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Echo-Planar Imaging of Intravoxel
Incoherent Motion!

The recently established single-shot
technique of echo-planar imaging of
intravoxel incoherent motion
(IVIM) for determining and imag-
ing the variations of microscopic
motions of water has been applied
to studies of water perfusion in
phantoms and to in vivo studies of
diffusion and perfusion in cat and
human brains. The phantom results
demonstrate that perfusion levels
comparable with those found in
vivo have easily observable and re-
producible effects on signal ampli-
tude that are consistent with previ-
ous IVIM theory. Reliable measure-
ments of the diffusion coefficient in
various types of brain tissue have
been obtained. The results for white
matter are consistent with the exis-
tence of anisotropic diffusion in ori-
ented bundles of myelinated nerve
fibers. The results for gray matter
can be fitted to the IVIM theory and
suggest a value of up to 14% for the
fraction of the signal contributed by
randomly perfusing fluid in normal
cerebral cortex.

Index terms: Blood, flow dynamics ¢ Blood
vessels, MR studies, 17.1214 ¢ Brain, MR stud-
ies, 10.1214 o Brain, perfusion ¢ Cerebral blood
vessels, flow dynamics ¢ Cerebral blood ves-
sels, MR studies, 17.1214 « Cerebrospinal fluid,
flow dynamics ¢ Cerebrospinal fluid, MR stud-
ies « Magnetic resonance (MR), echo planar
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INCE the pioneering work of Le

Bihan et al (1-3) interest in the
physiologic and pathologic informa-
tion based on knowledge of the mo-
tion of body fluids at the cellular lev-
el has grown rapidly. Such motions
have been classified as intravoxel in-
coherent motion (IVIM) (2) and intra-
voxel coherent motion (IVCM) (4).
IVIM can be further analyzed as dif-
fusion, which arises from the brown-
ian motion of individual molecules
moving with large random thermal
velocities, and perfusion, which de-
scribes the pseudorandom flow at
low velocities of blood moving along
the finely divided structures of the
capillaries. To the extent that perfu-
sive flow is anisotropic, as in the
highly oriented capillary beds char-
acteristic of skeletal muscle, it is cate-
gorized as IVCM.

Diffusion and perfusion variations
both represent bulk manifestations of
histologic and physiologic differ-
ences in tissue at a microscopic level.
If the size of a cell, for instance, is
smaller than the distance that a water
molecule travels by diffusion during
the time of observation in bulk wa-
ter, the diffusion coefficient may be
found to be reduced; we speak of “re-
stricted diffusion.” Variations in the
transverse relaxation time T2 in veg-
etable tissue, where the cell wall is
almost impermeable to water trans-
port, have been successfully associat-
ed with restricted diffusion in differ-
ing cell sizes (5,6), and there are
some reports of similar effects in ani-
mal tissue, although such cell mem-
branes are quite permeable to water
(7). The relative viscosity and propor-
tions of intra- and extracellular water
can also cause variations in the diffu-
sion coefficient. Thus, it is likely that

studies of diffusion alone, if it can be
accurately measured, could play a
major role in diagnosis of tissue ab-
normalities such as those associated
with stroke and cancer.

The clinical and research possibili-
ties offered by a study of perfusion
are even wider. Since regional cere-
bral blood flow is closely correlated
with brain functional activity (8), tru-
ly noninvasive dynamic studies of
brain neural organization may be
possible, and the origins of function-
al deficit in trauma or cerebral infarc-
tion might be rapidly assessed.

Despite these significant opportu-
nities, progress in the imaging of
IVIM has not been entirely satisfac-
tory. The most serious problem has
been that the technique for sensitiz-
ing a multipulse magnetic resonance
(MR) imaging sequence to micro-
scopic flows also gives it great sensi-
tivity to bulk motions, such as cardi-
ac-cycle-related pulsations, involun-
tary movements, and flow of
cerebrospinal fluid. The method also
makes extreme demands on imaging-
hardware stability, and the large
magnetic field gradients that it is ad-
visable to use can cause eddy cur-
rents in surrounding conducting
structures (9), with severe conse-
quences for image interpretability.
Of course, large eddy currents with a
short time constant rule out any kind
of rapid imaging technique.

