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Single-shot echo-planar imaging is becoming the most widely
used technique for magnetic resonance diffusion imaging, since it
enables measurement of diffusion coefficients in human brain
without motion artifacts. However, its reliability is limited by
geometrical distortions due to eddy currents. In this report, an
isotropically weighted echo-planar pulse sequence, optimized to
give the maximum signal-to-noise ratio in the computed trace
image and designed to produce inherently low distortions, is pre-
sented. It is also shown how the residual translational distortion
can be easily characterized and removed by postprocessing. A full
characterization of the distortion artifact involves a few measure-
ments on a phantom, in order to estimate the distortion as a
function of slice orientation, which can then be used to correct any
slice orientation. Results of applying the image translation correc-
tion to data collected from a patient are presented. © 1999 Academic

Press

has resulted in a much more widespread dissemination of t
technique into the radiological community.

Since DW images are also inevitably-weighted, the ra-
diological interpretation of DW images is not without diffi-
culty. For this reason, it is desirable to produce a calculate
image of the apparent diffusion coefficient (ADC) from a
combination of an image without diffusion weighting and ar
image with weighting; this requires that the two images b
correctly registered. Unfortunately, diffusion weighting of
echo-planar images usually results in significant eddy curren
induced by the strong gradient pulses applied in DW imaging
Because of the low bandwidth in the phase-encoded directic
of echo-planar images, the eddy currents give rise to geomet
distortions in the phase-encode direction: a shift, shear, al

stretch on the imagel().

Furthermore, diffusion anisotropy, while being a potentially
useful source of information about tissue structure, may als
result in difficulties when interpreting changes in the diffusior
constant. With diffusion weighting applied in a single direc-
tion, a bright region on a DW image may be due either to
focal abnormality or to the particular alignment of tissue struc

Variations in the measured self-diffusion coefficient of tistures. It is, therefore, a good idea to use pulse sequences t
sue water accompany physiological differences in tissue at #ige contrast depending on the trace of the diffusion tensor,
microscopic level. MRI measures of diffusion have so fabtationally invariant measure of average diffusivity2( 13.
proved to be useful in the diagnosis of abnormalities, particu-There are several ways of achieving rotationally invarian
larly with regard to strokel-5), but the technique also has ameasures: the simplest is to separately apply the diffusic
great deal of potential in other diseases such as tunépen@ gradients in three orthogonal directions to produce three D\
in demyelinating disorders/( 8). Conventional spin-echo dif- images. The ADC maps for the three directions are the
fusion-weighted (DW) images are, however, highly sensitive talculated and averaged3d), and of course this solution re-
motion artifacts, such as cardiac-cycle-related pulsations, tuires at least four images, including the unweighted imag
voluntary subject movement, and flow of the cerebrospinalternatively, diffusion-sensitizing gradient schemes that re
fluid, due to the large gradients applie®).(Single-shot echo- sult in isotropic weighting can be used. Some very efficien
planar imaging (EPI), on the other hand, enables robust D¥¢hemes have been designed to give attenuation due to -
imaging without significant motion artifacts, since all the linegace of the diffusion tensor, and have diffusion-encodin
of k space are filled in a single acquisition, and thus no phageadients applied on three axek4(19. When used in con-
discontinuity arises between successive lir.(The imple- junction with single-shot EPI, this allows the collection of
mentation of echo-planar DW MRI on commercial scannefthages without motion artifacts, where the intensity is inde

pendent of tissue cell orientation.

! Permanent address: Neuroimaging Research Unit, Department of Neurol—In this report’ we show t_hat isotropically Welghtgd se_quen_ce
ogy, Scientific Institute Ospedale San Raffaele, University of Milan, vigan be designed to have inherently low geometrical distortior
Olgettina, 60, Milan 20132, Italy. due to gradient eddy currents. We characterize most of tf
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remaining geometrical distortions occurring with an isotrop[d] and [4], in order to achieve this, it is hecessary to remov
cally weighted sequence and suggest a simple processamy effect of the off-diagonal terms of the tensor matrix. This
scheme to remove them. The characterization of the distortican be achieved by imposing the following condition on the
can be performed using a phantom, and the correction can tlkespace trajectoryl{):

be applied retrospectively on patient data.

