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Molecular diffusion and microcircu-
lation in the capillary network re-
sult in a distribution of phases in a
single voxel in the presence of mag-
netic field gradients. This distribu-
tion produces a spin-echo attenua-
tion. The authors have developed a
magnetic resonance (MR) method to
image such intravoxel incoherent
motions (IVIMs) by using appropri-
ate gradient pulses. Images were
generated at 0.5 T in a high-resolu-
tion, multisection mode. Diffusion
coefficients measured on images of
water and acetone phantoms were
consistent with published values.
Images obtained in the neurologic
area from healthy subjects and pa-
tients were analyzed in terms of an
apparent diffusion coefficient
(ADC) incorporating the effect of all
IVIMs. Differences were found be-
tween various normal and patholog-
ic tissues. The ADC of in vivo water
differed from the diffusion coeffi-
cient of pure water. Results were as-
sessed in relation to water compart-
mentation in biologic tissues
(restricted diffusion) and tissue per-
fusion. Nonuniform slow flow of
cerebrospinal fluid appeared as a
useful feature on IVIM images. Ob-
servation of these motions may sig-
nificantly extend the diagnostic ca-
pabilities of MR imaging.
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ROTON magnetic resonance (MR)
imaging yields contrastive images

with excellent spatial resolution and
sensitivity. However, the factors of
contrast, namely, spin density and
apparent T1 and T2 relaxation times,
do not allow good characterization of
pathologic disorders. Precise MR im-
aging measurement of these parame-
ters is difficult to perform and subject
to artifacts (1). Their in vivo signifi-
cance is unclear. Large differences
can be observed among patients with
the same pathologic condition; con-
versely, values obtained in different
pathologic conditions may overlap.

Other parameters that can be used
for tissue characterization or physio-
logic information include chemical
shift and motions in fluids. The im-
aging of translational molecular dif-
fusion has been discussed (2-5).

Aspects of molecular diffusion and
other incoherent motions that can oc-
cur in a voxel, such as microcircula-
tion in capillaries, are reviewed. A
description is given of a recently de-
veloped MR technique for imaging
intravoxel incoherent motions
(IVIMs). The diffusion coefficient
was measured on phantoms. Normal
and pathologic findings in the neu-
rologic area are described and as-
sessed.

BACKGROUND: MR IMAGING
OF DIFFUSION AND OTHER
INTRAVOXEL INCOHERENT

MOTIONS

Molecular Translational Self-
Diffusion

Molecules in a fluid display a micro-
scopic random translational motion, the
so-called Brownian motion. This phe-
nomenon is responsible for molecular
diffusion. The mean square of the dis-
tance covered is proportional to time and
the diffusion coefficient D, which in turn
is a function of the diffusing molecules as
well as the solvent’s viscosity and tem-

perature. For instance, the diffusion coef-
ficient of water in water (or self-diffu-
sion) at 25°C is 2.3 X 1073 mm?/sec (6),
and the root mean square distance cov-
ered in 100 msec in a given direction is
about 20 um.

Restricted Diffusion

In the case of some fluids such as intra-
cellular water, diffusion may be restricted
to a limited volume. If enough time is al-
lowed for diffusion, the expected free dif-
fusion distance may exceed the available
range. When this phenomenon, called
“restricted diffusion,” occurs, the appar-
ent diffusion coefficient is reduced and
becomes a function of the diffusion time
and of the geometry of the limiting vol-
ume. Many theoretical and experimental
studies have addressed the relation be-
tween the apparent diffusion coefficient
and the shape and size of the restricted
volume (7).

Effect of Diffusion on MR
Signal

The detection of diffusion by the spin-
echo (SE) technique was described long
ago by Hahn (8) and Carr and Purcell (9).
The echo signal amplitude S of the nth
echo is given by

S(nTE)/S(0) = exp[(—n - TE)/T2), (1)

where T2 is the transverse relaxation time
and TE is the echo delay.