Presented here is an attempt to
avoid this problem in the study of
the diffusion of water and perfusion
in the human brain. This is achieved
by using a low-eddy-current gradient
configuration to acquire single-shot
images via echo-planar imaging (EPI)
(10), which, because the entire image
dataset is captured in less than 0.1

Abbreviations: CSI = chemical-shift imaging, EPI = echo-planar imaging, IVCM = intravoxel co-
herent motion, IVIM = intravoxel incoherent motion, MBEST = modulus blipped echo-planar sin-
gle-pulse technique, RF = radio frequency, ROI = region of interest, S/N = signal-to-noise ratio,

2DFT = two-dimensional Fourier transform.
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second, show no visible trace of mo-
tion artifact.

IMAGING THEORY

Diffusion Imaging

The effects of molecular diffusion
on spin echoes have been studied
since the early days of MR (11-13). In
the presence of a magnetic field gra-
dient, random spin displacements
produce random dephasings that de-
structively interfere with each other,
resulting in an attenuation of the
spin-echo amplitude. Due to the
gaussian profile of brownian motion,
this attenuation S/S, has an exponen-
tial dependence, such that

S/S, = exp(=bD), (1)

where D is the diffusion coefficient
(considered here as isotropic) and b is
a factor that depends only on the
magnetic field gradients applied be-
fore data acquisition.

The concept of “diffusion ima-
ging” is much more recent (1,2,14).
Due to the multiple gradient pulses
used in an imaging sequence, the ex-
pression for b must be generalized
and now takes the form

TE
b= ] |k(t)| 2t @)
0
with
k() = v f "Gy, @)
0

where in a spin-echo sequence the
sign of G(t') is reversed for ¢’ > TE/2
(TE = echo time). Due to the vector
nature of this relation, the contribu-
tions by, b, and b. for each coordinate
axis can be considered separately. If
diffusion is anisotropic, the different
components of the diffusion tensor
must be taken into account:

S/S°=exp<— 2 b,D,-). (4)
(i=xy,2)

For a typical two-dimensional Fou-
rier transform (2DFT) imaging se-
quence, the b factor remains low,
typically less than 1 sec - mm™2, so
the diffusion effect is negligible (for
D = 2.1073 mm? sec”}, the diffusion
coefficient of water at room tempera-
ture, S/S, = 0.998). To increase the
sensitivity of an imaging sequence to
diffusion, it is necessary to incorpo-
rate additional gradient pulses into
the sequence (1,2,14). It then be-
comes possible to compute diffusion
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images (ie, maps where the diffusion
coefficient is displayed in each pixel)
by using two or more of such se-
quences differently sensitized to dif-
fusion (1,2).

Different variants of diffusion im-
aging have been proposed. With the
spin-echo scheme, it is possible to
vary the strength or the duration of
the diffusion-sensitizing gradients
(15,16), or their direction, to enhance
anisotropic diffusion effects (17).
Other schemes have been used, such
as the stimulated-echo sequence (18)
or the steady-state free-precession
technique (19-21).

IVIM Imaging

The concept of diffusion imaging
can be extended to encompass IVIM
imaging if we consider the signal at-
tenuation produced by any addition-
al incoherent motion of spins inside
each voxel. The attenuation is in-
creased, compared with that caused
by diffusion alone, and the depen-
dence on diffusion gradient may be
different. However, anatomic data
suggest that the microcirculation of
blood in capillaries can be seen as a
pseudodiffusion process, at least in
such tissues as the brain (3). We then
have to combine the effects of diffu-
sion and microcirculation, which oc-
cur simultaneously in each voxel. Us-
ing a simple approach, one obtains
for the signal attenuation (3)

§/S, = (1 — f) exp(—bD) + f exp(—bD*),
(5)

where D and D* are, respectively, the
true diffusion coefficient and the
pseudo-diffusion coefficient and f is
the fractional volume occupied in the
voxel by flowing spins, or perfusion
factor. This simple two-compartment
model neglects exchanges between
the capillaries and the tissue and dif-
ferences in relaxation between these
two compartments. Nevertheless, a
biexponential variation of the signal
attenuation versus the b factor mani-
fests the presence of incoherent mo-
tion other than diffusion. Further-
more, estimates of D, D*, and f may
be made by fitting the signal intensi-
ties obtained in images acquired with
different b factors to the above equa-
tion.

