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Single-Shot Diffusion MRI of Human Brain on a
Conventional Clinical Instrument

Guoying Liu, Peter van Gelderen, Jeff Duyn, Chrit T. W. Moonen

A single-shot diffusion MRI technique on a standard clinical
1.5T scanner is presented. The method incorporates the fol-
lowing elements: {a) an inversion RF pulse followed by a delay
of 1.3 s to null cerebral spinal fluid (CSF) signal, (b) a stimu-
lated echo sequence (TE = 56 ms, TM = 100 ms) to obtain
strong diffusion weighting, {c} a single-shot gradient- and
spin-echo (GRASE) sequence for imaging with a modified
k-space trajectory and Carr-Purcell Meiboom-Gill (CPMG)-
phase cycle. The trace of the diffusion coefficient obtained
with this approach is in good agreement with values reported
for animal brain, and for recent human studies. It is demon-
strated that single-shot diffusion imaging of human brain is
feasible on an unmodified standard instrument without high-
gradient slew rate or exireme field homogeneity.

Key words: diffusion; brain; single-shot MRI; gradient and spin
echo (GRASE); Car-Purcell-Meiboom-Gill (CPMG).

INTRODUCTION

NMR has been used to measure the diffusion of liquids
since the first years of NMR research (1-5). Recently, MR
imaging (MRI) was recognized as an important tool to
map noninvasively the diffusion coefficient of water in
tissue in vivo. Thus, water diffusion was introduced as an
additional MRI contrast parameter (6—9). Measurements
performed by Moseley et ¢l. on cat brain (10, 11) showed
that the diffusion coefficient of water is lowered in acute
stroke and that diffusion-weighted MRI can be used to
detect stroke earlier than conventional MRI techniques.
Since then, diffusion MRI has attracted increasing atten-
tion in research on animals and in humans (12-21).
These studies have convincingly demonstrated that dif-
fusion MRI is a sensitive method for detecting cerebral
ischemia at a very early stage, providing physiological
information that is not accessible by standard imaging
techniques. It has also been shown (17) that images rep-
resenting the trace of the diffusion coefficient better de-
lineate regions affected by stroke, inasmuch as the trace
is independent of orientation effects of myelin fiber.
Despite a number of successful in vivo studies on anes-
thetized animals (10-17), diffusion MRI in the clinical
environment requires special attention to motion prob-
lems (18-21). Because diffusion experiments are sensi-
tive to micrometer displacements, a small displacement

MRM 35:671-677 (1996)

From the In Vivo NMR Research Center, BEIP, NCRR (G.L., P.vG,,
C.T.W.M.) and the Laboratory of Diagnostic Radiology Research, OIR (J.D.),
National Institutes of Health, Bethesda, Maryland.

Address correspondence to: Chrit T. W. Moonen, Ph.D., In Vive NMR
Research Center, BEIP, NCRR, National Institutes of Health, Building 10,
Room B1D-125, Bethesda, MD 20892.

Received April 20,1995; revised October 23, 1995; accepted December 22,
1995,

0740-3194/96 $3.00

Copyright © 1996 by Williams & Wilkins

All rights of reproduction in any form reserved.

mt'ected by copyright law (Title 17, U.S. Code)

of the subject during the time interval between the dif-
fusion-sensitizing gradient pulses can create changes in
signal phase. In multishot imaging, where data are ac-
quired from multiple excitations, motion-induced signal
phase changes can result in significant artifacts and in-
stabilities that interfere with the detection of the diffu-
sion related signal changes. It has been shown that cor-
rections for rigid body motion in multishot diffusion-
weighted imaging can be made using navigator echoes
(22). Promising results with this technique have been
shown recently (23). However, Anderson and Gore (24)
have shown that the navigator echo. provides sufficient
information for such a correction gnly if the diffusion
gradient is applied in the phasg-encoding direction.
Thus, the use of navigator echoes appears to be of limited
value when information about the trace of the diffusion
coefficient is needed. In addition, monrigid body motion
cannot be corrected by the navigator echo. These prob-
lems can be avoided by using single-shot imaging, where
such phase changes do not affect image quality, because
the entire k-space is collected with one excitation
pulse. Single-shot methods may thus be preferable,
despite their lower resolution. Diffusion-weighted echo-
planar imaging (EPI) (25, 26) has shown great promise, by
demonstrating lesion progression in the penumbra region
(21). However, the expensive hardware upgrade and sen-
sitivity to susceptibility effects limit large clinical trials.

