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LOOKING INTO THE FUNCTIONAL
ARCHITECTURE OF THE BRAIN
WITH DIFFUSION MRI

Denis Le Bihan

Water diffusion magnetic resonance imaging (dMRI) allows tissue structure to be probed and
imaged on a microscopic scale, providing unique clues to the fine architecture of neural
tissues and to changes associated with various physiological and pathological states, such as
acute brain ischaemia. Because diffusion is anisotropic in brain white matter, reflecting its
organization in bundles of fibres running in parallel, dMRI can also be used to map the
orientation in space of the white matter tracks in the brain, opening a new window on brain
connectivity and brain maturation studies. This article provides an introduction to the key
physical concepts that underlie dMRI, and reviews its potential applications in the

neurosciences and associated clinical fields.

The ability to visualize anatomical connections
between different parts of the brain, non-invasively
and on an individual (rather than a statistical) basis,
has opened a new era in the field of functional
neuroimaging. This important breakthrough for
neuroscience and related clinical fields has developed
over the past ten years through the advance of diffusion
magnetic resonance imaging (AMRI). The concept of
dMRI is to produce MRI-based quantitative maps
of microscopic, natural displacements of water
molecules that occur in brain tissues as part of the
physical diffusion process. Water molecules are used as
a probe that can reveal microscopic details about the
architecture of both normal and diseased tissue. The
aim of this article is to introduce the main potential
applications of AMRI in the neurosciences and associ-
ated clinical domains, such as neurology, neurosurgery
and even psychiatry. A basic description of the diffu-
sion process and the approaches used to measure and
image diffusion with MRI is provided, as well as
areview of our current understanding of the water
diffusion process in the brain. For futher details on
specific aspects of AMRI, I refer the reader to several
extensive, detailed reviews that have been published
recently.

The concept of molecular diffusion
Molecular diffusion refers to the random translational
motion of molecules (also called Brownian motion)
that results from the thermal energy carried by these
molecules, a physical process that was well characterized
by Einstein'. In a free medium, during a given time
interval, molecular displacements obey a three-
dimensional Gaussian distribution — molecules travel
randomly in space over a distance that is statistically
well described by a diffusion coefficient (D). This
coefficient depends only on the size (mass) of the
molecules, the temperature and the nature (viscosity)
of the medium. For example, in the case of ‘free’ water
molecules diffusing in water at 37 °C, the diffusion
coefficient is 3 X 10~ m? s7!, which translates to a
diffusion distance of 17 pm during 50 ms (FIG. 1a) —
about 32% of the molecules have moved at least
this distance, whereas only 5% of them have travelled
over distances greater than 34 um.

dMRI is deeply rooted in the concept that, during
their diffusion-driven displacements, molecules probe
tissue structure on a microscopic scale, well beyond
the usual (millimetric) image resolution. During typical
diffusion times of about 50—100 ms, water molecules
move in brain tissues, on average, over distances of
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Figure 1 | Water diffusion and tissue microstructure. a | The random displacements of molecules resulting from thermal agitation
(Brownian motion) obey a statistical law established by Einstein in 1905. Along one dimension in space, <x?> = 2DT , where T is the
time for molecules to diffuse (diffusion time), D is the diffusion coefficient and <x*> is the variance of the molecular displacement along
that dimension. With a very large number of molecules, the size of the ‘cloud’ representing average molecular excursion (root-mean-
square of <x*>) increases linearly with the square root of T, For water at brain temperature, 68% of molecules have moved within a
sphere of 17 um diameter in 50 ms. b | In bioclogical tissues, obstacles modulate the free diffusion process. Diffusion of molecules can
be restricted in closed spaces (A), such as cells. Diffusion might also be hindered by obstacles that result in tortuous pathways (B).
Exchange between compartments also slows down molecular displacements (C). So, the apparent diffusion coefficient, ADC, is
usually reduced compared with D, but closely reflects tissue microstructure.

