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Single-shot echo-planar imaging is becoming the most widely
sed technique for magnetic resonance diffusion imaging, since it
nables measurement of diffusion coefficients in human brain
ithout motion artifacts. However, its reliability is limited by
eometrical distortions due to eddy currents. In this report, an
sotropically weighted echo-planar pulse sequence, optimized to
ive the maximum signal-to-noise ratio in the computed trace
mage and designed to produce inherently low distortions, is pre-
ented. It is also shown how the residual translational distortion
an be easily characterized and removed by postprocessing. A full
haracterization of the distortion artifact involves a few measure-
ents on a phantom, in order to estimate the distortion as a

unction of slice orientation, which can then be used to correct any
lice orientation. Results of applying the image translation correc-
ion to data collected from a patient are presented. © 1999 Academic

ress

Key Words: diffusion-weighted imaging; echo planar; isotropic
eighting; distortion correction; eddy currents.

INTRODUCTION

Variations in the measured self-diffusion coefficient of
ue water accompany physiological differences in tissue a
icroscopic level. MRI measures of diffusion have so
roved to be useful in the diagnosis of abnormalities, par

arly with regard to stroke (1–5), but the technique also has
reat deal of potential in other diseases such as tumors (6) and

n demyelinating disorders (7, 8). Conventional spin-echo di
usion-weighted (DW) images are, however, highly sensitiv
otion artifacts, such as cardiac-cycle-related pulsations

oluntary subject movement, and flow of the cerebrosp
uid, due to the large gradients applied (9). Single-shot echo
lanar imaging (EPI), on the other hand, enables robust

maging without significant motion artifacts, since all the li
f k space are filled in a single acquisition, and thus no p
iscontinuity arises between successive lines (10). The imple-
entation of echo-planar DW MRI on commercial scan
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as resulted in a much more widespread dissemination o
echnique into the radiological community.

Since DW images are also inevitablyT2-weighted, the ra
iological interpretation of DW images is not without di
ulty. For this reason, it is desirable to produce a calcu
mage of the apparent diffusion coefficient (ADC) from
ombination of an image without diffusion weighting and
mage with weighting; this requires that the two images
orrectly registered. Unfortunately, diffusion weighting
cho-planar images usually results in significant eddy cur

nduced by the strong gradient pulses applied in DW imag
ecause of the low bandwidth in the phase-encoded dire
f echo-planar images, the eddy currents give rise to geom
istortions in the phase-encode direction: a shift, shear
tretch on the image (11).
Furthermore, diffusion anisotropy, while being a potenti

seful source of information about tissue structure, may
esult in difficulties when interpreting changes in the diffus
onstant. With diffusion weighting applied in a single dir
ion, a bright region on a DW image may be due either
ocal abnormality or to the particular alignment of tissue st
ures. It is, therefore, a good idea to use pulse sequence
ive contrast depending on the trace of the diffusion tens
otationally invariant measure of average diffusivity (12, 13).

There are several ways of achieving rotationally invar
easures: the simplest is to separately apply the diffu
radients in three orthogonal directions to produce three

mages. The ADC maps for the three directions are
alculated and averaged (13), and of course this solution r
uires at least four images, including the unweighted im
lternatively, diffusion-sensitizing gradient schemes that
ult in isotropic weighting can be used. Some very effic
chemes have been designed to give attenuation due
race of the diffusion tensor, and have diffusion-encod
radients applied on three axes (14, 15). When used in con

unction with single-shot EPI, this allows the collection
mages without motion artifacts, where the intensity is in
endent of tissue cell orientation.
In this report, we show that isotropically weighted seque

an be designed to have inherently low geometrical distor
ol-
ue to gradient eddy currents. We characterize most of the
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59ISOTROPICALLY WEIGHTED DIFFUSION IMAGING
emaining geometrical distortions occurring with an isotr
ally weighted sequence and suggest a simple proce
cheme to remove them. The characterization of the disto
an be performed using a phantom, and the correction can
e applied retrospectively on patient data.