In this study, we present a single-shot MRI pulse se-
quence for the measurement of diffusion on a standard
1.5T clinical instrument. The sequence uses a combina-
tion of gradient and spin echoes (GRASE) (27-31) as the
single-shot imaging method. Feinberg et al. (31) have
shown that more echoes, and hence a better resolution,
can be obtained with single-shot GRASE imaging than
with EPI using the same hardware. However, a standard
CPMG cycle cannot be used for the train of refocusing
pulses when the GRASE sequence is applied with strong
diffusion weighting. Here, we use a modified CPMG
phase cycle and k-space trajectory. The sequence was
applied to diffusion imaging of human brain on a con-
ventional 1.5T instrument equipped with standard gra-
dients. A preliminary account of this work was presented
previously (32).

PULSE SEQUENCE

Diffusion sensitization is commonly achieved by adding
a pair of gradient pulses to a standard spin-echo se-
quence. When strong diffusion sensitivity is desired with
relatively weak gradient amplitude and when T, << T, it
is convenient to use a stimulated echo sequence (3, 5).
The pulse sequence for the single-shot diffusion imaging
(Fig. 1) consists of three parts: (a} An inversion pulse
followed by a delay to null the magnetization of CSF,
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FIG. 1. Pulse sequence for the single-shot diffusion MR imaging comprising: (a) an inversion pulse followed by a delay (T1 = 1.3 s) to null
the magnetization of CSF, (b) a diffusion-weighted stimulated echo sequence (TE.../TM = 56/100 ms) for diffusion- sensitization, c) a
single-shot acquisition combining gradient and spin echoes (GRASE) for imaging with a time between refocusing RF pulses (TE,) of 20
ms. Note that the time scale for the three elements of the sequence is not identical. The diagram has been shortened to include only three
refocusing RF pulses in the GRASE sequence. The actual imaging sequence consisted of nine refocusing RF pulses with five gradient
echoes between RF pulses. The length of the train of five gradient echoes was 8.2 ms measured from the start of the first echo to the end
of the last echo. Gradient pulses denoted by positive and negative black blocks indicate slice selection gradients and slice-select
rephasing gradients, respectively. Gradient pulses denoted by hatched patterns, and brick wall patterns indicate balanced pairs of
diffusion gradients and crusher gradients around refocusing RF pulses, respectively. The gradient pulse with checkerboard pattern in the
TM period serves to select the stimulated echo. Conventional read-out and phase-encode gradients are similar to those for conventional
GRASE imaging, and are indicated without a filling pattern. The fixed crushers around the refocusing pulses along the read axis are not

indicated.

(b) a diffusion-weighted stimulated echo sequence
(TE.../TM = 56/100 ms) for diffusion sensitization with
minimal signal attenuation due to transverse relaxation,
and (c) a single-shot GRASE sequence for imaging. The
imaging sequence consisted of nine refocusing RF pulses
and five gradient echoes between the refocusing pulses.
All refocusing pulses were numerically optimized for a
flat profile across the slice (33). The method differs from
the original GRASE in k-space trajectory and RF phase
cycle for refocusing pulses.