Signal-to-noise ratio (5/N) consid-
erations require the use of many data
points in order to estimate these pa-
rameters with reasonable accuracy. It
is likely that only single-shot tech-
niques, such as EP], will allow the ac-
quisition of enough data within the

short time compatible with clinical
use.

Motion Artifact

In conventional multipulse imag-
ing, even without diffusion gradi-
ents, motion artifact can arise when
the object, or part of the object, is dis-
placed by a distance Ax, say, between
successive acquisition cycles. The
subsequent echo is phase modulated
by the function exp(ikAx), where k is
the phase-space coordinate, so there
is a discontinuity between this and
the previous echo. Once the com-
plete dataset has been collected, and
the 2DFT performed to produce an
image, such a discontinuity manifests
itself as the familiar ghost artifact
distributed in the phase-encode di-
rection seen in many images. Since
the magnitude of the discontinuity
depends on k (a first-order effect),
the power in the ghost images is not
usually large.

However, the situation is much
worse when the large gradients used
in diffusion imaging are applied, or
when the object to be imaged is mov-
ing rapidly, as in conventional ab-
dominal imaging. The signal now de-
pends on the velocity of coherent
and incoherent flows within the ob-
ject, as well as its displacement. For
no artifact to appear, all of these vari-
ables must be the same at each echo
acquisition. Cardiac gating is of some
benefit, especially in brain imaging,
but noncyclic changes in blood flow
and perfusion, cerebrospinal fluid
flow, and involuntary patient motion
have often caused unreliable results
(21,22). The phase factor introduced
by a variation of velocity of Av be-
tween successive echoes is now of
the form exp(iyG Avt?), where t is the
time during which the gradients are
applied. There is a discontinuity at
all values of k (a zeroth-order effect),
and the ghost images may have a
large enough amplitude to make cal-
culation of the diffusion image
meaningless.

With EPI, on the other hand, the
entire set of echoes that is Fourier-
transformed to form an image is col-
lected in a single acquisition period
of 25-100 msec. No discontinuity can
possibly arise between successive
data points, and hence there can be
no motion-derived ghosting. Even if
there were bulk motion as large as
several voxel widths during this
short acquisition, only blurring and
banding of the image would be likely
to result. Such velocities are not nor-
mally encountered in the brain. Rap-
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Figure 1. (a) Gradient-echo diffusion-weighted EPI sequence. (b) Spin-echo diffusion-
weighted EPI sequence. Typical duration of diffusion gradients was 20 msec per lobe.

idly flowing blood in larger vessels
and cerebrospinal fluid in the third
ventricle and the aqueducts have a
characteristic variation in appearance
over the cardiac cycle during EPI, but
no distributed motion artifact is ever
observed, as has been repeatedly
demonstrated in cardiac EPI (23). The
pulsatile component of capillary flow
in the brain is, of course, negligible
(24).

The IVIM-EPI Sequence and Its
Gradient-Echo Counterpart

It is quite straightforward to sensi-
tize EPI (10) to diffusion and perfu-
sion. The simplest EPI technique to
implement on commercial MR equip-
ment is the MBEST (modulus blipped
echo-planar single-pulse technique)
sequence (25,26), either in its spin-
echo (27) or gradient-echo (28) form.
The arrangement of the diffusion
gradient pulses is slightly different
in each case, as shown in Figure 1.
Since EPI describes only a method
for acquiring image data, it is com-
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patible with any technique for pre-
paring the spin magnetization that
creates diffusion contrast (29).

Special Hardware Requirements
for IVIM-EPI

For EPI capability, an MR imager
must have certain unusual features.
The most stringent of these are con-
cerned with maximum gradient
strength and gradient switching
speed. It is also necessary to use ra-
dio-frequency (RF) transmitter and
receiver coils that cannot support
eddy currents induced by the rapidly
switched gradients. In practice this
means that RF coils with extensive
areas of copper, such as the Alder-
man-Grant design (30), are unsuit-
able, and designs such as the bird-
cage or saddle-coil type are favored.