THEORY

eneral

The signal attenuation equation occurring in a spin-e
equence, with echo time TE, due to transverse relaxatio
nisotropic diffusion is given by (12)

S5 S0expS2
TE

T2
Dexp~2O

i51

3 O
j51

3

bi , jDi , j!. [1]

0 is the signal intensity without diffusion weighting a
elaxation;b is the gradientb-factor matrix; andD is the 33

symmetric diffusion tensor matrix.D is of the form

D 5 FDxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz

G , [2]

nd the elements ofb are calculated from

bi , j 5 g 2 E
0

TE

ki~t9!kj~t9!dt9, i , j{@ x, y, z#, [3]

here k(t9) is the k-space trajectory vector.b accounts fo
nteractions both between imaging and diffusion gradients
lied in the same direction (diagonal terms) and in perpen
lar directions (off-diagonal terms). For isotropic diffusion,
ff-diagonal elements of theD matrix are all zero, and th
n-diagonal terms are all the same.
Often it is desirable to remove the effect of tissue alignm

nd thus measure a quantity which is invariant with respe
otations of the coordinate system or independent of tissue
irection. One of these quantities is the trace of the tens

Tr~D! 5 Dxx 1 Dyy 1 Dzz, [4]

hich is a function only of the eigenvalues ofD (12), and
onsequently it is a measure of the intrinsic properties o
edium.

sotropically Weighted Gradient Design

Isotropically weighted imaging sequences aim to produc
mage which has contrast dependent only on the trace o

iffusion tensor (andT2 weighting). As can be seen from Eqs.t
-
ing
on
en

o
nd

p-
c-

t,
to
er

e

n
he

1] and [4], in order to achieve this, it is necessary to rem
ny effect of the off-diagonal terms of the tensor matrix. T
an be achieved by imposing the following condition on
-space trajectory (14):

E
0

TE

kx~t9!ky~t9!dt9 5 E
0

TE

kx~t9!kz~t9!dt9

5 E
0

TE

ky~t9!kz~t9!dt9 5 0. [5]

f, in addition, the following condition is satisfied,

E
0

TE

~kx~t9!!
2dt9 5 E

0

TE

~ky~t9!!
2dt9 5 E

0

TE

~kz~t9!!
2dt9,

[6]

hen the on-diagonal elements of theb matrix are all equal:

bxx 5 byy 5 bzz 5 b. [7]

he signal attenuation can then be related directly to the
f the diffusion tensor:

S

S0
5 expS2

TE

T2
Dexp@2b~Dxx 1 Dyy 1 Dzz!#. [8]

ptimization of Diffusion Weighting

According to Eq. [8], which describes signal attenuation
east two images are needed to estimate Tr(D), performed with
wo differentb values, while maintaining the same TE.

If transverse relaxation is ignored, it was shown by Bitet
l. (16) that for isotropic diffusion, if an estimate of t
iffusion coefficient,D, is to be made from two measureme

hen the first should be done with the minimum poss
eighting (b1), and the second diffusion weighting (b2) is
uch that

~b2 2 b1! D 5 1.109. [9]

f time permits, the signal-to-noise ratio in the calculated t
mage can be improved by increasing the number of im
cquired. However, just twob factors should still be used, wi
ultiple measurements for eachb factor. In the limit of a very

arge number of measurements, the number of measureme
he highb factor (NH) should be 3.6 times the number at
ow b factor (NL), and the optimal difference in theb factors
s 1.28/D.

For a sequence that is weighted by the trace of the diffu

ensor, as described in the section above, following the same
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60 CERCIGNANI AND HORSFIELD
easoning as Bito, we now minimize the standard deviatio
he estimated trace,

sTr 5 FS Tr~D!

S0
D 2 s 2

NL
1 S Tr~D!

S1
D 2 s 2

~N 2 NL!
G 1/ 2

,

[10]

hereN is the total number of measurements, equal toNH 1

L. When a large number of measurements can be mad
ptimal ratio ofNH to NL can be calculated differentiatingsTr

ith respect to bothbxx andNL:

sTr

bxx

5

s 2@Tr~D!bxxNLexp$2bxxTr~D!% 2 N 1 NL

2 exp$2bxxTr~D!%NL#

Fs 2~N 2 NL 1 exp$2bxxTr~D!%NL!

S0
2bxx

2NL~N 2 NL!
G 1/ 2

3 S0
2bxx

3NL~N 2 NL!

5 0

sTr

NL

5 2
1

2

s 2~22NLN 1 NL
2

2 exp$2bxxTr~D!%NL
2 1 N2!

Fs 2~N 2 NL 1 exp$2bxxTr~D!%NL!

