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This work describes a segmented radial turbo-spin-echo tech-
nigue (DW-rTSE) for high-resolution multislice diffusion-
weighted imaging and quantitative ADC mapping. Diffusion-
weighted images with an in-plane resolution of 700 um and almost
free of bulk motion can be obtained in vivo without cardiac gating.
However, eddy currents and pulsatile brain motion cause severe
artifacts when strong diffusion weighting is applied. This work
explains in detail the artifacts in projection reconstruction (PR)
imaging arising from eddy currents and describes an effective
eddy current compensation based on the adjustment of gradient
timing. Application of the diffusion gradients in all three orthog-
onal directions is possible without degradation of the images due
to eddy current artifacts, allowing studies of the diffusional an-
isotropy. Finally, a self-navigation approach is proposed to reduce
residual nonrigid body motion artifacts. Five healthy volunteers
were examined to show the feasibility of this method. © 2000
Academic Press
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INTRODUCTION

Spatial mapping of diffusion coefficients provides an add
tional contrast mechanism in MRI which can be used to obtai

important physiological information on water mobility, com- .
mp physiologica | I W My d (15), and GRASE 16) have been developed. These rapic

partmentation, and diffusional anisotropy—@. Animal an

human studies have suggested that diffusion-weighted imag
(DWI) is a sensitive indicator for early detection of ischemi
injury, since areas of acute stroke show a drastically lower

quantitative diffusion measurements are severely degraded
even small macroscopic motions of the head and brain. Ti
reason for this high motion sensitivity is the large pulse
gradients required for the Stejskal-Tanner diffusion prepar
tion. Pulsatile brain motion can be controlled by cardiac gating
but rigid body motion still remains a problem. Several strate
gies have been developed in the past to overcome the moti
sensitivity problem:

(i) Single shot DWI techniques, despite their lower spatis
resolution, are currently the method of choice, since the
“freeze out” the effects of macroscopic motion and allow ¢
high scan efficiency. Echo planar diffusion imagirfgl(12
has been used successfully for measuring diffusion of water
the brain of volunteers and patients3) and is generally now
regarded as the method of reference. However, echo-plar
imaging (EPI) is very sensitive to magnetic susceptibility ar
tifacts resulting in image distortions and off-resonance art
facts, which require efficient shim procedures and fat-suppre
sion schemes. The resolution achievable with EPI is limite
due toT% decay during the echo train. In addition, specia
radient hardware is necessary for the EPI technique. Thel
are, less demanding single-shot DWI approaches for clinic:
scanners including high-speed STEAM4), turbo-FLASH

often compromise spatial resolution and signal-to-nois
%tio (SNR). Fast diffusion imaging based on a steady-stat
ree precession scheme has also been propdseed. 9.

L) ging techniques are generally much less motion sensitiv

diffusion coefficient 4—7). The application of DWI to an - o . .
animal model of multiple sclerosis has been discus®d (. (i) Another approach to reduce rigid body motion artifacts

However, methodological limitations exist for the widesprea'&1 multi-shot DWI is based on navigator echo@8 €29. The

application of DWI in humans. Conventional methods of adlavigator echoes provide a measure of the motion-induc

quiring diffusion-weighted images involve the use of Stejskal\ﬂf\’\"to'\/'ev‘(’j %hasi varlatlpnz gtllflzmgthan_ add!tlonal hnon_;
Tanner diffusion-sensitized gradient9, (0 in conjunction phase-encoded echo acquired before the 1maging echo.

with spin-echo 2D Fourier transform acquisition. One of thgnage data can then be corrected refrospeciively for line

great obstacles in clinical DWI is that the image quality an&elocny and acceleration Of_ the head. However, the nawge_m
approach appears to be of limited value when complex motio

1 To whom correspondence should be addressed. E-mail: hillenbrand@@@- brain pulsation, is involved.
physik.uni-wuerzburg.de. (iif) Another approach to reduce motion artifacts in DWI is
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FIG. 1. Schematic presentation of the diffusion-weighted radial turbo-spin-echo sequence: The DW-rTSE sequence consists of a pulsed gradient ¢
(PGSE) preparation phase and a radial turbo-spin-echo (TSE) readout. All RF pulses are slice selective filtered sinc-pulses. The effectivE Egheatime
given byTE.; = TE + (N/2 — 3) - Tiner With N being the number of echoes per echo train. In the experiments done for this study four projections were acc
after one excitation.