To obtain echo-planar images, ei-
ther actively shielded, low-induc-
tance gradient coils (10,31,32) or a
gradient-coil insert that is very much
smaller than the magnet bore of an
imaging system (33) must be used. A

rise time of less than 200 usec is de-
sirable; the rise time of 1 msec or
more typically found with commer-
cial unshielded gradient coils makes
EPI impossible.

MATERIALS AND METHODS

Sequence Implementation

Both of the IVIM-EPI sequences de-
scribed above have been successfully im-
plemented on a 1.5-T whole-body imager
(Signa; GE Medical Systems, Milwaukee)
and on 2-T and 4.7-T medium-bore chem-
ical-shift imaging (CSI) systems (GE Med-
ical Systems). On all of these imaging ma-
chines, 128 X 128 images of phantoms
with long T2s have been obtained, but
the data acquisition rate currently avail-
able makes the acquisition window too
long for in vivo work at this resolution,
giving rise to unacceptable image distor-
tion. The studies reported here were per-
formed at 64 X 64 resolution.

In the course of image reconstruction,
special care must be taken to ensure that
the data are correctly aligned in k-space
after alternate echoes are time reversed. If
this is not done properly, an aliasing
ghost appears halfway across the field of
view from the desired image. For the CSI
systems the onset of sampling was care-
fully adjusted, and the dataset was shifted
left until the ghost disappeared (29). For
the Signa system a different strategy was
adopted. A reference image, with phase-
encode gradients switched off, was ob-
tained at the start of each set of image ac-
quisitions. Suitably transformed data
from the reference image were used to
perform a phase correction on the subse-
quent image data. This has the same ef-
fect as properly aligning the echoes for
Fourier transformation and also corrects
to some extent the effects of field inho-
mogeneity.

The CSI results shown in this article
were obtained by means of a set of shield-
ed gradients (Acustar 260; GE Medical
Systems) that gave a maximum gradient
of 40 mT m™!, with a rise time of 170 usec.
A 64 X 64 resolution enabled a minimum
field of view of 40 mm to be achieved,
giving a pixel size of 0.625 X 0.625 X 2.0
mm.

The standard Signa gradient coils have
a good ratio of current efficiency to in-
ductance. However, the current amplifi-
ers that drive them cannot deliver suffi-
cient current to allow EPI of a reasonably
sized field of view. For this reason, novel
local gradient coils, which give a much
larger z gradient, were designed and
built, initially as inserts for the standard
quadrature head RF coil. Having a diame-
ter of only 27 cm, such coils are much
more efficient than the whole-body gra-
dient set and have a much lower induc-
tance of only about 100 xH. Their only
important limitation is that transaxial
EPIs cannot be obtained.

The first such coil had the standard
Maxwell configuration, resulting in a us-
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Figure 2. Perfusion phantom used for test
of IVIM theory. Typical perfusion rate was
60 mL/100 g per minute.

able volume only 14 cm across. Since it
interacted little with the RF coil, howev-
er, it could be used as planned for imag-
ing of the brain, and initial testing of the
EPI sequences were successfully per-
formed with its aid.

To enlarge the usable volume, howev-
er, a second distributed-arc gradient coil
was built from a target field design (34),
with an efficiency of 42.9 mT/m per 100
A. This gave a usable volume of 20-cm di-
ameter, with an inductance similar to the
first coil, but it interacted severely with
the standard RF coil. It was necessary,
therefore, to construct and use a new RF
coil (a simple saddle coil) mounted on the
interior wall of this gradient coil.

Diffusion and Perfusion
Experiments in Phantoms

To confirm that IVIM-EPI is capable of
determining diffusion and perfusion
characteristics accurately and reliably, a
series of experiments was performed on
water-containing phantoms, with use of
the 2-T CSI imaging system for conve-
nience. Results from a simple bottle of
undoped water (29) compared well with
results from the spin-echo IVIM spin-
echo sequence previously validated (2,3).