TE TE
THEORY f Ky(t")ky(t")dt’ =J k(1" )k, (t")dt’
0 0
General
TE
The S|gnal_ attenuatllon equation occurring in a splr)-echo :J' k,(t)k,(t")dt’ = 0. [5]
sequence, with echo time TE, due to transverse relaxation and

anisotropic diffusion is given byl@) °

If, in addition, the following condition is satisfied,

TE S
S= SOeX%_Tz> eXF(_E E bi,jDi,j)' [1] TE TE TE
e f (kx(t’))zdt'=f (ky(t'))zdt'=j (ky(t") dt’,

S, is the signal intensity without diffusion weighting and [6]
relaxation;b is the gradienb-factor matrix; andD is the 3X

3 symmetric diffusion tensor matriD is of the form then the on-diagonal elements of thenatrix are all equal:

|:Dxx ny ij bxx = byy = bzz: b. [7]

D= ny Dyy DyZ- [2]

Xz yz z

The signal attenuation can then be related directly to the tra

of the diffusion tensor:
and the elements df are calculated from

S TE
TE o gz exp<—_|_> exd —b(Dy + Dy, + D,,)]. [8]
bi,j = 'YZ ki(t,)kj(t’)dt’- i,jelxy, z], [3] 2
0 Optimization of Diffusion Weighting

According to Eq. [8], which describes signal attenuation, &

wherek(t') is the k-space trajectory vectob accounts for least two images are needed to estimat®]},rperformed with
interactions both between imaging and diffusion gradients 3o differentb values. while maintaining tr,1e same TE

plied i_n thg same di_rection (diagonal te_rms) ar_1d i,n pe.rpendic—lf transverse relaxation is ignored, it was shown by Bito
ular directions (off-diagonal terms). For isotropic dlffu5|on,thg|_ (16) that for isotropic diffusion, if an estimate of the

off-diagonal elements of th® matrix are all zero, and the diffusion coefficientD, is to be made from two measurements

on-diagonal terms are all the same. then the first should be done with the minimum possible

Often it is desirable to remove the effect of tissue alignme%eighting 0.), and the second diffusion weightind{ is
and thus measure a quantity which is invariant with respect Bch that e

rotations of the coordinate system or independent of tissue fiber
direction. One of these quantities is the trace of the tensor, (b, — b)) D = 1.109. [9]
TH(B) = Dyt Dy + Do [41 If time permits, the signal-to-noise ratio in the calculated trac
L , ) image can be improved by increasing the number of image
which is a fur)cpon only of the elge_nva_llugs of (12)’_ and acquired. However, just twio factors should still be used, with
congequently it is a measure of the intrinsic properties of tIPﬁultiple measurements for eabtfactor. In the limit of a very
medium. large number of measurements, the number of measurement
the highb factor (N,) should be 3.6 times the number at the
low b factor (N.), and the optimal difference in the factors
Isotropically weighted imaging sequences aim to produce &nl1.28D.

image which has contrast dependent only on the trace of thé~or a sequence that is weighted by the trace of the diffusic
diffusion tensor (and", weighting). As can be seen from Eqgstensor, as described in the section above, following the san

Isotropically Weighted Gradient Design
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reasoning as Bito, we now minimize the standard deviation of , ,[[ @ Tr{D} 2 o Tr{D}]2
the estimated trace, var(Tr(D)) = o3, = o {[ 39S, ] + [ 39S, ] }
[12]
2 2 2 2 1/2
oo = [(a Tr(D)) T . (a Tr(D)) i } where Tr{D} is calculated as
' ('980 N, aS1 (N - NL) ,
10 1
[10] T{D} = b In(ij). [13]

whereN is the total number of measurements, equalto+

N.. When a large number of measurements can be made, $jés the signal intensity in the image without diffusion weight-

optimal ratio ofN,; to N, can be calculated differentiating;, ing, andS, is the intensity in the DW images” is the variance

with respect to botlp,, andN,: in signal intensity in the images, which is assumed to be tt
same in both. Substitutin§, = S,exp(—TE/T,) and S, =
S.exp(—b Tr{D}) gives