projection reconstruction (PR) imaging. In PR imaging radigiffusion weighting is applied. In this contribution, the main
lines in Fourier space are acquired instead of rectilinear lines@snponents for a successful implementation of such a s
in 2D Fourier transform (2D FT) imaging. Therefore thesquence are summarized: First there will be a brief descriptic
sequences are called radial sequences. PR imaging in genefrahe sequence design and the image reconstruction. Th
shows a reduced sensitivity to motioR3} and flow artifacts artifacts resulting from eddy currents in radial DWI will be
(24) in combination with magnitude reconstruction. In addiexplained, and a method for eliminating these artifacts will b
tion, it offers a slight gain in signal-to-noise ratio and is lessuggested. A self-navigation method for reducing nonrigi
susceptible to phase errors when compared to 2D FT imagimgdy motion artifacts will be proposed. After the description o
(25). Radial sequences have been used for D¥8, 9, 3]}, the experimental setup, typical results obtained from diffusio
but eddy current problems have been reported when applyingaging experiments performed in phantoms and in the hum:
the diffusion gradients in the same orientation as the rebdain of healthy volunteers will be presented.

gradients 80). Some groups24, 33 used rotating diffusion

gradients to eliminate remaining motion artifacts. This has the METHODS AND EXPERIMENTAL

disadvantage that the diffusion anisotropy cannot be measured.

Since measurement times in standard radial imaging afaPlementation and Image Reconstruction

comparable with conventional spin-echo imaging, the acquisi-The pulse sequence (Fig. 1) for diffusion-weighted radi
tion of several echoes after one excitation has been proposeg|{o-spin-echo (DW-rTSE) imaging consists of two parts: (i
increase the speed of PR imagirg6(27. Recently, it has 5 standard pulsed gradient spin-echo (PGSE) preexperim
been shown that this radial turbo-spin-echo approach can gi§€luding eddy current compensation and (i) a radial turbc
be combined with diffusion contrast in order to obtain highspin-echo readout train. The slice selective PGSE experime
resolution diffusion We|ghted imageS with increased imagir@'eates a transverse magnetizatMnat the echo timeTE

speed and reduced sensitivity to motid@1(32. weighted withT, and the diffusion coefficierd (9)
In this study we present a radial multislice turbo-spin-echo

DWI sequence which includes eddy current compensation and
i ; M(TE)

self-navigation to reduce artifacts due to eddy currents and =

pulsatile brain motion. This sequence provides quantitative M(0)

high-resolution diffusion imaging and diffusional anisotropy

measurements in all areas of the human brain, even if stromgereb is the well-known b value,” which is a measure for

efTEsz, efbD, [1]



HIGH-RESOLUTION DIFFUSION IMAGING WITH RADIAL TSE 245

2nd echo train

last echo train 1st echo train

FIG. 2. Coverage of thé space. The direction of the radial lines is stepped sequentially from 0° to 180° with each echo. For a final image matrix s
N, X N, pixels N, data points in read direction amdj, projections were acquired.

the diffusion-weighting. Theb value for a balanced pair of 1. The magnitude of the Fourier transform of the signals i
gradients of strengtl®,, durations, and separation is given calculated giving the raw projections

by (9)

5 p(d, R) = (277)1|j Sk, ¢)e ""dK
b= 72G§82(A - 3>. [2] .

Thi d echo f d by the PGSE , . yﬁith R:= (x cos¢ + y sin ¢) and the k-space vector
IS attenuated echo formed by the experiment Is fae_ vG,t. These raw projections are summarized in the

first echo of the turbo-spin-echo readout train which is ref%‘mogram

cused ”_‘“'“_p'e tifmes by 1:300 RF pul_ses ItEO arc]qui;]e more than, “The raw projectionp(¢, R) are filtered with a convo-
one projection after a singie preparatuzn. ach echo Is enco n filter giving the filtered projectiong* along the read
with the readout gradien, = G, - (é,cos¢ + &,sin ¢) gradient direction

applied under different angle$ in the image plane. For a 3. The projections are backprojected to form an imag

resulting image with a rectangular matrix Nf X N, pixels, X [Tk R)dd on a Cartesian arid
N, projections under increasing in-plane anglewith N, data p(xy) = I3 p*(¢, R)d$ gric.