In fact, equation (1) is invalid in the
presence of diffusion and a magnetic
field gradient. Random displacements of
spins caused by molecular diffusion in a
magnetic field gradient produce random
phase shifts that decrease the echo ampli-
tude (Fig. 1). This attenuation depends on
the gradient intensity G, the diffusion co-
efficient D, and the diffusion measure-
ment time. In the case of a constant linear
gradient, the diffusion time is TE and the
echo signal is reduced as follows:

S(nTE)/S(0) = exp[(—n - TE)/T2]
. exp[(—.-y2 .G?
-D-n-TE%/12), 2)
where v is the gyromagnetic factor. Dif-

fusion coefficients can be calculated from
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(1) Diffusion results in an attenuation of the spin-echo signal S owing to the

random spin motion in the presence of magnetic field gradients. (a) When no gradient or no
diffusion is present, the signal decreases owing to T2 relaxation. (b) In the presence of a
magnetic field gradient and diffusion, the attenuation is greater. It depends on the gradient
strength G, the diffusion coefficient D, and the diffusion time (TE in the case of a constant
linear gradient). (2) The Stejskal-Tanner sequence (10). Diffusion-related attenuation of the
spin-echo signal is obtained by using two intense gradient pulses with a short duration &
and separated by a variable time interval A. As the diffusion time is better defined and the
gradient strength can be higher, measurements of diffusion coefficients are more precise.

spin-echo attenuation if the gradient
strength G is known.

Stejskal and Tanner (10) introduced a
diffusion measurement method that uses
pulsed magnetic field gradients. As gradi-
ents are turned off during radio frequen-
cy (RF) pulses and during acquisition of
the echo signal, a greater gradient
strength can be used. This improves the
accuracy of the measurement and extends
its application to lower diffusion coeffi-
cient values. They used a sequence of two
intense gradient pulses with a short dura-
tion § and separated by a variable time in-
terval A (Fig. 2). The echo attenuation is
then

S(nTE)/S(0) = exp[(—n - TE/T2)]
-expl—y%-G2-D

-82-[a = (3/3)) 3

Effect of Other Fluid Motions
on MR Signal

Motions, like diffusion, that result in a
distribution of phases in a volume ele-
ment will also produce echo attenuation.

Tissue perfusion.—Microcirculation of
blood in the capillary network is a motion
of this type because there are no pre-
ferred orientations as far as sufficient vol-
ume element is concerned. It has been de-
scribed as “macrodiffusion” (11). It can be
associated with a pseudo-diffusion coeffi-
cient, the value of which is a function of
blood velocity and capillary geometry.
The pseudo-diffusion coefficient of capil-
lary microcirculation is typically many
times greater than the diffusion coeffi-
cient of pure water. However, the volume
of blood flowing in the perfused capil-
laries is only a small percentage of the to-
tal water content in normal brain tissues.

Fluid flow.—The unidirectional, con-
stant linear flow effect on echo signals
must be examined separately. It is not an
incoherent motion effect but a true non-
random flow effect. Use of an SE se-
quence introduces a flow phase shift on
odd-numbered echoes, whereas the refo-
cusing phenomenon occurs only on even
echoes (12, 13). The presence in a single
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voxel of nonmoving spins and spins mov-
ing with several velocities along the di-
rection of the magnetic field gradient will
attenuate the echo signal amplitude as a
result of a destructive interference phe-
nomenon between various shift phases.
This could be the case for a voxel inside a
vessel or ventricular cavity in which lam-
inar or turbulent flow results in a distri-
bution of velocities.

Diffusion in MR Imaging

The MR imaging process makes use of
three sets of magnetic field gradient
pulses for localization of signals (readout,
phase-encoding, and section-selective
gradients) in the two-dimensional Fouri-
er transform (2DFT) technique. These
gradients lead to diffusion-related attenu-
ation if they are large enough. It was
pointed out (14) that this attenuation may
cause errors in the T2 relaxation time.

On the other hand, Wesbey et al. (2)
showed that the effect can be used to im-
age the diffusion coefficients. They could
not apply equations (2) and (3) in this re-
port because of the complexity of the se-
ries of imaging gradient pulses. There-
fore, they determined the diffusion
coefficient D by comparison with the dif-
fusion coefficient D,, of doped water. The
D/D, ratio was obtained by comparing
the images resulting from different
strengths for the section-selective gradi-
ent pulses. The method was demonstrated
using a phantom thinner than the select-
ed section. One drawback of this method
for clinical studies is that the thickness of
the imaged section varies with the ampli-
tude of the section-selective gradient.