A series of experiments was then con-
ducted with use of the gradient-echo ver-
sion of the echo-planar sequence and a
perfusion phantom. This consisted of a
syringe (Fig 2) filled with a chromatogra-
phy gel (Sephadex G-50-150, Sigma
Chemical, St Louis), a polyacrylamide gel
with excellent MR characteristics (3). Per-
fusive water flow rates of 10-100 mL/100
g per minute can easily be established in
this medium. The individual beads,
which contain many reentrance cavities
with dimensions similar to those of hu-
man brain cells, are 50-150 um in diame-
ter, a distance comparable with interca-
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Figure 3. Typical results from a perfusion
phantom experiment. @ = perfusion off,

¢ = perfusion on (with biexponential fit).
Data were taken from a region of interest
(ROI) in center of phantom. Section thick-
ness was 2 mm, and acquisition time was 94
msec. The horizontal axis is shown in units
of sec - mm~2,

pillary spacing in brain tissue. When wet,
the gel is quite compressible and must be
handled with care to avoid clogging.

Cat Brain Studies

Using the same 2-T CSI system, we ob-
tained IVIM-EPI images of the brains of
three cats. A 15-cm-diameter saddle coil
was used as a transmitter, and the MR sig-
nal was observed by means of a 5-cm-di-
ameter surface coil, positioned between
the ears to obtain the maximum possible
S/N. The coils were decoupled by means

d.

Figure 4. Cat brain coronal images acquired with the gradient-
echo EPI sequence on the CSI system. (a) Five minutes before
death, the diffusion gradient is 0.0 mT - m~!. (b) Ten seconds after
cessation of heartbeat, the diffusion gradient is 0.0 mT - m~!.

(c) Four minutes before death, the diffusion gradient is 30 mT -
m~!. (d) Three minutes after death, the diffusion gradient is 30
mT.m~L
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Figure 5. Results from cat brain experi-
ment. Note dramatic change of slope for
both gray and white matter within 5 min-
utes of death. O = gray matter (live),

O = white matter (live), @ = gray matter
(dead), ® = white matter (dead).

of diodes. The cats were anesthetized
with isoflurane, paralyzed with succinyl-
choline, kept warm by means of a heating
jacket, and maintained on a respirator un-
til the conclusion of the experiment.
Hourly checks of blood gas levels were
performed; these were found to be stable
and normal. The rectal temperature of the
second cat was continuously monitored
and found to remain constant within
0.4°C, even up to 0.5 hour after death. Be-
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fore the experiment was concluded, each
cat was killed with 3 mL of T-61 euthana-
sia solution (Hoechst-Roussel [Agrivet],
Somerville, NJ) administered into the
femoral vein, in accordance with Nation-
al Institutes of Health animal care guide-
lines. The uniquely high speed of EPI
made it possible to obtain brain images
within seconds of death, which was indi-
cated by the cessation of heartbeat and
loss of blood pressure.

Studies in Human Brain

By use of the small head gradient coil
described earlier, coronal diffusion-
weighted echo-planar images were ob-
tained of the heads of volunteers and pa-
tients. Results from patients are not
shown here. To obtain good-quality im-
ages, it was necessary to use the spin-echo
version of the MBEST sequence. The S/N
for a 64 X 64 image with a 16-cm field of
view and 10-mm section thickness was
measured to be about 50:1, allowing
quantitative measurements to be made of
the effects of diffusion on the MR signal.
The spatial resolution in plane is 2.5 mm.
Cardiac gating was sometimes used to
avoid possible effects due to changes in
the contrast of moving blood.

RESULTS

Phantoms

Typical results are shown in Figure
3. The effect on the MR signal of a
flow rate of as little as 60 mL/100 g
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per minute is quite dramatic. Use of
the Marquardt nonlinear least-
squares fit algorithm shows that the
points are well fitted by a biexponen-
tial variation with b, and the resul-
tant perfusion parameters are entire-
ly reasonable, confirming previously
published results obtained with a
2DFT spin-echo sequence (3).

Cat Brain

Typical EPI images, again acquired
by means of the gradient-echo EPI se-
quence, are shown in Figure 4. These
show 64 X 64-pixel coronal sections
of 3-mm section thickness and 40-
mm field of view, interpolated by
zero filling to 128 X 128 pixels. The
decrease in signal from top to bottom
arises from the nonuniform sensitiv-
ity of the surface coil. The total acqui-
sition time for each image was 140
msec, the largest echo of the train of
64 echoes occurring at about 100
msec after the initial RF pulse. This
gives considerable T2 weighting to
the images, and some distortion ow-
ing to imperfect shimming is also ev-
ident.