around 1-15 pm, bouncing off, crossing or interacting
with many tissue components, such as cell membranes,
fibres and macromolecules. (The diffusion of other mol-
ecules can also be detected; see BOX 1.) Because movement
of water molecules is impeded by such obstacles (FIG. 1b),
the actual diffusion distance is reduced compared with
that of free water, and the displacement distribution is no
longer Gaussian. In other words, although short diffusion
times reflect the local intrinsic viscosity, at longer
diffusion times the effects of the obstacles predominate.
So, the non-invasive observation of the water diffusion-
driven displacement distributions in vivo provides unique
clues to the fine structural features and geometric organi-
zation of neural tissues, and also to changes in these
features with physiological and pathological states.

Imaging diffusion with MRI

Principles. Although early water diffusion measurements
were made in biological tissues using NMR in the 1960s
and 1970s, it was not until the mid-1980s that the basic
principles of dAMRI were laid out*™ (see REE 5 for a
review). In the 1970s and 1980s, the introduction of MRI
made it possible to see the anatomy of the brain in vivo
with an exquisite (submillimetric) spatial resolution. This
advance relied on the ability to physically manipulate,
through electromagnetic radiowaves, the tiny magnet-
ization of water hydrogen nuclei of the brain that is
induced in a strong, homogeneous magnetic field®. The
contrast underlying anatomical MRI results from
the ‘relaxation times) called T1 and T2, that characterize
how fast water magnetization returns to equilibrium
after the perturbation induced by the electromagnetic
waves, which depends roughly on the nature of the tissue.

By combining MRI principles’ with those introduced
earlier in NMR physics and chemistry to encode molecu-
lar diffusion effects, it became possible to obtain local
measurements of water diffusion in vivo in the whole
human brain. Magnetic resonance signals can be made
sensitive to diffusion through the use of a pair of sharp
magnetic field gradient pulses®, the duration and the
separation of which can be adjusted. In an otherwise
homogeneous field, the first pulse magnetically ‘labels’
hydrogen nuclei (or protons) that are carried by water
molecules according to their spatial location, as, for a
short time, the magnetic field slowly varies along one
direction (FIG.2). The second pulse is introduced slightly
later to detect the changes in the location of nuclei; that
is, the displacement history of nuclei that occurred during
the time interval (or ‘diffusion time’) between the two
pulses. A change in location (along the gradient direction)
of a hydrogen nucleus carried by a diffusing water
molecule results in a change of the magnetic field ‘seen’
by this nucleus, which is proportional to the displace-
ment. Considering now a population comprising a large
number of diffusing water molecules, the overall effect is
that the corresponding hydrogen nuclei will experience
various magnetic field changes that closely reflect the
statistical displacement distribution of this population;
that is, the statistical diffusion process. This variation of
the magnetic field seen by the population of nuclei results
in an MRI radiowave signal that is slightly less than that
obtained from a population of nuclei that is placed in a
perfectly homogeneous field. This signal attenuation is
precisely and quantitatively linked to the degree of mag-
netic field broadening, and hence to the amplitude of the
displacement distribution — fast (slow) diffusion results
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Box 1 | Diffusion of non-water molecules and metabolites