points in the radial direction were acquired. The angjle/as The choice of the convolution filter applied to the raw
incremented from 0 to 180° in steps Akp = (18C°/(N, + projections is essential for the final image quality. For al
1)). In theactual implementation a sequential samplingkof images in this work, the filter published i38) produced a
space was performed (Fig. 2). Each echo train consisting ofgood image quality with reduced streaking artifacts and bac
echoes covered a segment of khgpace with an angle = N- ground noise.
A¢. However, interleaved sampling as noted 81)(is also One problem particular to DWI is that the presence o
possible. patient motion, eddy currents, and flow disturb the phase of tl
Since imperfect 180° pulses may populate higher ordechoes. Typically these phase disturbances are not const
phase states36, 37), the rephasing back to the center lof during the experiment. By using the backprojection algorithr
space guarantees a zero phase accumulft®(t)dt = 0 due in the magnitude mode, the phase inconsistencies predor
to the read gradients between succeeding RF pulses. Tistly affect the amplitude of the different projections. This
ensures that the echoes from different echo families will eamplitude modulation is smeared out over the whole image di
perience identical spatial encoding. to the inherent averaging effect in PR7}. Therefore, small
In the following, the image reconstruction of radial dateandom phase errors lead to artifacts of negligible amplitude
using a filtered backprojection algorithm is shortly describethe resulting image, making PR imaging in combination witt
The filtered backprojection from the acquired sigB@t, ¢) is magnitude reconstruction much more insensitive to phase ¢
split into three major parts: fects than conventional 2D-FT imaging. However, there ar
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FIG. 3. Eddy current and phase dispersion effects in PGSE experiments. Eddy currents produce long-term gradient fields, which still exist after t
RF pulse of the PGSE experiment. This leads to a nonzero phase dispersion at the echo time TE in the direction of the diffusion gradient.

imaging situations, where significant effects of phase inducetlithe transversal magnetization at the echo tifmE, where
amplitude errors are apparent in PR-DWI. This is demonstratad represents the spatial distance from the center of the magi

in the following sections. in the direction of the diffusion gradients.
_ _ This phase dispersion has different effects on each proje
Eddy Current Effects and Their Compensation tion depending on the angle between diffusion and reado

The eddy currents induced by switching of |arge diffusiogradient. If the diffusion gradient is applled in the Image pIanE
gradients are a great obstacle in DWI. This leads to additioraVere eddy current artifacts can occur. In PR imaging, t
magnetic field gradients and an unwanted phase dispersfBasured signal is proportional to the sum of the transver
after the preparation. Despite improvements in gradient hafi2gnetizationM,,(x, y) along a line perpendicular to the
ware, such as actively shielded gradients, these problems §gfidout gradienG, (25). In case of a nonconstant phagex,
occur. A general analysis of eddy current behavior has begh# const in the image plane, negative and positive inter
performed by Ahn and Cha@9). Several approaches to avoiderence will take place depending on the phases of the sigr
these problems have been proposed for diffusion weighted EPMponents. If diffusion and readout gradient are parallel, r
(40). negative interference will take place, since only signal compc

In the following, we propose a simple but robust eddgents of equal phase will be summed up (see Fig. 4A). Hov
current compensation for radial DW imaging based on ti&yer, negative interference will occur in the case of nonparall
adjustment of the gradient timing. This method is based on tH#fusion and readout gradients, leading to severe image ar
following considerations: Ramping down large gradients idacts (see Fig. 4B). The subsequent echoes of the turbo-sp
duces eddy currents, which produce a gradient field of the sag@ho readout will also be affected since the eddy current effec
polarity as the original gradien89). Switching off of the first lead to a nonconstant phase accumulation during the echo tr
diffusion gradient of the PGSE preparation produces an edayd the CPMG condition will no longer be satisfied. In con
current gradient field which may still exist after the 180° RFrast, if the diffusion gradient is applied perpendicular to th
pulse of the PGSE preparation, depending on the time constamége plane, a phase dispersion in slice direction occurs. Sin
of the eddy currents (Fig. 3). This gradient field increases thige slice thickness is usually small compared to the image fie
gradient integral in the second half of the PGSE experimepf.view, this phase dispersion is also small and leads to a slig
Therefore, the integrals over the gradient will be different igignaj loss. Due to constant phases in all read directions (s
the first and the second half of the PGSE experiment, leadipgy. 4C) no severe image artifacts will arise. Therefore, diffu
to a nonzero phase dispersion sion-weighting in slice direction is less critical in terms of

image artifacts.