Figure 4a was acquired when the
cat was alive, and Figure 4b was ac-
quired 40 seconds after injection of T-
61 euthanasia solution, that is, 10 sec-
onds after cessation of heartbeat. All
imaging parameters were kept iden-

‘ Figure 6. Sixteen diffusion-weighted coro-

nal echo-planar images of the brain of a vol-
unteer. These are 64 X 64-pixel images with
a field of view of 16 cm and thus an in-plane
resolution of 2.5 X 2.5 mm. The section
thickness was 10 mm. The diffusion gradi-
ents varied from 0 to 38 mT - m~!, and the
duration of each lobe was 20 msec.

tical, and the cat head was firmly
clamped by the surface coil mount-
ing. There is an evident loss of signal
intensity upon death, most clearly
visible in regions of gray matter. This
rapid change of intensity was ob-
served in each of the three cats stud-
ied. No convincing explanation ex-
ists at this time, but it may be noted
that after brain ischemia, intracellu-
lar cerebral sodium increases on a
similar time scale (Eleff S, unpub-
lished data, 1990), more quickly than
the changes in cell metabolites com-
monly observed by means of MR
spectroscopy. Figure 4c and 4d, for
which diffusion gradients of 30 mT -
m~! were applied, were acquired be-
fore and after death, respectively. A
complete set of diffusion-weighted
images was obtained within 5 min-
utes of death, and typical results
from specific regions of interest are
shown in Figure 5. The drop in gray
matter signal is seen to be accompa-
nied by a change of slope of the at-
tenuation curve, that is, a decrease in
the diffusion coefficient. This de-
crease of slope was consistently ob-
served in both gray and white mat-
ter.

Calculated values of the diffusion
coefficient (X10~3 mm? sec™!) in dif-
ferent regions of feline brain tissue
are as follows: gray matter (live), 0.82
+ 0.05; gray matter (dead), 0.55 +
0.02; white matter (live), 0.94 £ 0.04;
and white matter (dead), 0.47 + 0.03.
Only one orientation of diffusion
gradient (y) was used in this study.
Within the field of view of the sur-
face coil used, most of the nerve fi-
bers constituting the white matter
ran roughly parallel to the diffusion
gradient, and hence the range of rel-
ative orientations of the diffusion
gradient and these fibers was too
small for the anisotropy previously
reported (17) to be observable. Fur-
thermore, the data for the gray mat-
ter show too much scatter for the cur-
vature related to perfusion (which
should appear at relatively low val-
ues of b) (35) to be measurable.

Human Brain

A sequence of 16 images of the
brain of a volunteer is shown in Fig-
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ure 6, for values of G, from 0 to 38
mT m~!. Since the echo time was 100
msec, the image contrast is dominat-
ed by T2 effects, as with the cat brain
images. These 64 X 64 images, with a
field of view of 16 cm, have an in-
plane resolution of 2.5 mm. The sec-
tion thickness was 10 mm.

Gray and white matter can be
clearly distinguished. The attenua-
tion with increasing diffusion gradi-
ent for white matter can be seen to
vary spatially, being most rapid
when the nerve fibers run parallel to
the diffusion gradient (here applied
in the z direction, ie, parallel to the
brain stem), and least when the fibers
are perpendicular to this direction.
There is no visible motion artifact on
any of these images, even for the
highest values of diffusion gradient,
and thus reliable estimates can be
made of the diffusion coefficients of
various types of human brain tissue.

Quantitative measurements of vari-
ous ROIs were performed, and the re-
sults are shown graphically in Fig-
ures 7-9. Each data point represents
the mean of the ROI pixel intensity
from three successive imaging shots,
with a repetition time of 3 seconds.
Each ROI included at least four pix-
els. Since the single-shot pixel S/N
was approximately 50, the expected
S/N in the averaged ROI data was
about 170. On each plot the straight
line represents a least-squares fit to
the last eight data points, where the
effect of diffusion predominates. In
further analysis, the entire set of
points was fitted to a biexponential
variation (Eq [5]) by means of a non-
linear least-squares fit to evaluate the
possible contribution of perfusion in
the curvature of the initial part of the
plot. The results are shown in the Ta-
ble.