K-Space Trajectory

The echoes are phase-encoded according to the k-space
trajectory shown in Fig. 2. The five gradient echoes be-
tween successive refocusing pulses cover a continuous
part (block) of k-space. For optimum signal-to-noise ratio
(SNR), k-space is scanned starting from the center. Thus,
the five central k-space lines are acquired with the five
gradient echoes around the first spin echo (SE1 in Fig. 1).
The neighboring block of five k-space lines is acquired
with the five gradient echoes of the next spin echo (SE2
in Fig. 1), and so on. In addition, within each block of
five gradient echoes, the temporal order of k-space lines
is random to avoid a regular 7,* pattern over k-space.
This phase-encoding scheme leads to minimal imaging
artifacts caused by the combined T, and T,* effects. Note
that the T, (and to a smaller extent T,*) decay influences
the shape of the point-spread function in GRASE, similar
to the influence of T,* decay in EPI. See references 27-31
for a thorough discussion.

CPMG Versus Non-CPMG

In a normal spin-echo sequence the starting phase of the
transverse magnetization is controlled by RF excitation.
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FIG. 2. K-space sampling trajectory for the pulse sequence of
Fig. 1. The consecutive numbering of spin echoes in Fig. 1 corre-
sponds with their k-space location as indicated in the figure. The
first acquired spin echo, SE1, covers the center of the k-space.
Subsequent spin echoes cover an area of k-space progressively
extending from the center. The five gradient echoes in each spin-
echo period cover a continuous block of k-space. For example,
the five central k-space lines are all sampled in the first spin-echo
period SE1. During the second spin-echo period, SE2, the five
k-space lines indicated by <SE2> are acquired, and so on. How-
ever, the order of acquisition of the five k-space lines in each of the
nine spin-echo periods is randomized to limit ghosting (31).

In general, a Carr-Purcell Meiboom-Gill (CPMG)-phase
cycle is then applied, resulting in substantial cancella-
tion of errors in flip angle. However, when the sequence
is strongly sensitized to diffusion, small displacements
between the two diffusion-gradient pulses change the
phase of the magnetization. As a consequence, the rela-
tive phase of the refocusing RF pulse and magnetization
is unknown. Thus, the conditions for an effective CPMG
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cycle are no longer met. If the phase is 0° or 180°, devi-
ations in the refocusing pulses are compensated (the
CPMG effect). If the phase is 90° or 270°, no such effect
takes place. The magnetization can thus be viewed as the
sum of a CPMG and a non-CPMG component. The un-
known relative contribution of the two components has
an effect on amplitude and phase of the echoes. The
CPMG component decays more slowly than that of the
non-CPMG component, depending on the deviations in
B, field. Because the contribution of the CPMG compo-
nent is increasing along the spin-echo train, a phase
offset is found that changes from echo to echo. A varying
amplitude of the sets of crusher gradients around the
refocusing pulses can solve these problems. Because the
phase of the magnetization at the time of the different RF
refocusing pulses will now vary at each point in space, a
combination of CPMG and non-CPMG effects will result.
So long as the variation in gradient amplitude is suffi-
cient that integration over each voxel will lead to a con-
stant relative contribution of CPMG and non-CPMG ef-
fects, a known phase in the echo train is found with
respect to the RF pulse. Because the intrinsic CPMG
compensation for flip-angle deviations not only takes
place between subsequent RF refocusing pulses, but also
between pulses further apart in an extended refocusing
train, the decay of the signal amplitude resembles more
closely a CPMG decay than a non-CPMG decay.

METHODS

A 1.5T GE Signa instrument was used with a standard RF
head coil and conventional, shielded gradients with 0.01
Tm ™! maximum strength and 17 Tm ™' s™! maximum
slew rate. The human-subject protocol was approved by
the Intramural Review Board at the National Institutes of
Health.

Several fine adjustments (tweakers) were implemented
in the pulse sequence: (a) dead time tweaker placed
between onset of read gradient and echo sampling, (b)
amplitude tweakers of read-out gradient dephaser and
rephaser, (c) amplitude tweaker of the slice-selection gra-
dient rephasing lobe, (d) amplitude tweakers of phase-
encoding gradients. The first tweaker served to eliminate
a timing mismatch between the periods of echo sampling
and read-out gradient, which was necessary to align the
echoes scanned in opposite k, directions. Further adjust-
ment, which zeroes the first-order phase-fitting parame-
ters for the third gradient echo in each spin echo (zero
susceptibility), was done using the second pair of gradi-
ent tweakers. The third served to rephase all spins in the
slice and maximizes the signal intensity. On our instru-
ment, it was found that the set of gradient tweakers in the
phase-encading direction was not necessary for optimal
image quality. The need for such tweakers is probably
system dependent.