TE Rotating the diffusion gradient in-plane to be always paralle
J Gy(t)dt)As# 0 [3] to the read-out gradient may avoid eddy current induced ima

TE/2
¢(TE) = v(f Gy(t)dt —
0 TE2 artifacts in the case of in-plane diffusion-weighting. However
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FIG. 4. Effects of a phase dispersion in PR imaging. If the diffusion gradient is (A) parallel to the readout gradient, no image artifacts will be produc
the phase dispersion because signal components of equal phase will be summed up to form the signal. In the case of (B) nonparallel or even pery
gradients different signal phases will be summed up and interference will disturb the resulting signal leading to severe image artifactadioingitfient
is applied (C) through-plane only a small negative interference will occur due to the small phase dispersion through the imaging plane. Thigepiase di
is small because the slice thickness is much smaller than the field of view with the phase dispersion per unit length being equal to those case9 ahdwn |
(B). But no negative interference will occur during readout in the planes perpendicular to the phase dispersion, since all signal componeisanheayh dse
in these planes. Therefore, only a small uniform signal loss will be produced.

this approach suffers from the major disadvantage that meliffusion gradient to the first echo). The trim time must be
surements of diffusional anisotropy are not possible. Therefodstermined once for the actual system configuration and f
another strategy was chosen to compensate for the effecteath gradient used. The determination of the trim time is dor
the eddy current induced phase dispersion. by varying the trim time until maximum signal is achieved in
The phase dispersion can be avoided by introducing a trati projections. This approach has the advantage compar
time 7 to shorten the second diffusion gradient to a duration @fith trimming the gradient strength, that the trim time, once
&' = & — 1. This compensates the additional gradients causddtermined, is independent of the actual gradient stre@gth
by the eddy currents so that the diffusion gradients now fulféind duratiors used, as long as eddy current effects are directl
the conditionf ;¥*G.dt = [1§,G.dt for zero phase dispersionproportional to the gradient streng@®,. Otherwise an indi-
at the echo tim@ E of the first echo. This eliminates the majoryidual trim time must be determined for each gradien
short-time-constant eddy current induced contribution to phasteengthG,.
accumulation during the echo train. Eddy currents with long-
time consfcants may still be presen_t dl_Jring later echc_)es, bUt_l\m)tion Sensitivity and Self-Navigation
our experience they are usually significantly lower in ampli-
tude and therefore do not cause major artifacts (see Fig. 5). PR imaging has been proven to be relatively insensitive f
The experimentally determined trim times very short on rigid body motion artifacts which only cause a slight blurring
our system £ = 10-20us depending on the gradient used asf the imagesZ8). However, brain pulsation artifacts may still
diffusion gradient) compared with the typical diffusion gradiaffect image quality in PR imaging. Brain motion in the pres
ent duration § ~ 25 ms) but it eliminates effectively eddyence of magnetic field gradients leads to a velocity depende
current induced image artifacts as demonstrated in Fig. 5. Thlease,¢ = yG,vAS, for a given velocityv. Thus, in the
shortness of the trim time indicates that a small difference presence of significant in-plane brain motion during the PGS
the integral over the gradients in both halves of the PGSfeparation, projections with nonparallel diffusion and readot
experiment causes a significant phase dispersion at the eghedients can be severely degraded by phase dispersions s
time TE (according to Eq. [3]) this dispersion is equal talar to those caused by eddy currents. Through-plane motio
o/Ay ~ 40°/cm for our system using a diffusion gradient ofnduced phase errors also reduce the signal amplitude as
29 mT/m and 5 ms separation from switching off the secoridnction of the applied value. This is particularly a problem
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constant for each projection as long as imaging parameters &
spin density are unchanged. Therefore, the energy of the pi
jections, which is often referred to as the projection integra
remains constar = [ p(¢, R)dR = const for all ¢ (47).
Since motion in a field gradient causes a phase dispersion &
therefore a reduced signal amplitude, a reduced projectic
energy is produced. This can be detected automatically by
algorithm which compares the energy of each projection wit
a predefined threshold, e.g., defined by the mean energy of
projections. If the energy is below this threshold, the projectio
is judged to be degraded and will be acquired again. In th
study, this self-navigation principle was implemented as a
offline procedure, where approximately 30% of the acquire
projections were discarded and reacquired in an independe
scan.