Figures 7 and 8 show data from
two gray matter ROIs, one in the re-
gion of the amygdala and the other
in the insula. Figure 9 shows, corre-
spondingly, the data from two white
matter ROIs, with contrasting fiber
orientation. The difference in diffu-
sion coefficient is clearly observable.
In the plots for three of these re-
gions, a curvature is clearly seen.

Figure 10a shows the diffusion
map of a coronal section of the brain
of a different volunteer; image
brightness is directly proportional to
the diffusion coefficient. This image
was derived by performing a pixel-
by-pixel iterative nonlinear least-
squares fit of eight echo-planar im-
ages with different b factors, all
greater than 300 sec - mm™2, to Equa-
tion (1). Areas of the white matter
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corresponding to fiber orientations
parallel to and perpendicular to the
diffusion gradient are indicated by
arrows. The differences in diffusion
coefficient are easily visible and cor-
relate well with anatomy. Figure 10b
shows the amplitude image derived
from the same set of raw images and
displays gray-white contrast normal
for such a long echo time.

DISCUSSION

The results from the experimental
work described here show that sin-
gle-shot diffusion imaging is feasi-
ble. Data were reproducible from run
to run, typically with a pixel varia-
tion of less than 2%, and the variation
in diffusion coefficient calculated
from corresponding ROIs in the vol-
unteers studied was less than 20%.
The cat data showed similar consis-
tency. Certain technical points de-
serve discussion.

The most noticeable limitation of

™~
o 200

T T T
400 600 800 1000

Gradient tfactor b (s/mm2)

EPl in the implementation described
here is the low image resolution.
This comes about, given the efficient
gradient coils now available, from
the relatively low data-acquisition-
rate available on the commercial MR
equipment used. Analog-to-digital
converters are currently available
that are considerably faster than
those installed in most systems, and
we anticipate that an EPI resolution
of 128 X 128, or even 128 X 256, with
the same total acquisition time and
field of view, will soon be feasible
by upgrading our whole-body MR
system.

An extremely well-shimmed mag-
net is necessary if good quality im-
ages are to be obtained by means of
EP], especially with the gradient-
echo sequence. When an additional
delay of 40 msec was introduced into
the spin-echo EPI sequence after the
90° pulse to allow time for the diffu-
sion gradients to be applied, the nor-
mal shim quality of our magnet (15-
18 Hz across a head-sized phantom)
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b.

Figure 10. (a) Diffusion image of a coronal section of the brain of a volunteer. Section

thickness, 10 mm; field of view, 16 cm; resolution, 64 X 64. This image was obtained by per-
forming a nonlinear least-squares fit of Equation (1) to the last eight images of a 16-image
echo-planar dataset obtained with increasing b factor. The spatial variation of the parameter
D is displayed as a gray scale. Curved arrow indicates a region of white matter where the fi-
bers are parallel to the diffusion gradient and thus shows a relatively high diffusion coeffi-
cient. The straight arrows indicate an area (corpus callosum) where the fibers are perpendic-
ular to the diffusion gradient and shows a low diffusion coefficient. The image background
has been set to zero to improve clarity. (b) Amplitude image corresponding to a showing the
spatial variation of the amplitude factor S,. Contrast is clearly different from that seen on
diffusion image and corresponds precisely to the contrast normally found in a spin-echo
brain image with an echo time of 130 msec and a repetition time of 4 seconds.

Results from Human Brain Study

Tissue

Diffusion Coefficient
(X1073 mm? sec™!) (%)

Perfusion Fraction

Gray matter
Amygdala
Insula
White matter
Temporal lobe, fibers perpendicular
to diffusion gradient
Frontal lobe, fibers parallel to
diffusion gradient

0.66 £ 0.06 10.9 £ 4.0
0.68 + 0.08 6.9 53
0.43 £ 0.03 0.0006 £ 0.002
1.00 £ 0.05 TRE DD

was still found to be adequate to pro-
duce artifact-free images. Some resid-
ual geometrical distortion could be
seen (Fig 6), especially in the vicinity
of the paranasal sinuses. However,
when the gradient-echo sequence
was used, the unrefocussed effects of
field inhomogeneity resulted in im-
ages of unacceptably poor quality.