METHOD FOR IMAGING
INTRAVOXEL INCOHERENT
MOTIONS

Procedure

To obtain an image in which the con-
trast depends only on incoherent motions
in a voxel, twin SE sequences (3, 4) are
used. They differ only in their response
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Figure 3. IVIM images are calculated by

using two sequences. The first (a) is a mul-
tiecho sequence with n (n 2 1) echoes (here
n = 2), ashort TE’, and normal gradient
pulses. It is insensitive to incoherent mo-
tions. The second sequence (b) is a single-
echo sequence sensitized to the incoherent
motions by a long TE and additional, mo-
tion-probing, gradient pulses (duration d
and d’, separated by a time interval I). On a
calculated image giving the logarithm of the
signal ratio S,/S, for each voxel, the effect of
T2 relaxation is eliminated (TE = nTE’), as
are the effects of spin-density and T1 relax-
ation (TR = TR’). The resulting contrast de-
pends only on intravoxel incoherent mo-
tions. Quantitative measurements are
obtained on the basis of an apparent diffu-
sion coefficient (ADC) according to equation

(6).

to these motions but are identical with re-
gard to the imaging of spin density and
T1 and T2 relaxation times (Fig. 3).

The first is a standard 2DFT SE se-
quence with n echoes (n =2 1), a TE’ echo
delay, and normal gradient pulses. In this
conventional sequence, the effect of inco-
herent motions on the nth echo signal S,
is or can be made small (Table 1). The sec-
ond sequence uses a single-echo se-
quence. TE is long (typically 120 or 140
msec), and additional gradient pulses, or
“motion probing,” increase the effect of
motions on the echo signal S;. The effect
of spin density is, of course, the same for
both sequences. TE should be equal to (n -
TE’), so that the effect of T2 relaxation is
identical for the nth echo signal S, of the
first sequence and the signal S, of the sec-
ond sequence. The effect of T1 relaxation
is the same for S, and S, despite the use of
different echo trains because repetition
time (TR), identical for both sequences, is
long enough (TR = 1,000 msec or 1,500
msec) (15).

In the voxel-by-voxel ratio of the two
magnitude-reconstructed images, all ef-
fects of spin density and T1 and T2 relax-
ation are eliminated. The intensity in
each voxel of the resulting calculated im-
age is a function of intravoxel incoherent
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Table 1

Effect of MR Imaging Gradient Pulses on Echo Attenuation: Contribution of
Different Gradients to Factor b (in sec/mm?)

Sequence with Additional Gradient Pulses

Gradient Standard
Axis Sequence G=0344G/cm G =0486G/cm

Readout gradient 1.14 94.6 179.9
Section-selective

gradient 0.02 0.02 0.02
Phase-encoding

radient

maximum value) 1.10 1.10 1.10

Total 2.26 95.7 181.0
5/5(0)* 99.4% 78.7% 63.6%

Note.—Echo signal attenuation owing to diffusion is given by 5/5(0) = exp(—b « D). D = diffusion
coefficient (mm?/sec), b = gradient factor attenuation (sec/mm?). TE is 140 msec. Additional gradient
pulses are on the readout gradient axis. Their duration is 40 msec, their intensity G, and the time

interval between pulses is 28 msec.

* Attenuation for pure water at 40°C (D = 2.5 X 107* mm?/sec).

motions only. In practice, the logarithm
of the ratio is displayed, for reasons
which will be made clear below.

At the end of the two acquisitions two
sets of images are obtained: the conven-
tional spin density, T1- and T2-weighted
images currently in use, and the calculat-
ed IVIM images of the same sections, dis-
played using a gray scale.

Quantitative Determination of
the Diffusion Coefficient

In this section, the case in which the
motion in the voxel can be characterized
as diffusion, with a simple diffusion coef-
ficient D, is considered.

To obtain a direct, absolute determina-
tion of the diffusion coefficient on im-
ages, we must evaluate the effect of all
gradient pulses, including both the mo-
tion-probing gradients (in the second se-
quence) and the normal imaging gradi-
ents. Starting from Bloch equations,
corrected for diffusion effects, the follow-
ing is found for the attenuation law (3, 4):

S(nTE)/S(0) = exp[(—n - TE)/T2]
- exp(—b-D), 4)

where the attenuation factor b depends
only on the set of gradient pulses.

For a multiecho imaging sequence with
n echoes using noninterlaced rectangular
gradient pulse pairs, b is given by

n=72'i Z qu'dzu

k=1 I=xy,z
Al(dy + d') /31 + L, (5)

where | is the axis of the gradient pulses
and k the interval between echoes.