Experimental

All data were acquired using a 2.0 Tesla whole body MR
system (Tomikon S200, Bruker Medical Systems, Ettlinger
Germany) with a maximum gradient strength of 31 mT/m an
a minimum gradient rise time of 6Q@s. In our experiments the
FIG. 5. Eddy current compensation: (A) shows a sinogram without eddé‘cho train Iength was limited to four echoes to minimize th

current compensation. Most projections are affected by eddy current effec ect of T. relaxation on the image contrast. Hence the-cor
except those where the diffusion gradient is parallel to the readout gradient 2 xall Imag :

bright projections in the middle): (B) is the corresponding image reconstructd@St behavior was almost comparable to standard spin-ec
from the projections shown in (A). The image suffers from severe artifacts; (E)WI. A typical multislice (5 slices) experiment was performec

shows the sinogram acquired with effective eddy current compensation; (Dyjgth a repetition time offR = 1 s. Diffusion gradients with
th_e corresponding image from the projections in (C)._AII c_iata werg acq_uir%d: 25 ms and a maximum strength @f, = 25 mT/m were
with the sameb value @ = 806 s/mm) and the diffusion gradient in . .
top/bottom direction. apphed_. In all expe_rlment_s, the proposed eddy current cor
pensation was applied. Trim times were= 10 us, 7, = 11
us, andt, = 19 us. Slice selective filtered and truncated
in inferior axial slices of the human brain when the diffusiosinc-pulses with a duration of 2 ms were used as refocusir
gradient is applied in the head/foot direction. In general, thmilses. The inter echo tim&,,. was approximately 10 ms
result of motion is that the measured ADC will tend to beepending on the matrix size and the imaging bandwidth. Fie
overestimated in an uncorrectedvivo scan. of view was 36 cm in combination with a 512 512 matrix.
ECG-triggering can be used to avoid this motion-inducethe imaging gradients consisted of a 5@9dephasing section,
phase dispersion. However, this significantly increases the tdizlowed by the readout section with the echo in the center
acquisition time in multislice experiments since ideally eadhe acquisition window and a 5Q0s rephasing section. For all
slice must be acquired in a phase of negligible brain motion.dfudies no fat suppression was used. For quantitative imagir
no ECG-triggering is used, only a certain number of projee- series of images were acquired keephMgT ..., and TE
tions will be disturbed. In our experience, less than one third cbnstant, but with variabl&,. From this series of images, the
all projections acquired are degraded (e.g., see Fig. 7D). Wéhparent diffusion coefficient (ADC) was calculated using
this number of degraded projections, backprojection still prpixel-by-pixel nonlinear fit algorithm.
duces usable images, where a significant signal attenuatiohe DW-rTSE sequence was first evaluated in a stationar
only occurs in the regions of strong brain pulsation. spherical phantom containing doped water. The experimer
To obtain images with reduced pulsation artifacts, a selitere performed at room temperature. The diffusion coefficiel
navigator approach was developed. This technique uses @&es measured in all three orthogonal directigng, andz with
quired projections as their own motion navigator. In case of ribb values of 1.7 and 692 s/mfmin vivo experiments were
pulsatile motion, i.e., negligible phase dispersion during theerformed in five healthy volunteers in order to demonstrat
readout period, all spins in the image plane add up coherenithe feasibility and stability of this sequence. In addition, ECG
to form the final signal. Each spin will contribute to differengated images were acquired in order to obtain reference imac
frequency components of the signal from projection to projefree of pulsation artifacts. These reference images were usec
tion, depending on the direction of the rotating readout gradiempare (i) gated versus nongated acquisitions in slices wi
ent. However, the sum over all signal components remaine significant pulsatile motion and (ii) self-navigated versu
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FIG. 6. Effect of ECG-gating: Diffusion weighted images acquired with ECG-gating (A—C) and without ECG-gating (D—F) are showr-(B&Y cm,
512 X 512 matrix, TR = 1 s, TEscse = 60 ms). The triggered images were acquired in the late diastole where the pulsatile brain motion is negligible. Difft
weighting was applied in left/right direction. Thevalues were (A, D) 2.7 s/mm(B, E) 364 s/mm, and (C, F) 728 s/mf Although no fat-suppression was
used, the images do not show any off-resonance artifacts. All images are free of rigid-body motion artifacts. ECG gating improves the image tpality
reduced background noise and fewer streaking artifacts. However, the images acquired without ECG gating show only some attenuation duentchiyrain pa
pulsation in the central part of the brain.