S0
2bxx

2NL~N 2 NL!
G 1/ 2

3 S0
2bxx

2NL
2~N 2 NL!

2

5 0.

[11]

olving these two simultaneous equations gives that the
er of measurements with diffusion weighting should be

imes the number without diffusion weighting, and theb fac-
ors in thex, y, andz directions should each be 1.28/Tr(D).

Unfortunately, with hardware and physiological limitatio
n the gradient amplitudes and switching rates, it is not
ible to increase theb factor without also increasing the ec
ime. This necessarily compromises the signal-to-noise in

2-weighted images, in the DW images, and in the comp
iffusion coefficient images. To further optimize the diffus
eighting, the tissueT2 and maximum gradient strength ava
ble must also be taken into account. For measureme

sotropic diffusion, Chienet al. (4) showed that there is a
ptimal TE that gives the smallest measurement error an
alue can be estimated by minimizing the random error in
stimated diffusion coefficient, using the standard propag
f errors treatment. Applying the same scheme to the tra
he tensor gives b
of

the

m-
6

s-

e
d

of

is
e
n
of

var~Tr~D!! 5 s Tr
2 5 s 2HF Tr$D%

S1
G 2

1 F Tr$D%

S2
G 2J ,

[12]

here Tr{D} is calculated as

Tr$D% 5 2
1

b
lnSS2

S1
D . [13]

1 is the signal intensity in the image without diffusion weig
ng, andS2 is the intensity in the DW image;s2 is the varianc
n signal intensity in the images, which is assumed to be
ame in both. SubstitutingS1 5 S0exp(2TE/T2) and S2 5

1exp(2b Tr{ D}) gives

s Tr
2 5 S s

S0
D 2 ~1 1 exp~2b Tr$D%!!exp~2 TE/T2!

b2 . @14#

y minimizing sTr
2 with respect to TE, the optimal echo tim

an be determined.

ddy Current-Induced Distortions

Haselgrove and Moore (11) described the three types
istortion that can occur in echo-planar images due to
urrents induced by the switching of the diffusion-encod
radient pulses: translation, produced by a residual gradie

he slice-selection direction andB0 shift; shear, caused by
esidual gradient in the frequency-encoding direction; and
ng, due to a residual gradient in the phase-encoding direc
ddy currents are induced whenever a gradient is turned
ff and can be considered a superposition ofn exponentia
ecay terms (17, 18),

Jj~t! 5 O
i51

n

J0iexp~2t/t i! ~ j 5 1, . . . , n!, [15]

hereJ0i is constant for theith contributions (and proportional
he gradient amplitude) andti is the corresponding time consta

If, for simplicity, we consider just one term, Alexanderet al.
19) showed that the eddy current induced by a pair of gr
nts of the same duration and strength is given by

J~t! 5 J0e
2t/t@~etU1/t 2 etD1/t! 1 ~etU2/t 2 etD2/t!#, @16#

heret is the time from the start of the sequence,tU andtD are
he rise and fall times, and the subscripts 1 and 2 refer t
rst and the second pulse.
If the gradient pulses are bipolar, with the same ampli

nd duration but with the opposite sign, and (tU1 2 tD1) and (tU2

tD2) are small compared tot, then the eddy currents from t

ipolar pair will tend to cancel each other:
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61ISOTROPICALLY WEIGHTED DIFFUSION IMAGING
J~t! < J0e
2t/t@~tU1 2 tD1! 2 ~tU2 2 tD2!#. [17]

n our pulse sequence, detailed below, the gradient wavef
pplied in the phase-encoding and readout directions mee
ondition; therefore the resulting image magnification
hear are very nearly zero.
Unfortunately, it is not possible to design a simple isotr

ally weighted sequence with cancellation of eddy curren
ll three axes, and with our sequence there is still a res
radient in the slice-selection direction, which, together

heB0 shift, produces an image translation in the phase-en
irection. We show later in our experiments that the effec

he residual gradient in the slice-selection direction is s
ompared to the effect of theB0 shift. Thus, in the analys
elow, we assume that the remaining distortion in the ima
n image translation caused by theB0 shift.
The translation (in mm) in the phase-encode direction ca
ritten as