Each pulse (amplitude G, duration d) is
followed, after a time interval I, by a ho-
mologous gradient pulse (amplitude G,
duration d’) with G-d = G’ - d’, such that
rephasing of nonmoving spins occurs at
each echo. For interlaced pulses, or non-
rectangular pulses, equation (5) does not
apply, and the attenuation factor b is com-
puted numerically.

Volume 161 Number 2

Background gradients are assumed to
be negligible. Changes in the phase-en-
coding gradient at each cycle complicate
the calculation of factor b. In practice, it
is possible to choose the maximum value
for the phase-encoding gradient to be
small enough to give negligible effects
for motions expected from diffusion (or
from perfusion).

Equation (4) is then applied to both the
first and second sequence, and the loga-
rithm of the ratio S,,/S, is taken. This
gives the value of the diffusion coeffi-
cient D for each voxel according to

D(x,y,z) = {In[S,(x,y.2)/S,(x,y.2)}}
/(by = b,), (6)

in which all quantities, including the fac-
tors b, and b; corresponding to each se-
quence, are known quantities.

Assessment of Other Intravoxel
Incoherent Motions

The method described above is sensi-
tive to all intravoxel incoherent motions.
When such motions are present, the value
obtained by applying equation (6) is not a
true diffusion coefficient. It is an “appar-
ent diffusion coefficient” (ADC), result-
ing from all motions. Its value may de-
pend on the motion-probing gradients
and on their time interval. It is zero if no
motion is present and is equal to the dif-
fusion coefficient D if diffusion is the
only motion present. It is this sensitivity
to other motions that prompts us to use
the term “intravoxel incoherent motion
imaging” or “IVIM imaging” rather than
“diffusion imaging,” which has been
used previously in a similar context (2-5).

MATERIALS AND METHODS

IVIM images were obtained with a 0.5-
T superconducting, whole-body imager
with a head coil (Thomson-CGR, Paris).
The normal characteristics were main-
tained: high-resolution matrix (256 X 256
pixels) and multisection mode. For molec-

ular diffusion, the method was initially
evaluated on phantoms. It was then ap-
plied in the neurologic area to healthy
subjects and to patients.

Phantom Studies

D was measured using a phantom made
of a series of 3.5-cm-diameter tubes con-
taining either water or acetone at 25°C.
The section thickness was 9 mm, and in-
plane spatial resolution was about 1 X 1
mm. The first acquisition used an SE
1,000/140 (TR msec/TE msec) single-echo
sequence (n = 1). The second acquisition
was identical except for the additional or
“motion probing” gradient pulses, which
were applied on the readout gradient
axis. The pulse duration was 40 msec.
Two values of gradient intensity were
used (0.344 G/cm and 0.486 G/cm) corre-
sponding to 95.7 sec/mm? and 181.0 sec/
mm?, respectively, for factor b. Diffusion
coefficients were obtained for each tube
from calculated images using regions of
interest.

Human Studies

MR images of intravoxel incoherent
motions were obtained from healthy sub-
jects and from patients with neurologic
disorders. Normal brain tissues and brain
tumors (one low-grade astrocytoma, one
cystic astrocytoma with an obstructive hy-
drocephalus, and two brain metastases)
were studied for the preliminary work.
Diagnosis had previously been estab-
lished by other methods, including com-
puted tomography (CT), standard MR im-
aging, and in some cases, surgery.

A set of three sections was obtained for
both acquisitions. The position and orien-
tation of the sections were chosen accord-
ing to expected pathologic conditions
and/or standard acquisitions. The section
thickness was 9 mm with a 9-mm inter-
section gap. The in-plane spatial resolu-
tion was 1.09 X 1.09 mm (28 X 28-cm field
of view, 256 X 256-pixel matrix). The con-
ventional first acquisition was either an
SE 1,500/60, 120 double-echo sequence,
or an SE 1,500/120 single-echo sequence
in the case of quantitative measurements.
The second sequence, sensitized to intra-
voxel incoherent motions, was an SE
1,500/120 single-echo sequence with ad-
ditional gradient pulses on the readout
axis. A TR of 1 second was sometimes
used to reduce the imaging time.

At the end of the two acquisitions, the
standard images were displayed with the
calculated IVIM images. Images were as-
sessed qualitatively, and regions of inter-
est were defined for quantitative mea-
surements of the ADC.