gated acquisitions in slices with significant motion. In the following diffusion coefficients:ADC, = (2.47 = 0.16) -
vivo studies, high-resolution DWI (in-plane resolutien 1 10° um?/s,ADC, = (2.37 = 0.14)- 10° um?/s andADC, =
mm), anisotropy measurements, and investigations of the n@-49 = 0.11)- 10° um?/s. The calculated average diffusion
tion sensitivity were performed. A typicah vivo experiment constantADC,, = (ADC, + ADC, + ADC,)/3 yielded a
consisted of the acquisition of five slices with two or mtwe value of ADC,, = (2.44 = 0.14)- 10° um?/s, which is in
values and diffusion weighting in all three orthogonal direggood agreement with the values of the diffusion constant f
tions. Theb values were stepped from 1.7 up to 728 sfinmbulk water at room temperature reported in literatu¥g).(
Without ECG-gating the total acquisition time was 4:16 min

for a five-slice experiment with a 512 512 matrix and twd In Vivo Studies

values, diffusion weighting in one direction, using a repetition
time of TR = 1 s andN = 4 echoes per echo train. No specia{io
head restraint was used.

Figure 6 compares ECG-gated versus ungated high-reso
n DW-rTSE images using a 512 512 image matrix with-
out self navigation. The triggered images were acquired in tt
late diastole where the pulsatile brain motion is negligible. I
all images diffusion-weighting was applied in left/right direc-
tion with b values ranging from 2.7 to 728 s/mnilthough no
fat suppression was used, the images do not show significe
Diffusion measurements with diffusion weighting in alloff-resonance artifacts, since a readout bandwidth of 100 kF
three orthogonal directions were performed on a water-filledas used. Thus, fat causes only a shift of about one pixel in tl
phantom at room temperature (data not shown). Each AD&dial direction. The rotation of the readout gradient smears o
value was calculated from two optimally trimed images athese small spatial shifts to a blurring of negligible amplituds
quired at differentb values. The nonlinear fit yielded thein the final image. As depicted in Fig. 6, all images are nearl

RESULTS

Phantom Studies
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FIG.7. Effect of self-navigator: Diffusion weighted images (A-C) witb galue of 692 s/mrhand the corresponding sinograms (D—F) are shown. Diffusior
weighting was applied in slice direction. The repetition time &= 5 s. The artifacts due to pulsatile brain motion are strong if no ECG gating is used (/
They can be reduced when the degraded projections are acquired again using the self-navigation approach (B). Using ECG-gating completejrtifficinate
(C). This can be observed in the corresponding sinograms (D—F) as well, where degraded projections appear as dark lines. This scenario remnesent:
case, since a strong diffusion weighting in the main direction of motion was applied.

free of rigid-body motion artifacts. ECG gating reduces reprojections were reacquired in a subsequent scan. The cor
maining weak streaking artifacts and background noise agplonding sinogram (Fig. 7E) shows a reduced amount
improves the sharpness of the image. This is a clear sign thefraded projections, as compared to the ungated scan. T
the main source of artifacts is pulsatile brain motion. Thus, tk&ample demonstrates that ungated imaging in conjunctic
use of ECG gating provides a small increase in image qualigith self-navigation provides image quality almost comparabl
but with the disadvantage of an significantly increased scgf fully ECG-gated acquisitions in areas of significant brair
time: Scan time increases from 6:24 min without ECG gatingotion.