With nine spin echoes each comprising five gradient
echoes, the total number of echoes was 45, with an A/D
sampling of 64 data points in 1 ms, leading to a total
image time of 170 ms. A 10-mm axial slice was chosen
from human brain with an in-plane (nominal) resolution
of 3.75 mm (FOV was 240 X 169 mm). Shimming was
performed along the main gradient axes on the slice of
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interest. The GRASE image quality is less sensitive to T,*
effects compared with EPI, because the maximum differ-
ence in T,* weighting over k-space is rednced in GRASE.
Therefore, no extreme shimming efforts were required to
produce a reasonable image quality. All RF pulses were
applied along the positive x’ axis and were made slice
selective. The stimulated echo used identical 90° (+x’})
selective-sinc RF pulses. Optimized refocusing pulses
(3.2 ms) were utilized for the spin-echo train for an
improved (flat) slice profile (33). The slice profile of the
refocusing pulses was 10% wider than that of the 90° RF
pulses.

To optimally design the sequence for multislice pur-
poses, the preceding inversion pulse was made slice
selective. However, because CSF suppression was often
found incomplete in the ventricles when using narrow
slices (presumably because of flow}, a rather thick slice
(60 mm) was used here to ensure a high degree of inver-
sion of CSF spins and to limit the influence of CSF flow
during the inversion time. The 180° RF pulse that was
used for inversion was identical to that used for refocus-
ing pulses. Empirically, an inversion delay of 1.3 s was
found to be optimal for CSF suppression.

The varying gradient crushers around each refocusing
RF pulse in the GRASE sequence lead to echo amplitudes
that are independent of the phase of the starting magne-
tization, and were arranged as follows: (a) the amplitude
of the crusher around the first refocusing pulse is half of
that around the second pulse; (b) from the second refo-
cusing pulse on, a progressive decrease in gradient am-
plitude was used. This particular scheme was used to
help avoiding stimulated echoes and creating constant
CPMG effects. The degree of attenuation of unwanted
stimulated echoes is determined by the dephasing
caused by the difference in gradient crushers. The
dephasing is most effective along the largest voxel di-
mension, in this case the slice dimension. Therefore, the
varying amplitude crusher was chosen along the slice
dimension, similar to an approach used by Crawley and
Henkelman (34). The unwanted echoes are predomi-
nantly generated along the edges of the slice profile and
decrease in amplitude along the train of refocusing
pulses (34). This progressive decrease in amplitude of the
unwanted echoes led us to double the amplitude of the
gradient crushers around the second refocusing pulse,
causing a relatively larger attenuation of the first un-
wanted echo compared with subsequent ones.