Dy 5
g z DB0 z FOV z DTE

2p
, [18]

hereg is the gyromagnetic ratio;DB0 is theB0 shift; FOV is
he field of view (in mm); andDTE is the time betwee
ubsequent echoes in the echo-planar sequence. Thus, th
easured in pixels is expected not to vary with the field

iew for a sequence of fixed bandwidth, sinceDy 3 matrix/
OV is the shift measured in pixels.
The B0 shift that results in translational misalignment

ween the non-DW and the DW images can be written as

DB0 5 GxkB0x 1 GykB0y 1 GzkB0z, [19]

here Gx, Gy, and Gz are the components of the appl
radient,G, in the three physical directions, andkB0x, kB0y, kB0z,
re three constants accounting for the influence of the diff
radients on theB0 shift.
Since the diffusion-weighting gradients are applied i

oordinate system defined by the read, phase-encoding
lice-selection directions,Gx, Gy, and Gz assume differen
alues according to the orientation of the slice. If we cons
he “standard” image orientation to be such that the image
n thex–y plane, then the image orientation can be specifie
erms of two anglesa andb which are the rotation angles abo
he x and y axes, respectively. The logical read and ph
ncode directions can be interchanged, although usually
cho-planar imaging, the readout direction will be left–r
for axial or coronal images) or superior–inferior (for sagit
o avoid peripheral nerve stimulation. For simplicity, then,
ssume that we are scanning in the near-axial plane, an

herefore the read direction is left–right (i.e., the scannx

irection when the patient is placed in the scanner head fir
s
his
d

-
n
al

h
de
f
ll

is

e

shift
f

-

nt

a
nd

r
s

in

-
ith
t
)

hat

nd supine and performing a pure-axial) and the phase-en
irection is anterior–posterior (scannery). Then,

G 5 F grocosb 1 gsssin b
gpecosa 1 gsssin a

2grosin b 2 gpesin a 1 gsscosa cosb
G , [20]

here gro is the diffusion-encoding gradient applied in
eadout direction,gpe is that applied in the phase-encode
ection, andgss is that applied in the slice-selection directi

Our sequence allows only single oblique slices; thus we
onsider separately a tilt from axial to coronal (b 5 0, arbitrarya)
nd a tilt from axial to sagittal (a 5 0, arbitraryb). Then, in the
rst case, combining Eqs. [18], [19], and [20], the translatio

Dy~a! 5
gFOVDTE

2p
@ grokB0x 1 ~ gpekB0y 1 gsskB0z!cosa

1 ~2gpekB0z 1 gsskB0y!sin a#, [21]

hich can be written

Dy~a! 5 C0 1 C1sin ~w 1 a!, [22]

here

C0 5
gFOVDTE

2p
grokB0x, [23]

C1 5
gFOVDTE

2p

3Î~ gpekB0y 1 gsskB0z!
2 1 ~2gpekB0z 1 gsskB0y!

2,

[24]

nd

w 5 arc tanF gpekB0y 1 gsskB0z

2gpekB0z 1 gsskB0y
G . [25]

imilarly, in the second case

Dy~b! 5 D0 1 D1sin~c 1 b!, [26]

here

D0 5
gFOVDTE

2p
gpekB0y, [27]

D1 5
gFOVDTE

2p

3Î~ g kx 1 g k ! 2 1 ~2g k 1 g k ! 2, [28]
st ro ss B0z ro B0z ss B0x
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62 CERCIGNANI AND HORSFIELD
nd

c 5 arc tanF grokB0x 1 gsskBoz

2grokB0z 1 gsskBox
G . [29]

t should therefore be possible to estimateC0, C1, D 0, D 1, w,
ndc from a series of images with different slice orientatio
nd then use these to correct the translation of the DW im

or any subsequent slice orientation.

METHODS

ulse Sequence

All imaging was performed using a 1.5-T scanner (Siem
ision, Erlangen, Germany), using the spin-echo echo-p
ulse sequence shown in Fig. 1. Fat suppression was perfo
sing a four RF pulse binomial pulse train to avoid the ch

cal shift artifact. For each slice, oneT2-weighted image wa
ollected and then three DW images, each using iden
iffusion-encoding waveforms. A birdcage head coil of;300
m diameter was used for both RF transmission and

eception of the signal. The maximum gradient strength a
ble was 24 mT m21 along each of the physical gradient ax
owever, because of the long duration of the diffusion-en

ng pulses, and the need for the pulse sequence to
ingle-oblique slices to be prescribed, an amplitude of 17