RESULTS

Phantom Diffusion Studies

The only intravoxel incoherent
motion expected was diffusion, since
care was taken to avoid thermal con-

Radiology « 403



Figure 4. Images of a phantom made of
tubes containing water (top) and acetone
(bottom) at 25°C. The section thickness is 9
mm, and the in-plane resolution 1 X 1 mm.
(a) Standard sequence (SE 1,000/140). Signal
in water is higher than in acetone owing to
the respective T1 and T2 relaxation times.
(b) Calculated diffusion image. The contrast
in this image is inverted in relation to a,
showing that diffusion in acetone is greater
than in water. Note the shiftlike artifact be-
side the water tube owing to residual gradi-
ents produced by eddy currents during data
sampling in the second sequence.

vection. Phantom diffusion images
are shown in Figure 4. Diffusion in
acetone appeared to be greater than
in water. The diffusion coefficients
computed from images, given in Ta-
ble 2, agreed with published values
(2, 6,16, 17). Two values of the gradi-
ent were used, corresponding to b =
95.7 and 181.0 sec/mm?2. They led to
the same results. Different coeffi-
cients obtained from several acquisi-
tions were the same within 5%.

Human Studies

The results were analyzed in terms
of an ADC, which incorporates the
effect of all possible intravoxel inco-
herent motions.

Normal Tissues

In images of the normal head (Fig.
5), gray matter had a higher ADC
than white matter did (about 2.0 X
1073 mm?/sec £ 0.1 X 103 and 1.7 X
1073 mm/sec £ 0.1 X 1073, respec-
tively). The ADC of cerebrospinal
fluid (CSF) varied according to the
location. It was the same as the diffu-
sion coefficient of pure water (about
2.5X 1073 mm?/sec £ 0.2 X 1073 at
40°C) in the horns of the lateral ven-
tricles but was significantly higher in
the third and fourth ventricles.
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Figure 5. Normal head (transverse images). (a) Standard sequence (SE 1,000/140). (b) IVIM
image. The apparent diffusion coefficient (ADC) in gray matter is higher than in white mat-
ter. This may be related to a differential perfusion effect. The ADC of CSF in ventricular cav-

ities is heterogeneous. An ADC higher than the diffusion coefficient of pure water is ob-
served in various locations because of CSF flow (third ventricle).

RFA S
T

Figure 6. Brain metastasis with edema
(transverse image). IVIM image. The ADC in
the metastasis is heterogeneous and in
places higher than the diffusion coefficient
of pure water. This is related to enhanced
internal perfusion. The edema around the
tumor appears homogeneous with sharply
defined border and with an ADC slightly
greater than that of normal brain tissue.

Pathologic Cases

Qualitative differences were ob-
served between various tumors. A
large ADC (>3.5 X 1073 mm?/sec)
was found in places in a brain metas-
tasis (Fig. 6). A very homogeneous
area of slightly elevated ADC with
well-defined boundaries was ob-
served around the tumor. It occupied

b.

Figure 7. Low-grade astrocytoma (arrow-
heads) (frontal images). (a) IVIM image. The
ADC in the tumor is very low, probably be-
cause of restricted diffusion in this small cell
tumor and poor perfusion. (b) Standard se-
quence (SE 1,500/120).

the location assigned to edema on CT
and MR images. The value for a low-
grade astrocytoma (Fig. 7) was very
small (<1.5 X 1073 mm?2/sec). The
ADC of a cystic lesion (astrocytoma)
with hydrocephalus (Fig. 8) was
equal to the diffusion coefficient of
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b.

Figure 8. Cystic astrocytoma with hydrocephalus (frontal images). (a, b) Standard spin-echo images (a, SE 400/28; b, SE 1,500/120). (c)
IVIM image of the same section. The ADC in the lesion is high, similar to that of CSF in anterior horns of the lateral ventricles, which is
compatible with its cystic nature (free diffusion vs. restricted diffusion in normal brain tissues). Note the area with very high signal intensi-
ty in the dilated ventricular cavities, starting from the right foramen of Monro and going through the third ventricle; the high signal inten-
sity is due to the moving CSF. No flow effect is seen in the left foramen of Monro.