A 4-ms gradient crusher along the phase-encoding di-
rection with an amplitude of 7 mTm ™" in the TM period
(100 ms) was added to select the stimulated echo. A
small diffusion weighting (b = 281 scm ™2} was used for
the baseline image. For maximum diffusion weighting,
gradients of 9.2 mTm™" along all three main axis with
8 = 20 ms in both TE_./2 periods were used (A = 130
ms). Simultanecus gradient pulses along all three prin-
cipal axes were used to increase the resulting amplitude
to 16 mTm ™" (b = 95107 scm 7). For a single slice, five
scans were performed with the baseline image followed
by four diffusion-weighted images with the relative dif-
fusion-gradient amplitudes of G, G, G, = {(+1, +1, +1),
(+1, =1, +1), (-1, +1, +1), (=1, =1, +1)} and with a
repetition time (TRH) of 7 s. The experiments were re-
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peated up to 4 times for signal averaging. The sum of the
diffusion coefficients for the four directions gives the
trace of the diffusion coefficient if crossterms with other
gradients can be neglected. The pulse sequence of Fig. 1
was designed to yield negligible crossterms with other
pulsed gradients (see also Ref. 17). For example, the slice
select gradients in the stimulated echo sequence and
their refocusing gradient pulses were placed immedi-
ately next to each other. With the parameters used in this
pulse sequence, the influence of the crossterm with the
slice select (z) gradient are calculated to be 0.05% of the
main diffusion term (due to the diffusion gradients only).
There are no other crossterms with pulsed field gradi-
ents. When applied to a sample with strong background
(shim) gradients, crossterms with these constant shim
gradients may also become a problem (35, 36). However,
it can be easily calculated that for the human brain, at
1.5T, such effects can be safely neglected in this new
pulse sequence even in the case of relatively poor shim-
ming. For example, a background gradient of 3 Hz per
pixel would lead to crossterms of only 0.1% relative to
the effect of the applied diffusion gradients. This is in-
significant compared with the accuracy in the diffusion
maps.

For data processing, the echoes collected with negative
read-out gradients were reversed in time. Fourier trans-
formation was applied yielding a 1D profile along the
read-out direction. Zero-, first-, and second-order phase
correction were applied on the basis of a reference scan
without phase-encoding but were otherwise identical to
the baseline image. The correction parameters were ob-
tained from a polynomial fit with zero-, first-, and sec-
ond-order terms of the phase of each Fourier-transformed
echo masked with a signal threshold. A separate phase
correction was applied for each of the 45 echoes. The
phase of the even spin echoes was then flipped with
respect to zero. The echoes were reshuffled into their
proper position in k-space followed by Fourier transfor-
mation along the phase-encode direction. Together with
the baseline image, each diffusion-weighted image was
used to calculate the diffusion coefficient in the direction
of the diffusion gradient for all voxels of the baseline
image masked with an intensity threshold of approxi-
mately 5 times the standard deviation of the noise. From
the sum of the four diffusion coefficients in different
directions, the trace of the diffusion image can be ob-
tained.

Cardiac gating effectively improved the quality of the
diffusion-weighted images. This was especially evident
around the ventricles. The signal intensity in those areas
was dependent on the gating delay time (0, 100, 200, 300,
400, 500 ms without inversion pulse, and 0, 100 ms with
inversion pulse). All in vivo studies were performed with
cardiac gating using a TR of 8 cardiac cycles.

RESULTS AND DISCUSSION
In Vitro Studies
The single-shot diffusion method was first applied to a