21 was used for the diffusion-encoding pulses in the read
hase-encode directions, and 13.26 mT m21 in the slice-selec

ion direction for this pulse sequence.
Optimization of the gradientb factor and echo time from

onsideration of Eq. [12] led to a TE of 160 ms and ab factor
f 289 s mm22 being used in each of the read, phase-enc
nd slice-selection directions. The shape of the pulses and

FIG. 1. Pulse sequence for isotropic weighting with low distortion. A
he 90° pulse, the diffusion gradients are asymmetrically placed aroun
efocusing pulse. Gradient durations were as follows:Dt 1 5 Dt 8 5 10.99 ms
t 1 1 Dt 2 5 Dt 3 5 Dt 6 5 Dt 7 1 Dt 8 5 21.41 ms;Dt 4 5 25.6 ms;Dt 5 5
.36 ms. Forother sequence parameters, see the text.
urations are shown in Fig. 1. s
,
es

s
ar
ed
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r
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-
w
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d

e,
eir

The EPI readout consisted of 128 lines, with receiver b
idth of 160 kHz, with a time between subsequent lines of
s. A constant phase-encoding gradient was used with co
ous sampling of the NMR signal (128 points per line)
inusoidal ramp up and down of the read gradient. The m
facturer’s own phase correction and regridding algor
ere used before Fourier transformation and interpolation
563 256 image matrix. Sixteen slices were collected wi
eld of view of 240 mm, and a slice thickness of 5 mm wit
-mm gap between slices. Slices were acquired in asce
rder such that positionally adjacent slices were acquire
uentially. A scan repetition time (i.e., the time between
rst T2-weighted slice and the first and subsequent DW sl
f 9 s was used, with all 16 slices acquired as quickly
ossible (in about 3.5 s), thus leaving about 5.5 s delay b
epeated acquisition of the slice block in order to allow l
ime constant eddy currents to die away.

easurement of Eddy Current-Induced Distortions

In order to verify Eqs. [22] and [26] and to estimate
onstants (C0, C1, w, D 0, D 1, andc) we imaged a polymer g
hantom (20). Gel was chosen for the phantom material
ause of its moderateT2 and low diffusion coefficient so th
he intensities of theT2-weighted and DW images were sim
ar. In addition, the gel phantom was insensitive to the vi
ions caused by the diffusion-encoding gradients that can c
urface waves in liquid phantoms. An internal structure
ormed within the gel by irradiating it using a 6-MeV X-r
ource. Three 43 4-cm orthogonal radiation fields were a
lied, giving a total dose of 10 Gy in the overlap.
The image data were transferred to an independent wo

ion (Sun Sparcstation, Sun Microsystems, Mountain V
A) for postprocessing. First, an average DW image for
lice position was formed from the three separate DW ima
hen, the distortion of the average DW image was asse
sing a method similar to that used by Haselgrove and M
10), but the similarity between theT2-weighted and DW
mages was measured by evaluating the mutual inform
arried by the two images (21):

I ~M, N! 5 O
m{M

O
n{N

p$m, n%log
p$m, n%

p$m% p$n%
, [30]

andN are the sets of all the intensity values present in
2-weighted image and in the DW image, respectively;p{ m}
nd p{ n} are the probability of occurrence of individual i

ensities on each image andp{ m, n} is the joint probability of
ccurrence of the pairm–n. Maximizing the mutual informa

ion by varying the shift, shear, and scale using the dow
implex method (22) allowed the distortion to be measur
he distortion was measured separately for each of th

he
lices.
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63ISOTROPICALLY WEIGHTED DIFFUSION IMAGING
Measurements were made from the phantom with sin
blique slice tilts from axial to coronal in steps of 15°, and t

rom axial to sagittal again in steps of 15°. Sixteen slices w
cquired at each rotation angle. From plots of translatio

mage plane rotation angle the parameters in Eqs. [22] and
escribing the image distortion were estimated.

orrection of Patient Data

Having found the image distortion as a function of the im
lane rotation angles, these were then used to correct im
ollected in a clinical setting, according to Eqs. [22] and [
he average of the three DW images was calculated to imp

he signal-to-noise ratio, and then the distortion correction
erformed. Finally, an image of the mean diffusiv
5Tr(D)/3) was produced by performing the following cal
ation on a pixel-by-pixel basis:

mean diffusivity5 2
1

3b
lnSSav

S1
D . [31]

is theb factor along any one axis, and the threeb factors are
ll equal;Sav is the average DW signal intensity; andS1 is the
2-weighted signal intensity (b ' 0).