aUTr
ab, b2 (o’) 2 (1 + exp(2b Tr{D}))exp(2 TE/T,) (141
o[ Tr(D)b, N exp2b,,Tr(D)} — N + N, TS b? '
- eXp{bexTr(D)}NL]
o?(N = N, + exp(2b, Tr(D)}N,)1*? = By minimizing %, with respect to TE, the optimal echo time
2, 2N, (N = N,) can be determined.
X S3by*NL(N = Ny Eddy Current-Induced Distortions
dor Haselgrove and Moorel() described the three types of
N, distortion that can occur in echo-planar images due to edc
, currents induced by the switching of the diffusion-encoding
o?(—2N(N + N¢ gradient pulses: translation, produced by a residual gradient
1 — exp{2b, Tr(D)}N{ + N?) the slice-selection direction ar®, shift; shear, caused by a
2 [0?(N — N, + exp{2b,, Tr(D)}N,)]¥2  ~ residual gradient in the frequency-encoding direction; and scz
S, 2N (N — N,) ing, due to a residual gradient in the phase-encoding directio
X S2b, 2NA(N — N,)?2 Eddy currents are induced whenever a gradient is turned on
off and can be considered a superpositionnoéxponential
[11] decay termsi7, 18,
Solving these two simultaneous equations gives that the num- J() = X Jeexp—t/m) (j=1,...,n), [15]

ber of measurements with diffusion weighting should be 3.6 =1

times the number without diffusion weighting, and théac- . ] o .
tors in thex, y, andz directions should each be 1.28/D)(  WhereJ, is constant for théth contributions (and proportional to

Unfortunately, with hardware and physiological limitationghe gradient amplitude) andis the corresponding time constant.
on the gradient amplitudes and switching rates, it is not pos-!f, for simplicity, we consider just one term, Alexandsiral.
sible to increase thb factor without also increasing the echd19) showed that the eddy current induced by a pair of grad
time. This necessarily compromises the signal-to-noise in tRBtS of the same duration and strength is given by
T,-weighted images, in the DW images, and in the computed
diffusion coefficient images. To further optimize the diffusion ~ J(t) = Jee "[(e"" — /") + (e'?” — e™)], [16]
weighting, the tissud@, and maximum gradient strength avail-
able must also be taken into account. For measurementwdferet is the time from the start of the sequentgandt, are
isotropic diffusion, Chieret al. (4) showed that there is anthe rise and fall times, and the subscripts 1 and 2 refer to tl
optimal TE that gives the smallest measurement error and tfirst and the second pulse.
value can be estimated by minimizing the random error in thelf the gradient pulses are bipolar, with the same amplitud
estimated diffusion coefficient, using the standard propagatiand duration but with the opposite sign, angl (- t,,) and ¢,
of errors treatment. Applying the same scheme to the trace-ofty,) are small compared tg then the eddy currents from the
the tensor gives bipolar pair will tend to cancel each other:
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J(t) = Je T (tyy — ton) — (tus — tor)]. [17] and supine and performing a pure-axial) and the phase-encoc
direction is anterior—posterior (scanngr Then,

In our pulse sequence, detailed below, the gradient waveforms

applied in the phase-encoding and readout directions meet this 0:,COSB + gsssi_n B
condition; therefore the resulting image magnification and G = ~ GpLOSa + gsSina . [20]
shear are very nearly zero. ~0rcSIN B — GpeSIN @ + gsLOSx COSB