Table 2
Diffusion Coefficients of Phantom (X 1072 mm?/sec at 25°C)
Measured with Measured with Literature
Fluid b, = by = 93.4 sec/mm? b, — by = 178.7 sec/mm? Values
Water 235 0.10 240 £ 0.10 2.25-2.51 (6)
Acetone 447 £ 022 449+ 022 45-4.8 (16, 17)

Note.—Diffusion coefficients were imaged and then computed from the images in a region of

interest.

water, as observed also for CSF in the
dilated anterior horns of the lateral
ventricles. On the other hand, the
ADC in the third ventricle was high,
and the ADC of the right foramen of
Monro, opposite the lesion, was
much higher than the ADC of the
left foramen.

DISCUSSION

Imaging Method

Confirmation.—The method de-
scribed here makes it possible to ob-
tain in vivo images of intravoxel in-
coherent motions, such as diffusion
or microcirculation. These motions
are characterized in calculated im-
ages by an ADC, which can be quan-
titatively measured. The ADC ob-
tained in vitro for water and acetone
agreed with published values of the
diffusion coefficients of these media
(2, 6,16, 17). In particular, ADC val-
ues were independent of the magnet-
ic field gradient pulses used for their
measurement. These results support
the theoretical analysis. Other stud-
ies with pertinent phantoms are in
progress to evaluate the contribution
of the other intravoxel motions, espe-
cially microcirculation, to the ADC.
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Limitations.—When quantitative
measurements are desired, care must
be taken to avoid possible systematic
errors, particularly in clinical studies.

1. Use of a multiecho sequence for
the first sequence allows physicians
to obtain various T2-weighted images
for clinical assessments; we followed
this procedure in our early experi-
ments. Unfortunately, multiecho se-
quences are prone to many potential
artifacts (1, 18). Errors in selective RF
pulse flip angles, particularly in the
180° pulses, can reduce the ampli-
tude of the last echoes. They generate
stimulated echoes (8). To avoid such
artifacts, a single-echo squence
should be used for the first sequence
to obtain quantitative measurements.
A multiecho sequence is appropriate
only for qualitative evaluations.

2. Use of long echo delay times
(more than 100 msec) requires long
T2 relaxation times, a situation found
for both normal and pathologic tis-
sues in the neurologic area. When T2
values are shorter, as is possible in
other organs, the signal-to-noise ratio
(S/N) at long echo times could be-
come too low. In this case, consider-
ation might be given to a method
based on stimulated echoes (5, 19), if
T1 is much longer than T2. The use-

fulness of this procedure in imaging
is yet to be demonstrated.

3. The strong gradient pulses
(about 0.35 G/cm) used in our experi-
ments may produce eddy currents in
the MR imaging unit. Residual mag-
netic field gradients will result. Their
contribution to the diffusion effect is
found to be quite small; however,
they create significant gradients dur-
ing the data acquisition period.
When the original gradient pulses
are in the direction of the readout
gradient, the image is dilated (or con-
tracted) in this direction. This artifact
affects only the second image, since
no extra gradient is applied in the
first one. When they are combined to
yield the intravoxel motion image, a
shiftlike artifact can be seen that be-
comes more pronounced the farther
it is from the center (Fig 4b). Such ar-
tifacts can be compensated for by ap-
propriate shaping of the current
pulses sent into the gradient coils.
Additional data processing correction
may be carried out on the basis of the
previously recorded changes in im-
age size when the additional gradi-
ent pulses are switched on and off.

4. The only fluid motions detected
are those in the direction of the addi-
tional gradient, that is, along the
readout axis. For isotropic motions,
this is inconsequential. In other
cases, the motion along various direc-
tions can be explored by exchanging
the direction of the readout and
phase-encoding gradients. An alter-
native possibility would be to gener-
ate additional gradient pulses along
the direction of the phase-encoding
gradient.
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Biologic Content of IVIM
Images

The ADC of water measured in
biologic tissues with this method is
different from the diffusion coeffi-
cient of water in vitro. Furthermore,
it shows large variations between
normal and pathologic tissues.

Signal intensity in calculated im-
ages may be due to various intravoxel
motions: diffusion (or restricted dif-
fusion), perfusion, or nonuniform
flow. Work in progress is aimed at
systematically distinguishing be-
tween these various sources. For the
time being, the signals must be as-
signed in an ad hoc manner; but they
may, nevertheless, be useful for tis-
sue characterization.