To obtain reliable measurements of
the diffusion coefficients of tissue in
vivo, it is useful to obtain each image
of a set of diffusion-weighted images
at the same phase of the cardiac cycle
by cardiac gating. The reason for this
is that the EPI contrast of blood un-
dergoing rapid, pulsatile flow in the
larger vessels changes with blood ve-
locity (24). Thus, in the absence of
cardiac gating, when such a vessel is
included in the ROI within which
the diffusion coefficient is calculated,
the experimental points on the atten-
uation curve can show considerable
scatter. With cardiac gating, the scat-
ter should be reduced, as observed in
some of the studies made.

We now discuss the significance of
the diffusion results reported. The
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diffusion coefficient directly reflects
the local environment of the water
molecules responsible for the MR im-
age. A lower diffusion coefficient im-
plies either a higher local viscosity,
which can arise from a decrease in
temperature (36), a different balance
between intra- and extracellular wa-
ter, or the presence of barriers re-
stricting molecular motion. There is
little doubt that the cause of the vari-
ations we have observed within hu-
man brain white matter is the ex-
treme anisotropy of the water envi-
ronment in this tissue (17).
According to a simple model of
white matter, water molecules may
move unhindered long distances
along the nerve-fiber direction but
only a few microns perpendicular to
this direction. If this medium had the
viscosity of pure water at body tem-
perature, the root mean square dis-
placement during the time that the
diffusion gradients were applied
would be about 16 um. It is easy to
see how the factor as large as two ob-
served in the variation of diffusion
coefficient in white matter could

have come about.

By contrast, the diffusion coeffi-
cient in gray matter shows little spa-
tial variation in cat or human brain.
Thus it would appear that the water
environment in gray matter is con-
siderably more isotropic. This is con-
sistent with histologic evidence,
showing a wider range of orienta-
tions of cell structures within the size
of a voxel.

We now consider the more conten-
tious and subtle question of perfusive
blood flow along the capillary net-
work. The most accurate and com-
plete data for human brain so far ob-
tained come from this study. In white
matter, the signal intensity is low be-
cause of the heavy T2 weighting in
the images obtained, and thus there
is considerable scatter in the ROI
data. For the region where the fibers
lie parallel to the diffusion gradient,
some curvature is visible on the at-
tenuation plot. Curvature can also be
seen in the results for gray matter,
from which a perfusion factor of 6%-
12% may be deduced. This effect is
real and statistically significant, but
the experimental scatter in the data
points makes it difficult to quantitate
accurately. Whether it varies with
hypercarbia or brain functional activ-
ity awaits further investigation. This
would clarify the link between the
measured perfusion factor and actual
microcirculatory flow. To reduce the
scatter in the data it will be necessary
to use larger ROIs or to average re-
sults from a larger number of images,
which must be done after the image
modulus is taken, to avoid possible
phase interference effects arising
from system instability.

Comparing the results for human
and cat brain, we find reasonable
consistency. The ranges of values of
the diffusion coefficients for gray
and for white matter overlap, if the
cat postmortem data are excluded.
These latter data are strikingly differ-
ent and will not be discussed here. It
should be noted that, because death
causes many simultaneous changes
in tissue properties that do not ap-
pear to be well understood, the ex-
periment of killing the animal is not
a suitable method of testing the IVIM
theory of perfusion imaging (3).

CONCLUSION

Single-shot EPI enables precise, re-
producible measurement of diffusion
coefficients of human brain tissue in
vivo without confusing motion arti-
facts. Furthermore, the rapidity and
ease of acquiring images of adequate
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quality facilitate far more detailed
analyses of the attenuation curve
than possible previously. Effects
have been observed on the MR signal
that are consistent with those pre-
dicted to be caused, according to the
Le Bihan theory, by the superim-
posed perfusive motion of blood in
capillaries. Further improvements in
data analysis should lead to observa-
tions of changes in the IVIM parame-
ters associated with brain function.
The excellent time resolution of
EPI has enabled the observation of
rapid changes in diffusion character-
istics, which have been noted after
death in the brain of a cat. If these
changes are associated primarily with
ischemia, it is likely that IVIM-EPI
will be of great clinical benefit in di-
agnosis and treatment of cerebrovas-
cular disease and other abnormalities
involving the microcirculation. ®
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