Unfortunately, it is not possible to design a simple isotropi-
cally weighted sequence with cancellation of eddy currents #ere g,, is the diffusion-encoding gradient applied in the
all three axes, and with our sequence there is still a residtiggdout directiong,, is that applied in the phase-encode di-
gradient in the slice-selection direction, which, together witfgction, andg is that applied in the slice-selection direction.
the B, shift, produces an image translation in the phase-encodéur sequence allows only single oblique slices; thus we ce
direction. We show later in our experiments that the effect épnsider separately a tilt from axial to coron@l< 0, arbitrarye)
the residual gradient in the slice-selection direction is sm&ihd a tilt from axial to sagittalo( = 0, arbitraryg). Then, in the
compared to the effect of thB, shift. Thus, in the analysis first case, combining Egs. [18], [19], and [20], the translation is
below, we assume that the remaining distortion in the image is

an image translation caused by tBg shift. vyFOVATE
The translation (in mm) in the phase-encode direction can beAY(a) = o [ 9roKaox + (GpeKaoy + JsKeo) COS
written as
+ (_ngkBOZ + gs$BOy)Sin Ol], [21]

v AB,- FOV-ATE

Ay o , [18] which can be written
Ay(a) = Cy + Cysin(¢ + ), [22]
wherewy is the gyromagnetic ratid\B, is theB, shift; FOV is
the field of view (in mm); andATE is the time between \here
subsequent echoes in the echo-planar sequence. Thus, the shift
measured in pixels is expected not to vary with the field of
. ) . . . vyFOVATE
view for a sequence of fixed bandwidth, sintg X matrix/ Co= "5 GKeox [23]
FOV is the shift measured in pixels. 2m
The B, shift that results in translational misalignment be- yFOVATE
tween the non-DW and the DW images can be written as ~ C1 = T on
ABy = Gykgox + GyKgoy + G Kgos [19] X \‘/( OpeKpoy + OsKeor) * + (_gpekBOz + gsskBOy) 2,
[24]

where G,, G,, and G, are the components of the appliedyng

gradientG, in the three physical directions, akgh,, Kgoy, Kgoz

are three constants accounting for the influence of the different

gradients on thd, shift. @ = arc tar{
Since the diffusion-weighting gradients are applied in a

coordinate system defined by the read, phase-encoding,

slice-selection directions,, G,, and G, assume different

values according to the orientation of the slice. If we consider )

the “standard” image orientation to be such that the image lies Ay(B) = Dy + Dssin(y + B),

in thex—y plane, then the image orientation can be specified in

terms of two angles andB which are the rotation angles aboutvhere

the x andy axes, respectively. The logical read and phase-

encode directions can be interchanged, although usually with yYFOVATE

echo-planar imaging, the readout direction will be left—right =0~ 20 IpeKsoy:

(for axial or coronal images) or superior—inferior (for sagittal)

to avoid peripheral nerve stimulation. For simplicity, then, we D, = yFOVATE

assume that we are scanning in the near-axial plane, and that 2m

therefore the read direction is left—right (i.e., the scanxer , . .

direction when the patient is placed in the scanner head first X \J(GrokX + Gekaor) © + (—GroKaoz + Gekaon) *s  [28]

OpKeoy T 9sKeoz ] . [25]

_gpekBOZ + gsJ<BOy

%r?rg]ilarly, in the second case

(26]

(27]
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90°

B

Echo The EPI readout consisted of 128 lines, with receiver banc
| width of 160 kHz, with a time between subsequent lines of 80
us. A constant phase-encoding gradient was used with conti

Geice uous sampling of the NMR signal (128 points per line) anc
o sinusoidal ramp up and down of the read gradient. The ma
ufacturer’'s own phase correction and regridding algorithn

Gipnase were used before Fourier transformation and interpolation to
256 X 256 image matrix. Sixteen slices were collected with ¢

G field of view of 240 mm, and a slice thickness of 5 mm with a

1-mm gap between slices. Slices were acquired in ascendi
order such that positionally adjacent slices were acquired s
quentially. A scan repetition time (i.e., the time between th
Al My, Aty AL, Al Aty At Al first T,-weighted slice and the first and subsequent DW slice:
FIG. 1. Pulse sequence for isotropic weighting with low distortion. AftermC 9 .S Wa.ls used, with all 16 S“C.es acqwred as qUICkly a
the 90° pulse, the diffusion gradients are asymmetrically placed around mgssmle (in abOUt 3.59), thUS. leaving a_bOUt 5.5 s delay befo
refocusing pulse. Gradient durations were as follais: = At, = 10.99 ms; €peated acquisition of the slice block in order to allow long

Aty + At, = Aty = Ate = Aty + Atg = 21.41 msAt, = 25.6 ms;Ats = time constant eddy currents to die away.
7.36 ms. Fomther sequence parameters, see the text.