large cvlinder (diameter: 14 c¢m, length: 25 cm) contain-
ing doped water with T, of 1.1 s to check the accuracy
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and reliability of diffusion measurements. Running the
GRASE sequence without phase-encoding allowed mea-
surement of the signal attenuation in the spin-echo train
and allowed for adjustment of the crusher amplitudes to
reach fixed relative contributions of both CPMG and
non-CPMG components. We used a combination of a
fixed crusher in the x direction with amplitude 6 mTm
and duration 1.5 ms, and a variable crusher in the z
direction with duration 1.5 ms. The progressive attenu-
ation of the amplitude of the z crusher over the spin-echo
train was varied until the measured echo decay was
independent of the starting phase of the magnetization.
Starting with a gradient crusher in the z direction around
the second refocusing pulse with amplitude 10 mTm ™%,
a progressive 10% decrease in amplitude of each subse-
quent z crusher was found to be sufficient to reach the
condition of fixed CPMG and non-CPMG components.
Thus, the z crushers around the last refocusing pulse had
an amplitude of 3 mTm™". A decrease of 16% in echo
amplitude was found for the last (9th) spin echo. From
the T, relaxation time, a decrease in echo amplitude of
10% is expected. Therefore, only a 6% further signal
attenuation could be attributed to nonideal refocusing
pulses. To further evaluate the B, homogeneity, the spa-
tial distribution of signal of the last spin echo was com-
pared with that of the first echo showing that 90% of all
voxels was within 6% of the average signal drop for the
last spin echo. These measurements show that (a) the
CPMG effect was independent of starting phase and (b)
the B, homogeneity of the standard quadrature head coil
was sufficient for application to human brain. Fig. 3
shows the baseline image and one of the four diffusion-
weighted images, respectively. The four images weighted
in the different directions are expected to be identical,
due to the isotropic nature of diffusion for water in the
phantom. This was confirmed experimentally. Fig. 3 thus
shows that the GRASE single-shot diffusion-sensitized
pulse sequence can be implemented on a conventional
clinical instrument to produce diffusion-weighted im-
ages without major artifacts at b values of up to 95, 107
scm 2. SNR was about 220 for the single-shot image. SNR
is defined as the average signal divided by the standard
deviation of the noise in the read-out direction. SNR
decreased to approximately 110 due to 50% signal loss
caused by the stimulated echo sequence compared with
spin echo. The b-factor of 95,107 scm ™ causes approxi-
mately a 84% signal attenuation due to diffusion of pure
water at 20°C. Therefore, the SNR of the diffusion-
weighted single-shot images was appproximately 17. The
combination of the baseline and four diffusion-weighted
images led to a diffusion trace image with SNR of app-
proximately 125 (35), due to signal averaging. Fig. 3 (c) is
the map for calculated average diffusion constant D,
(one third of the diffusion trace) showing the expected
homogeneous diffusion coeflicient of water in a large
bottle. The histogram of the calculated D,, map plotted
in Fig. 3 (d) shows a narrow distribution centered around
1.95 X 10 % cm® s~ ! with standard deviation (SD) of
0.02 X 107% cm® s *, which is in goad agreement with
literature values (37) of diffusion constant for bulk water
at room temperature. The diffusion measurements from
the water phantom show that this sequence gives accu-
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FIG. 3. Images from a diffusion study cn a phantom filled with
doped water: (a) single-shot baseline image, (b) single diffusion-
weighted image (b = 95107 scm™?) with the diffusion gradients
applied along one of the four diagonal directions, {c) the map for
calculated average diffusion coefficient D, or 1/3Tr(D’), (d) the
histogram of the calculated D,, map with a distribution centered
around 1.95 x 107% ¢m? 57" (SD: 0.02 X 10 * cm? s77).
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rate diffusion coefficients on a conventional whole-body
system.

in Vivo Studies

In vivo experiments were done on. seven healthy volun-
teers. All diffusion maps were acquired using identical
parameters. An example obtained from a healthy volun-
teer is shown in Fig. 4. The general quality of baseline
image is illustrated in Fig. 4a with contrast similar to
those of T,-weighted images for a 10-mm axial slice
obtained through the ventricles. The phase-encode direc-
tion contained some minor intensity artifacts. CSF spaces
could be easily identified by their hyperintensity. Fig. 4b
represents a single diffusion-weighted image (b = 95,107
scm™?) with diffusion gradients G, G,, G, = (—1,+1,+1)
along one of the four diagonal directions described in the
previous section, whereas Fig. 4c is the average over all
four directions. Some intensity variation is found in the
single diffusion-weighted image, which could be caused
either by the intensity artifacts in the phase-encoding
direction or by diffusion anisotropy in the brain. The
latter hypothesis was supported by the fact that the in-
tensity variation in the images was found to be strongly
dependent on the direction of the diffusion gradient.
This effect is greatly reduced in the images weighted
with the trace of the diffusion coefficient, in which the
orientational dependence is effectively averaged out.
SNR was approximately 130 for the brain tissue in the
single-shot baseline image without the diffusion weight-
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FIG. 4. Axial images through the ventricles from an in vivo diffu-
sion study on human brain: (a) single-shot baseline image; (b)
single diffusion-weighted image (b = 95107 scm™?) with the dif-
fusion gradients G,, G,, G, = (—1,+1,+1) applied along one of the
four diagonal directions; (c) the average of the four diffusion-
weighted images along all four directions; (d) the map for calcu-
lated average diffusion coefficient D, or 1/3Tr(D’) without the use
of the inversion-recovery pulse; (e) same as for, d but with the
inversion pulse thus excluding the contribution from CSF; (f) the
histogram of the calculated D,, maps with the inversion pulse
{solid curve) and without the inversion pulse (dashed curve).