RESULTS

ddy Current-Induced Distortions

Figure 2 shows one plot of estimated magnification, sh
nd translation for a pure axial DW image of the phantom.

sotropically weighted sequence is compared with a stan
anufacturer’s diffusion-weighted sequence with the s
andwidth, which collects three diffusion-weighted images
lice, each weighted along one axis. It can be seen that wi
tandard sequence the distortions are greater and, furthe
pplying the diffusion gradients on the three axes separ

eads to different values of shift, shear, and scale on
mage, making the correction difficult to perform. With
sotropically weighted sequence the magnification (Fig. 2
pproximately unity while the shear (Fig. 2b) is slightly wo

han expected (approximately 0.005). This is probably du
he fact that, although the shear is caused by a residual gr
n the readout direction and the gradients are compen
long this axis, gradient pulses in orthogonal directions
lso cause residual gradients in the readout direction.

mage translation (Fig. 2c) changes over the first few slice
his image, before it settles down to an almost constant v
n the subsequent plots below, the image translations are
ated from the average of the last 12 slices out of 16, an

epresent the distortions that occur in the steady state.
In order to show that the translation is independent of

lice position, we compared the sets of 16 slices acquired

ure axial plane with ascending and descending slice excitatis
e-
n
re
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rder. In Fig. 3, the estimated distortion is plotted vs
xcitation order: the translation is approximately the sam
oth measurements, even though the slice position is reve
Figure 4 shows the estimated average image translati

he DW image for rotations of the image plane away from
xial toward coronal (Fig. 4a) and toward sagittal (Fig. 4b
ll cases the translation follows the sinusoidal pattern pred
y Eqs. [22] and [26]. From the data presented in Fig. 4
istortion parameters were estimated by nonlinear l
quares fitting, and are shown in Table 1.

mage Correction

Figure 5 shows the result of applying the estimated im
ranslation correction to data collected from a patient who
uffered an acute stroke. The images were acquired w
60-mm FOV, but with acquisition parameters otherwise id

ical to those given above. As shown before, the transla
easured in pixels is independent of the FOV. Figures 5a
b show theT2-weighted and one of the three DW imag
espectively, while Fig. 5c shows the average of the three
mages. Figure 5d shows a calculated mean diffusivity im
roduced without correction for translation of the DW im
image 5c), and Fig. 5e shows the mean diffusivity calcul
fter correction. Note the artifacts in Fig. 5d resulting fr
isregistration of theT2-weighted and DW images, shown
etail in Fig. 5f.

DISCUSSION

We have shown that a particular design of an echo-p
ulse sequence that gives diffusion weighting only depen
n the trace of the diffusion tensor also has inherently

mage distortion due to gradient-induced eddy currents.
ave also shown the theoretical optimal number of images
iffusion weighting factors that should be used with this im
cquisition scheme if it is to be used for estimation of
iffusion tensor trace. This involves collecting approxima

hree DW images for every oneT2-weighted image.
Because of the relatively simple image distortions that

ur, they can be corrected relatively straightforwardly by
haracterizing the distortion using phantom scans, and
sing these characteristics in a postprocessing scheme
istortions should not change unless modifications to the
ging gradient hardware are made, in which case the req
emeasurement is fairly quick to perform.

The simplicity of the image distortion is ensured if th
riteria are met. First, by using a relatively long delay betw
uccessive multislice acquisitions, the image distortions in
rst set of DW images are the same as those in the subse
ets of DW images. The minimum delay needed for the
ime constant eddy currents to die away between succe
lice blocks was found experimentally to be about 5 s for our
oncanner. Thus, DW images can simply be averaged to improve
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he signal-to-noise ratio without different corrections be
eeded for each one.
Second, the first few slices of a DW multislice data set s

ifferent distortions because of medium-term time cons
ddy currents. This is not a problem if a few extra slices