EPI readout

Measurement of Eddy Current-Induced Distortions

and In order to verify Egs. [22] and [26] and to estimate the
constantsC,, C4, ¢, D, D3, andy)) we imaged a polymer gel

¥ = arc tar[ 9ioKeox + GsKeo _ [29] phantom 20). Gel was chosen for the phantom material be
—0r0Kgoz + GsKgox cause of its moderaft€, and low diffusion coefficient so that

the intensities of th@ ,-weighted and DW images were simi-
It should therefore be possible to estimatg C,, Do, D4, ¢, lar. In addition, the gel phantom was insensitive to the vibra
andy from a series of images with different slice orientationsions caused by the diffusion-encoding gradients that can cau
and then use these to correct the translation of the DW imaggsface waves in liquid phantoms. An internal structure wa

for any subsequent slice orientation. formed within the gel by irradiating it using a 6-MeV X-ray
source. Three 4< 4-cm orthogonal radiation fields were ap-
METHODS plied, giving a total dose of 10 Gy in the overlap.
The image data were transferred to an independent works
Pulse Sequence tion (Sun Sparcstation, Sun Microsystems, Mountain View

All imaging was performed using a 1.5-T scanner (Siemel%A) for postprocessing. First, an average DW image for eac

Vision, Erlangen, Germany), using the spin-echo echo-plar%itce position was formed from the three separate DW image

pulse sequence shown in Fig. 1. Fat suppression was perform@gn: the distortion of the average DW image was assess

using a four RF pulse binomial pulse train to avoid the cher{SINg @ method similar to that used by Haselgrove and Mool

ical shift artifact. For each slice, onB,-weighted image was (10): but the similarity between th&,-weighted and DW

collected and then three DW images, each using identid3)29€S was measured by evaluating the mutual informatic

diffusion-encoding waveforms. A birdcage head coile800 carried by the two images{):

mm diameter was used for both RF transmission and for

reception of the signal. The maximum gradient strength avail- p{m, n}

able was 24 mT m' along each of the physical gradient axes. (M, N) = > 2 p{m, n}log pimipint’ [30]

However, because of the long duration of the diffusion-encod- mEM neN

ing pulses, and the need for the pulse sequence to allow

single-oblique slices to be prescribed, an amplitude of 17 nM andN are the sets of all the intensity values present in th

m~* was used for the diffusion-encoding pulses in the read aiig-weighted image and in the DW image, respectivelym}

phase-encode directions, and 13.26 mT in the slice-selec- and p{n} are the probability of occurrence of individual in-

tion direction for this pulse sequence. tensities on each image apfim, n} is the joint probability of
Optimization of the gradienb factor and echo time from occurrence of the paim—n. Maximizing the mutual informa-

consideration of Eq. [12] led to a TE of 160 ms and factor tion by varying the shift, shear, and scale using the downhi

of 289 s mm? being used in each of the read, phase-encodgmplex method Z2) allowed the distortion to be measured.

and slice-selection directions. The shape of the pulses and tiéie distortion was measured separately for each of the :

durations are shown in Fig. 1. slices.
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Measurements were made from the phantom with singlerder. In Fig. 3, the estimated distortion is plotted vs the
oblique slice tilts from axial to coronal in steps of 15°, and theexcitation order: the translation is approximately the same fc
from axial to sagittal again in steps of 15°. Sixteen slices web®th measurements, even though the slice position is revers
acquired at each rotation angle. From plots of translation vsFigure 4 shows the estimated average image translation
image plane rotation angle the parameters in Egs. [22] and [26¢ DW image for rotations of the image plane away from tru

describing the image distortion were estimated. axial toward coronal (Fig. 4a) and toward sagittal (Fig. 4b). Ir
all cases the translation follows the sinusoidal pattern predicte
Correction of Patient Data by Egs. [22] and [26]. From the data presented in Fig. 4, th