ing. Tt decreased to approximately 55 because of signal
loss of the stimulated echo sequence as well as the extra
periods for both T, and T, relaxation in brain tissue. The
diffusion weighting with a b-factor of 95,107 scm ™ ? re-
duces the SNR to 29 due to 47% signal attenuation
caused by the diffusion in healthy brain tissue, Thus the
combination of the baseline and four diffusion-weighted
images plus the four signal averaging led to an average
diffusion image with SNR of approximately 68.

Fig. 4d shows the average diffusion map (D,.) in the
same normal volunteer calculated using the baseline (a)
and the diffusion-weighted image (c) as described, with-
out inversion pulse. The D,, image clearly showed hy-
perintensity in the CSF spaces, and an elevated average
diffusion constant (0.97 X 107° cm?® s7"), as expected
from the known high-diffusion coefficient of water in
CSF. The distribution of the diffusion coefficient is de-
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picted in Fig. af (dashed curve). With the inversion
pulse, the signal contribution from CSF is greatly atten-
uated, and the D,, map (Fig. 4e) showed negligible gray/
white matter contrast with an average diffusion coeffi-
cient of 0.63 X 107 cm? s~ *, The histogram (Fig. 4f, solid
curve) represents the distribution of diffusion coefficient
within the brain tissue. Compared with the experiments
without the inversion pulse, the peak is now centered at
a lower value of diffusion coefficient and the shoulder
representing components with higher diffusion coeffi-
cient is removed (no CSF contribution).

Table 1 summarizes the studies on seven normal vol-
unteers with and without the inversion pulse. All studies
produced diffusion coefficients in a rather narrow range.
The average D compares well with trace(D) data of cat
brain obtained in this laboratory without CSF nulling
{average D = 0.65 X 107° cm?/s in ref. 17). Until now, few
data have been reported on trace(D) of human and animal
brain. Because the diffusion in white matter is highly
anisotropic, a comparison for white matter with litera-
ture data is not meaningful. Data reported here for gray
matter agree well with animal data obtained with diffu-
sion weighting along a single axis (10-17). The average D
without CSF nulling compares well with recent data on
human brain obtained without CSF nulling (20, 21). Note
that the standard deviation of approximately 16% for the
diffusion coefficient in human brain after CSF nulling is
well below the expected drop of 35%-56% (10-17, 21)
in regions affected by acute stroke.

CONCLUSION

A single-shot diffusion imaging method is presented
which allows accurate diffusion mapping of human brain
on a conventional clinical instrument at 1.5T with gra-
dients of 0.01 Tm~ * without any special hardware with a
nominal in-plane resolution of 3.75 mm. This study con-
firms a recent suggestion that GRASE imaging offers po-
tential for single-shot diffusion imaging of human brain
(31).

Table 1
Summary of D, (one third of the trace of the diffusion tensor) in
seven volunteers with and without inversion pulse

) e a4 Dav2 (in110“'5
Normal Dz&&us invggi:n : cm ° )-Wlth
volunteer ’ inversion
average#
Averaget Siny
1 1.04 0.65 0.12
2 0.88 0.59 0.13
3 1.01 0.68 0.12
4 1.01 0.62 0.11
5 0.97 0.63 0.11
6 1.03 0.64 0.12
7 0.90 0.56 0.11
Average”™ 0.99 0.62 0.12

D, values are listed as average with and without the inversion pulse for the
CSF nulling. Average# and SD* refer to the average diffusion coefficient D
and standard deviation in D for all voxels in one slice with signal intensity
above the threshold. Average” in the last row is the average D over all
volunteers.
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