(multislice mode 5 slices, d values eachTR = 1 s) 10 Figyre 8 shows diffusion-weighted images and the corre
approximately 32 min (single-slice mode, 5 single slices, 3gpnding ADC maps of different slices of the human brain
values eachTR = 1 s) with ECG gating. The ECG-gatedp;qsion weighting was applied in posterior/anterior direction

images were acquired in smgle—_sllce mode n order_ to provi %rpendicular to the main direction of pulsatile brain motion
reference images free of pulsatile brain motion artifacts fro e images are free of motion artifacts even though no EC

all slices. As can be seen, the images acquired without ECG.. N : . |
ting, no self-navigation, and no special head restraint w;

gating show only some minor attenuation due to brain pare%— . o .
chyma pulsation in the central part of the brain. As a result, Fnsed' The images have an in-plane resolution of #@0and 8

most parts of the human brain neither ECG gating nor sef!™ through plane. Ar)atom@cal details such as the individu:
navigation are necessary (see also Figs. 8 and 9). gyrl_and sulci can be |_dent|f|ed clearly. _

Figure 7 depicts the efficiency of the self-navigator approachF19ure 9 shows a slice through the ventricles of the hums
in an inferior slice, which is known to be significantly affected@in with diffusion weighting applied in all three orthogonal
by brain pulsation 41). Diffusion weighting was applied in d_|rect|ons. N.e|ther _ECG g_atmg nor seIf-nawgauop was use
head/foot direction, corresponding to main direction of brai#ince pulsatile brain motion can be neglected in this slic
motion. As seen in Fig. 7D, the projections which were agosition. Diffusional anisotropy in white matter (WM) was
quired without ECG gating are degraded the most, resulting@@served in the regions of the corona radiata, where the AD
a low image quality (Fig. 7A). In comparison, Fig. 7C show§ap shows higher values in case of diffusion weighting in slic
that ECG gating provides the highest image quality, with th@rection (Fig. 9L) and lower values with diffusion weighting
absence of corrupted projections in the sinogram (see Fig. 7iRyplane (Fig. 9D, H). Table 1 summarizes the measured AD
Finally, Fig. 7B depicts the self-navigated image obtainedalues in WM and GM. The variation of the ADC values for
without ECG gating, but where onfyof the motion corrupted WM indicates the existence of fibers which run through th
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FIG. 8. High resolution DWI: This figure shows (A—C) sagittal, (D—F) coronal, and (G-I) transversal slices from the human braivalitas of (A, D,
G) 2.7 s/mm and (B, E, H) 728 s/mfand the corresponding ADC maps (C, F, 1). Diffusion weighting was applied in the posterior/anterior direction. No E
gating nor special head restraint was used. The nominal resolution wasn7@-plane and 8 mm through-plane.

image plane. The measured ADC values are in the rangeaateptable level of motion artifacts when acquired withou

those previously published8—46. ECG gating. Remaining artifacts were further reduced usin
the self-navigation approach. In contrast to single-shot DV
DISCUSSION techniques, DW-rTSE allows high-resolution DWI with an

in-plane resolution of up to 70um on standard clinical

In this study, a modified radial turbo-spin-echo technique f@canners with imaging times significantly reduced compared
high-resolution diffusion-weighted imaging and quantitativetandard single-echo 2D-FT DWI. This “anatomical resolu
ADC mapping has been presented. The successful implemgsn” may allow detection of small lesions, definition of exact
tation of the DW-rTSE technique relied on an accurate analygjgrders as well as accurate volumetric measurements.
of eddy current and motion effects on diffusion Weighted PR To summarize, the modified DW-rTSE provides the follow-
imaging. It was shown that a phase dispersion after the PGiplg key properties:
diffusion preparation is the common source of artifacts result-
ing from eddy currents and motion. Depending on the orien-e Diffusional anisotropy can be studied.
tation of the diffusion weighting and the direction of the e Quantitative diffusion measurements are possible.
readout gradient, artifacts of different power are produced ine Eddy current compensation eliminates artifacts due t
the image. Based on this analysis, appropriate compensateily currents caused by the diffusion gradients.
techniques, an effective eddy current compensation, and @ No cardiac gating is necessary for diffusion imaging ir
self-navigation approach were developed. most regions of the human brain.