. . . . . . distortion parameters were estimated by nonlinear leas
Having found the image distortion as a function of the 'magse%uares fitting, and are shown in Table 1
S ' '

plane rotation angles, these were then used to correct imag
collected in a clinical setting, according to Egs. [22] and [26].ma e Correction
The average of the three DW images was calculated to improve 9
the signal-to-noise ratio, and then the distortion correction wasFigure 5 shows the result of applying the estimated imag
performed. Finally, an image of the mean diffusivityranslation correction to data collected from a patient who ha
(=Tr(D)/3) was produced by performing the following calcusuffered an acute stroke. The images were acquired with
lation on a pixel-by-pixel basis: 260-mm FOV, but with acquisition parameters otherwise ider
tical to those given above. As shown before, the translatic
o 1 S, measured in pixels is independent of the FOV. Figures 5a al
mean diffusivity= — - ln(Sl)' [31] 5b show theT,-weighted and one of the three DW images
respectively, while Fig. 5¢ shows the average of the three D\
images. Figure 5d shows a calculated mean diffusivity imag
produced without correction for translation of the DW image
(image 5c), and Fig. 5e shows the mean diffusivity calculate
after correction. Note the artifacts in Fig. 5d resulting from
misregistration of th& ,-weighted and DW images, shown in
RESULTS detail in Fig. 5f.

b is theb factor along any one axis, and the thie&actors are
all equal;S,, is the average DW signal intensity; afgis the
T,-weighted signal intensityb(~ 0).

Eddy Current-Induced Distortions
DISCUSSION

Figure 2 shows one plot of estimated magnification, shear,
and translation for a pure axial DW image of the phantom. TheWe have shown that a particular design of an echo-plan:
isotropically weighted sequence is compared with a standgndlse sequence that gives diffusion weighting only depende
manufacturer’s diffusion-weighted sequence with the samoe the trace of the diffusion tensor also has inherently lo\
bandwidth, which collects three diffusion-weighted images panage distortion due to gradient-induced eddy currents. W
slice, each weighted along one axis. It can be seen that with tiese also shown the theoretical optimal number of images al
standard sequence the distortions are greater and, furthermdiffysion weighting factors that should be used with this imag
applying the diffusion gradients on the three axes separatalyquisition scheme if it is to be used for estimation of the
leads to different values of shift, shear, and scale on eadiffusion tensor trace. This involves collecting approximately
image, making the correction difficult to perform. With thehree DW images for every orig,-weighted image.
isotropically weighted sequence the magnification (Fig. 2a) isBecause of the relatively simple image distortions that oc
approximately unity while the shear (Fig. 2b) is slightly worseur, they can be corrected relatively straightforwardly by firs
than expected (approximately 0.005). This is probably due ¢baracterizing the distortion using phantom scans, and th
the fact that, although the shear is caused by a residual gradigsing these characteristics in a postprocessing scheme. T
in the readout direction and the gradients are compensatkstortions should not change unless modifications to the in
along this axis, gradient pulses in orthogonal directions caging gradient hardware are made, in which case the requir
also cause residual gradients in the readout direction. Tieneasurement is fairly quick to perform.
image translation (Fig. 2c) changes over the first few slices of The simplicity of the image distortion is ensured if three
this image, before it settles down to an almost constant valweeiteria are met. First, by using a relatively long delay betwee
In the subsequent plots below, the image translations are estiecessive multislice acquisitions, the image distortions in tf
mated from the average of the last 12 slices out of 16, and fést set of DW images are the same as those in the subsequ
represent the distortions that occur in the steady state. sets of DW images. The minimum delay needed for the lon

In order to show that the translation is independent of thine constant eddy currents to die away between success
slice position, we compared the sets of 16 slices acquired islace blocks was found experimentally to be abbs for our
pure axial plane with ascending and descending slice excitateranner. Thus, DW images can simply be averaged to impro
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FIG. 2. Estimated distortion vs slice number for a pure axial scan. The isotropically weighted sequence is compared to a standard sequence with w
applied separately on the three axes. (a) Magnification; (b) shear; and (c) translation.

the signal-to-noise ratio without different corrections beinthen discarded or ignored. The remaining slices will then a
needed for each one. have virtually identical image distortion.