FIG. 2. Estimated distortion vs slice number for a pure axial scan. Th
pplied separately on the three axes. (a) Magnification; (b) shear; and
re actually required for anatomical coverage are acquired, ap
w
nt
n

hen discarded or ignored. The remaining slices will then
ave virtually identical image distortion.
Third, diffusion-encoding gradient pulses in the read

hase-encoded directions consist of pairs of bipolar pulses
he eddy currents generated from these tend to be self-

sotropically weighted sequence is compared to a standard sequence w
translation.
e i
ndensating. We chose to apply these self-compensating pulses in
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he read and phase directions, rather than the slice-sele
irection, because it then becomes an easy matter to satis
ondition that the off-diagonal elements of theb matrix are al
ero. Because a slice-selection gradient pulse must be

FIG. 2—

FIG. 3. Estimated translation vs slice excitation number for a pure

ollected with descending excitation order, to show that distortion is indep
ion
the

si-

ioned halfway through a spin-echo sequence, it is easie
nsure a null interaction between the diffusion weigh
ulses in the read and phase-encoding directions by makin
vector zero for these directions at the time of the refocu

ntinued

l scan. Images collected with ascending excitation order are compare
axia

endent of slice position.



p tio
c ire
t e a
s en
O

o same
t

sla-
t have

d with th
c 3] a

66 CERCIGNANI AND HORSFIELD
ulse. While it is possible that gradient pulses in one direc
an result in eddy current-induced gradients in another d
ion (23), our data, showing that the image shear and scal
mall, suggest that these terms are negligible for this sequ

FIG. 4. Average translation vs image plane orientation for off-axial sc
urves obtained substituting the values reported in Table 1 into Eqs. [2
ur correction scheme could potentially incorporate correctiob
n
c-
re
ce.

f all the three parameters (scale, shift, and shear) at the
ime.

Figure 2 shows that for true axial slices, the image tran
ion settles down to a constant value after a few slices

s: axial toward coronal (a) and axial toward sagittal (b). The data are fittee
nd [27], respectively.
an
neen acquired and that therefore in a steady state, the image
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ranslation is independent of the slice position. This was
egardless of the slice position, as shown in Fig. 3. Thus we
onfirm, at least for our scanner, that the translation is
ainly to a uniformB0 shift.
Of course, a better signal-to-noise ratio could be achieve

iving diffusion weighting separately in the read, phase,
lice directions in the three DW images, since the same d

TABLE 1
Image Translation Parameters in Eqs. [23]–[39],

Estimated by Nonlinear Least-Squares Fitting

C0 0.638
C1 25.68
w 47.2°
D0 0.185
D1 23.81
c 71.6°

FIG. 5. Images of a patient who suffered an acute stroke:T2-weighted (
een how noise is reduced in the average (c) of the three diffusion-weigh
iffusivity images, before correction (d) and after correction (e), but the d
n (f). Artifacts appear also where CSF is present, as indicated.
e
an
e

by
d

u-

ion weighting could have been achieved at a shorter
ime. However, the three DW images would have suffe
ifferent image distortions, making their combination probl
tical. Use of bipolar gradient schemes to try to reduce

mage distortion (19) would have resulted in even longer ec
imes than for the isotropically weighted sequence prese
ere.
The small and relatively simple image distortion for

equence allows the distortion to be characterized by a s
traightforward measurements on a phantom; this can th
sed to correct any oblique slice orientation. Alternatively,
ddy current-induced field shifts can be measured at the

he sequence is run (23, 24) and used to correct thek-space
ata. This has the advantage that if the eddy current ch

eristics of the scanner change over time then the disto
orrection will still perform well. However, this must be offs
gainst the increased imaging time needed during scan
nd the fact that the patient data will have an inherently po

nd diffusion-weighted (b). The phase-encoding direction is vertical. It c
images, compared with (b). The stroke is clearly visible in both the comed mean

rtion in the uncorrected image shows up as edge artifacts, as pointed to by the arrow
a) a
ted

isto
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ignal-to-noise ratio than measurements made from a pha
n principle, an arbitrarily high signal-to-noise ratio in t
hantom data can be achieved by signal averaging, lead
xcellent characterization of the image distortion. Finally,

ient motion during the acquisition of reference phase dat
orrection can lead to inaccurate corrections.

CONCLUSIONS

We have shown that a design of a pulse sequence that
iffusion weighting dependent on the trace of the diffus

ensor also results in small, easily characterizable eddy cu
nduced distortions that can be corrected by postproces
he echo time and gradientb factors have been optimized
ive the maximum signal-to-noise ratio in the computed m
iffusivity image, and this sequence is now in routine clin
se.
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