When compared with standard 2D-FT imaging, DW-ITSE e Residual motion artifacts can be reduced by a self-nav
produces images essentially free of rigid body motion artifagigtion technique.
with significantly reduced sensitivity to pulsatile brain motion.
Images almost free of pulsatile motion artifacts were acquiredHowever, some critical issues remain. First, the propose
without ECG gating or self-navigation from slices superior teddy current compensation scheme obviously performs only ¢
the eyes. Images from slices inferior to the eyes showed systems where short-term (i.e., short relative to the inter ecl
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ADC / um¥

ADC / um?s

FIG. 9. Quantitative diffusion measurements: Diffusion-weighted images with weighting from (A—C) left to right, (E-G) posterior to anterior, andsd@-K)
to foot and the corresponding ADC maps (D, H, L) are shown. The arrows symbolize the direction of diffusion weighting. Diffusional anisotropgns ap|
in regions of the corona radiata where strong attenuation can be observed in the images with diffusion weighting in slice direction (K) in cdwmtrast
hyper-intensity with weighting in posterior/anterior direction (G). ADC maps show the same effect, with a higher ADC value in this region withgnieight
slice direction (L) and a much smaller ADC value with weighting in anterior/posterior direction (H).

spacings) eddy currents dominate. On imaging systems whapproximately: of the projections are corrupted by brain
long-term eddy currents are significant, additional trim gradinotion. However, in this case ECG gating, which would dic
ents must be added before each individual readout. This wage the use of slow single-slice acquisitions, is completel
not necessary on our system, as clearly demonstrated in Figawoided. Thus, multislice imaging can still be performed ir
In general, however, this eddy current compensation must glically feasible experiment times as demonstrated byirthe
calibrated on a system-by-system basis. vivo results. Ideally, the reacquisition should be performe

The proposed self-navigation approach was developed fHjine for clinical efficacy, which was not yet possible with our
the particular case of significant brain motion. This is typicallgystem_ In this ideal online situation the (i) acquisition of &
a problem in inferior slices when diffusion weighting is app”e‘éomplete set of projections would be directly followed by ar
in head/foot direction. In this situation, the self-navigatiogi) automatic calculation of a threshold followed by (jii) a

approach comes at the expense of prolonged scan times, s{iieasnonding reacquisition of corrupted projections. Furthe

work is required concerning the determination of the optime
TABLE 1 number of echoes per readout period in order to obtain t
highest image quality. The high-resolution achievable with th
proposed method may increase the number of possible apy
ADC/10" um*s™ Grey matter White matter cations for DWI. For example it may allow the detection of
small lesions caused by multiple scleros34,(35 and offers

ADC Values in Human Brain

ﬁgg* 2'3? g'g igi 8'3 the possibility to study the pathology of diseases that affe
ADCi 1.0+ 0.2 1.9+ 04 Mmyelination. Clearly, clinical validation is required to test the
ADC,, 1.0=0.2 15x03  performance of the self-navigator approach in patients and

evaluate lesion contrast-to-noise and border definition in strol
Note.The ADC values were measured in an axial slice through the ventricl

of human brain. The region of interest for white matter was located next to tﬁéeSIOns' . .
ventricles in the corona radiata where anisotropy can be observed. Grey mattef! summary, the proposed DW-rTSE technique combine
showed no anisotropy of diffusion. the resolution of conventional spin-echo 2D-FT imaging witt
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the motion insensitivity of single-shot techniques. Since DW with turbo-FLASH, in “Proc. SMRM 9th Annual Meeting,” p. 387,
imaging has the potential to play an important role in the Berkeley, CA (1990).
evaluation of patients with stroke and other diseases, the néédL- Guoying, P. Van Gelderen, J. Duyn, and C. T. W. Moonen,

for clinical widely available and robust sequences such as

DW-rTSE will likely increase. Thus, further investigation con-

cerning the application of radial DW sequences are promising.
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