Second, the first few slices of a DW multislice data set show Third, diffusion-encoding gradient pulses in the read an
different distortions because of medium-term time constaphase-encoded directions consist of pairs of bipolar pulses, a
eddy currents. This is not a problem if a few extra slices thdhe eddy currents generated from these tend to be self-col
are actually required for anatomical coverage are acquired, grahsating. We chose to apply these self-compensating pulses
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FIG. 2—Continued

the read and phase directions, rather than the slice-selectioned halfway through a spin-echo sequence, it is easiest
direction, because it then becomes an easy matter to satisfygheure a null interaction between the diffusion weighting
condition that the off-diagonal elements of thenatrix are all pulses in the read and phase-encoding directions by making t
zero. Because a slice-selection gradient pulse must be pdsikector zero for these directions at the time of the refocusin

00 v T M T M T v T T M T Ll T
B—1 ascending
O—Odescending

-1.0 F s

w 20 .

Q

X

&

&% 30} -
-40 F .
_50 L i L 1 1 n 1 A 1 " ] " L

0 2 4 6 8 10 12 14 16

Slice Excitation Order

FIG. 3. Estimated translation vs slice excitation number for a pure axial scan. Images collected with ascending excitation order are compared to
collected with descending excitation order, to show that distortion is independent of slice position.
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FIG. 4. Average translation vs image plane orientation for off-axial scans: axial toward coronal (a) and axial toward sagittal (b). The data are fitted w
curves obtained substituting the values reported in Table 1 into Egs. [23] and [27], respectively.

pulse. While it is possible that gradient pulses in one directiaf all the three parameters (scale, shift, and shear) at the sa
can result in eddy current-induced gradients in another dirdaone.

tion (23), our data, showing that the image shear and scale ard=igure 2 shows that for true axial slices, the image transle
small, suggest that these terms are negligible for this sequertmn settles down to a constant value after a few slices hay
Our correction scheme could potentially incorporate correctiddeen acquired and that therefore in a steady state, the ime
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TABLE 1

Estimated by Nonlinear Least-Squares Fitting

Co
G,
¢
Do
D,
¥

0.638
—5.68
47.2°

0.185
—-3.81
71.6°

sion weighting could have been achieved at a shorter ecl
time. However, the three DW images would have suffere
different image distortions, making their combination problem
atical. Use of bipolar gradient schemes to try to reduce th
image distortion 19) would have resulted in even longer echo
times than for the isotropically weighted sequence present
here.

The small and relatively simple image distortion for our
sequence allows the distortion to be characterized by a set
straightforward measurements on a phantom; this can then
used to correct any oblique slice orientation. Alternatively, thi

translation is independent of the slice position. This was treeldy current-induced field shifts can be measured at the tin
regardless of the slice position, as shown in Fig. 3. Thus we cdie sequence is rur28, 24 and used to correct thiespace
confirm, at least for our scanner, that the translation is ddata. This has the advantage that if the eddy current chare
mainly to a uniformB, shift.
Of course, a better signal-to-noise ratio could be achieved bgrrection will still perform well. However, this must be offset
giving diffusion weighting separately in the read, phase, amdjainst the increased imaging time needed during scannir
slice directions in the three DW images, since the same diffand the fact that the patient data will have an inherently poort

teristics of the scanner change over time then the distortic

FIG. 5. Images of a patient who suffered an acute strakeweighted (a) and diffusion-weighted (b). The phase-encoding direction is vertical. It can
seen how noise is reduced in the average (c) of the three diffusion-weighted images, compared with (b). The stroke is clearly visible in bothetthensamput
diffusivity images, before correction (d) and after correction (e), but the distortion in the uncorrected image shows up as edge artifactd tabpoh@errow

in (f). Artifacts appear also where CSF is present, as indicated.
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signal-to-noise ratio than measurements made from a phantofn.

In principle, an arbitrarily high signal-to-noise ratio in the

phantom data can be achieved by signal averaging, leading to

excellent characterization of the image distortion. Finally, pag
tient motion during the acquisition of reference phase data for
correction can lead to inaccurate corrections.
10.
CONCLUSIONS
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