Diffusion and Restricted
Diffusion

The diffusion coefficient of water
in biologic tissues is recognized as
being about half that of pure water
(20-22). However, compartmentation
in biologic tissues can further reduce
the measured diffusion coefficient, in
relation to a restricted diffusion phe-
nomenon, and could explain some of
the very low diffusion coefficients
observed. During the diffusion mea-
surement time (about 110 msec in our
experiments), the range of nonre-
stricted diffusion of water in a bio-
logic tissue would be about 15 um.
Assuming that the mean size of cells
is smaller than this free diffusion
range, a restricted diffusion effect oc-
curs and reduces the measured diffu-
sion coefficient. In several studies of
biologic systems, the restricted diffu-
sion coefficients of water have been
related to cell size and to the pres-
ence of intracellular structures (21,
22). The effect of restricted diffusion
could be minimized by using shorter
diffusion measurement times. How-
ever, this raises practical difficulties
since the gradients would have to be
stronger. On the other hand, one
could also try to increase the effect of
restricted diffusion by increasing the
diffusion measurement time. S/N
might then become too small for a
long echo delay in relation to T2 re-
laxation times in biologic tissues. Use
of stimulated echoes might be an al-
ternative solution.

Tissue Perfusion

In some cases, the ADC is large,
sometimes even larger than D,, the
diffusion coefficient of pure water.
This is a specific characteristic of liv-
ing tissues and is related to tissue
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perfusion. The ADC resulting only
from microcirculation can be many
times greater than D, owing to the
velocity of blood water in capillaries,
which is in the range of 1-4 mm/sec
(23). However, only a small percent-
age of all the water present in a voxel
is concerned. The resulting ADC
measured with our method is a func-
tion of the diffusion coefficient
(which can be a restricted diffusion
coefficient) of the static component
in the tissue and of a term depending
on the fractional volume f of active
capillaries, that is, capillaries in
which blood circulates.

CSF Flow

The ADC measured in those ven-
tricular cavities in which the CSF is
known to flow faster, particularly in
narrow areas such as in the third
ventricle and in the foramina of
Monro, was much higher than the
diffusion coefficient of water. This
can be explained by a nonuniform
flow effect according to the existence
in a single voxel of several velocities,
as stated above. Despite the relatively
slow rate of CSF flow, this effect can
be made significant by using a sin-
gle-echo mode with additional gradi-
ent pulses in the second sequence.
CSF flow resulting in echo attenua-
tion was seen to be useful in IVIM
images even though it is not an inco-
herent motion. It was generally easy
to distinguish from diffusion or per-
fusion by its high intensity and its to-
pography. Another assignment
method would be to eliminate the ef-
fect of constant linear flow when us-
ing flow-compensated bipolar gradi-
ent pulses (24), which result in a zero
phase shift for both odd and even
echoes.

These considerations will now be
applied to the discussion of a few
clinical cases.

Clinical Applications

Gray and white matter (Fig. 5).—The
ADC in these tissues was less than
the diffusion coefficient of pure wa-
ter. However, it was higher than that
observed in ex vivo biologic tissues
(20-22). These differences may be
partly related to a perfusion effect,
factor f being about 5% and 2% for
gray and white matter, respectively
(25).

Metastasis and edema (Fig. 6).—The
ADC was heterogeneous and higher
than the diffusion coefficient of wa-
ter in some places, suggesting en-
hanced perfusion in this tissue. The

ADC in the surrounding edema was
slightly higher than in the corre-
sponding tissue and was almost as
high as that of free water.

Low-grade astrocytoma (Fig. 7).—The
ADC in this tumor was lower than in
normal brain tissue. This finding im-
plies that the volume of perfusing
fluid was not very great and that dif-
fusion was probably restricted by the
small size of the cells.

Cystic astrocytoma and hydrocephalus
(Fig. 8).—The high ADC of the tu-
moral tissue, similar to that observed
in the anterior horns of the lateral
ventricles, was probably due to its
cystic nature, which allows free
(nonrestricted) diffusion. The ADC
of the CSF was particularly high in-
side both the right foramen of Monro
and the third ventricle. This must
have been due to nonuniform CSF
flow, which was thus visualized in a
direct fashion. The left foramen of
Monro did not have such a high
ADC, suggesting obstruction. This
was confirmed surgically.

The imaging method for intravoxel
incoherent motions that has been
presented here may potentially be
used in the quantitative and separate
evaluation of diffusion, restricted
diffusion, perfusion, and nonuni-
form slow flow, without using con-
trast agents. Although more work is
needed to reach these objectives
fully, the examples given here show
that IVIM imaging can significantly
improve the capability of MR imag-
ing for tissue characterization and
functional studies. ®
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