directional diffusion coefficients, D,,\., 
Dm, and D,,, were estimated from the directional DW 
images by rewriting Eq. 151 in terms of two DW images for 
the direction i, 

Ins, - Ins,  D .  = -___- 
bi - b, 

191 

where bj is the diffusion weighting in that direction, Si is 
the DW image intensity, b, is the diffusion weighting 
factor with the diffusion gradients set to zero, and So is 
the image intensity with the diffusion gradients turned 
off. For simplicity, we do not take into account the dif- 
fusion weighting from imaging gradients into our calcu- 
lations, and assume that b, is zero. This will lead to small 
errors in the true calculation of D. The trace of the diffu- 
sion tensor, D ,  was then generated by taking the average 
of the directional diffusion coefficients, 

D = tr{D} = (D,yA + DVv + D,, ) /3  I101 

The degree of diffusion anisotropy was calculated as the 
root mean square deviation of the directional coefficients 
from the trace, 

It is obvious that misregistration between DW images 
will lead to significant errors in the trace and anisotropy 
image calculations. 

RESULTS 

A set of images of the volunteer with and without diffu- 
sion weighting for the uncompensated (I) sequence are 
shown in Fig. 2. Diffusion weighting is applied in the x, 
y ,  and z directions in parts b, c, and d, respectively. The 
distortion of these images is obvious. The x diffusion 
gradient (Fig. 2b) seemed to induce primarily a scaling 
artifact, whereas the y diffusion gradient (Fig. 2c) caused 
a shearing artifact. This distortion behavior is indicative 
of cross-term (x/y) eddy currents in our system. Figures 
2e and 2f show the trace and anisotropy images that were 
obtained from the four raw DW images in (a-d). The 
effects of the image distortion is especially evident in 
these composite images. The border of the head in both 
the trace and anisotropy images is bright and the ana- 
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eddy currents. Each of the averaged raw images (a-d) 
including the baseline non-DW image, show a region of 
hyperintense signal indicative of the stroke location. The 
trace image (Fig. 5e] demonstrated a small drop in the 
apparent diffusion coefficient of the ischemic region 
(0.86 x l o p 5  cm2/s) relative to the unaffected brain tissue 
on the contralateral side (0.99 x cm2/s), which is 
consistent with the ischemic region being past the hyper- 
acute phase (17-19). Since the drop in the diffusion trace 
value was relatively small (-14%), the hyperintense sig- 
nal in Figs. 5a to 5d) is probably due to a result of long T2. 
The diffusion in this region appeared to be highly isotro- 
pic as indicated by the anisotropy map in Fig. 5f. Con- 
versely, the regional directionality of cerebrospinal fluid 
flow in the ventricles appears as a high degree of anisot- 
ropy in this map. The diffusion images at the other slice 
locations were similar. 

In all images, there is some geometric distortion due to 
magnetic field inhomogeneities, particularly due to the 
air within the frontal paranasal sinuses. This distortion 
was not influenced by either of the eddy current com- 
pensation schemes (either I1 or 111). 

FIG. 2. Average DW images obtained with the standard DW se- 
quence (I): (a) no weighting, (b) x ,  (c) y,  and (d) z. The x and y DW 
images demonstrated obvious scaling and shearing distortions, 
respectively. These images were combined to estimate maps of 
the (e) diffusion trace and (r) anisotropy. Misregistration of the DW 
images led to significant errors in the calculated images as is 
illustrated by the bright bands at the top and bottom periphery of 
the head. 

tomic features seem to be somewhat blurred, which is 
indicative of the image misregistration. This is consistent 
with the misregistration artifacts due to eddy currents 
described by Pierpaoli et al. (4). 

Bipolar DW images (sequence 11) of the same volunteer 
are shown in Fig. 3. The images do not seem to show any 
significant distortion. There is no evidence of image mis- 
registration between images in the trace and anisotropy 
images of Figs. 3e and 3f. Anatomic features appear much 
sharper in these images than for the uncompensated DW 
images shown in Fig. 2. 

The DW images in Fig. 4 obtained with sequence 111 
demonstrate much less distortion than the uncompen- 
sated sequence. The trace and anisotropy images (Figs. 4e 
and 40, however, reveal some misregistration, which is 

I 

indicative that the eddy current correction was not per- FIG. 3, Average DW images obtained with the bipolar pulse se- 
fect. 

The DW images for the 63-year-old n-~ale stroke Patient 
at one of the slice locations are shown in Fig. 5. None of 
the images demonstrated significant distortion due to 

quence (11): (a) no weighting, (b) x ,  (c) y,  and (d) z. Estimated maps 
of the diffusion (e) trace and (f) anisotropy are shown. No signifi- 
cant distortion is observed in the average DW images or the 
calculated images. 
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since the eddy currents and associated distortion have 
been minimized. Since echo-planar images be Ob- 

very WicklY, a large number of in1ages call be 
obtained and averaged to improve the Signd-tO-nOiSe 
ratio. The diffusion weighting efficiency can also be im- 

FIG. 5. DW images of a stroke patient acquired using the bipolar 
sequence (11): (a) no diffusion weighting and diffusion weighting in 
(b) x ,  (c) y ,  and (d) z. The estimated diffusion (e) trace and (9 
anisotropy maps are shown. The stroke region is highlighted by an 
arrow to the hyperintense region in (c). 
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Eddy currents can also be problematic in other types of 
DW imaging sequences including turbo-gradient echo 
(16), spiral scan ( Z O ) ,  and radial scan (21) techniques. 
Bipolar DW techniques should significantly reduce the 
eddy currents during the readout and improve the image 
quality for these sequences as well. Conversely, diffusion 
trace-weighted imaging techniques (22), which imple- 
ment bipolar diffusion gradients, should inherently be 
less sensitive to eddy currents. 

It should be noted that this technique does not correct 
for image distortions associated with other sources of 
magnetic field inhomogeneities from magnetic suscepti- 
bilities and poor static field uniformity. These distortions 
can be quite significant in echo-planar images, which can 
lead to potential misdiagnoses. These distortions can be 
minimized by increasing the sampling rates or using 
multiple-shot EPI techniques. Recently, postprocessing 
techniques have been described for correcting these dis- 
tortions by using a measured field map (23). 

These results are very promising, yet are still prelimi- 
nary. Further work needs to be performed to validate 
these results in general to determine the robustness of the 
distortion elimination. 

CONCLUSION 

The results in this study would indicate that it is possible 
to significantly reduce image distortion due to eddy cur- 
rents in DW EPI by optimizing the gradient waveforms. 
Elimination of image distortion is crucial for good image 
registration between DW images when calculating com- 
posite diffusion images, such as the trace, anisotropy, or 
tensor. The use of bipolar diffusion gradients does not 
require either calibration of the gradients or postprocess- 
ing of the images. 
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