Water might not be the most suitable molecule for diffusion measurements in
biological tissues owing to its ubiquity and to the permeability of most tissue
interfaces, such as membranes, to water molecules. For instance, diffusion of
N-acetylaspartate and myoinositol might provide more useful information about
neuronal and glial cell populations, respectively. So, diffusion measurements of larger
molecules that are more tissue- or compartment-specific are more promising tools for
tissue characterization. However, such measurements are technically challenging
compared with diffusion measurements of water molecules because of the low
concentration of the larger molecules and their relatively low diffusion coefficients.
Data on magnitudes and even directional AN1soTroPY of diffusion coefficients of
molecules such as choline, creatine/phosphocreatine and N-acetylaspartate in
animals'®” and in human brain'*® have been made available. In the expanding field of
‘molecular (or cellular) imaging), measurements of metabolite diffusion could provide
valuable information about intracellular content and machinery; although water could
diffuse easily in small spaces between small obstacles such as organelles or
macromolecules, larger metabolites would not fit within these spaces. Such
considerations should be useful in understanding how diffusion of intracellular
metabolites, such as N-acetylaspartate, decreases in the acute phase of brain
ischaemia'®’. On the other hand, diffusion is not the only source of movement within
cells. Other flowing patterns, such as cytosolic streaming, must be considered — the
flow of large molecules carried by this active stream would artificially contribute to the
apparent diffusion coefficient (ADC), reflecting the overall flow rather than individual

molecular diffusion. Such a model would be compatible with the observation that
metabolites of different sizes have similar diffusion coefficients'*® and that the
intracellular ADC decreases on cell death'®. Recent results in oocytes'* do not confirm
this view, but such large cells might not be a good representation of neurons, especially
those in neuronal tissues where interactions between intracellular and intercellular

spaces are complex.

ANISOTROPY

The characteristic of a medium
in which physical properties
have different values when
measured along axes orientated
in different directions.

in a large (small) distribution and a large (small) signal
attenuation. Of course, the effect also depends on the
intensity of the magnetic field gradient pulses. It is
important to note that only the displacement (diffusion)
component along the gradient direction is detectable.

In practice, any MRI technique can be sensitized
to diffusion by inserting the adequate magnetic field
gradient pulses’. By acquiring data with various gradient
pulse amplitudes, images with different degrees of diffu-
sion sensitivity are obtained (FIG. 3). Contrast in these
images depends on diffusion but also on other MRI
parameters, such as water relaxation times. So, these
images are often numerically combined to determine,
using a global diffusion model, an estimate of the diffu-
sion coefficient in each image location. The resulting
images are maps of the diffusion process and can be
visualized using a quantitative scale (FIG. 3).

Diffusion and tissue microstructure: a scaling issue. One
must bear in mind, however, that the overall signal
observed in a dMRI image volume element (voxel), ata
millimetric resolution, results from the integration, on a
statistical basis, of all the microscopic displacement dis-
tributions of the water molecules present in this voxel.
As a departure from earlier biological diffusion studies,
in which efforts were made to depict the true diffusion
process'®'?, it was suggested'’ that the complex diffu-
sion processes that occur in a biological tissue
be portrayed on a voxel scale using the microscopic,
free-diffusion physical model, but replacing the physical
diffusion coefficient, D, with a global, statistical

Random motion

Magnetic field gradient (b factor)

A

Signal amplitude

Phase distribution Echo attenuation
Figure 2 | Principles of diffusion magnetic resonance
imaging (dMRI). In the presence of a spatially varying
magnetic field (induced through a magnetic field gradient, the
amplitude and timing of which are characterized by a ‘b’ factor),
moving molecules emit radiofrequency signals with slightly
different phases. In a small volume (voxel) containing a large
number of diffusing molecules, these phases become
randomly distributed, directly reflecting the trajectory of
individual molecules (that is, the diffusion process). This
diffusion-related phase distribution of the signal results in an
attenuation of the MRl signal. This attenuation (A) quantitatively
depends on the gradient characteristics (embedded in the

b factor) and the diffusion coefficient (D), according to A = e*P.
As diffusion effects are small, large gradient intensities must be
used, which requires special MRI hardware.

parameter, the apparent diffusion coefficient (ADC).
The ADC concept has since been largely used in the
literature. This parameterization of the diffusion
process by a global ADC is similar to the step followed
by meteorologists to describe atmospheric processes on
a scale (parcel) that is large when compared with that of
the local physical processes'. Parameterization is
intended to represent physical processes that occur on
scales smaller than those resolved by the method — the
large scale is imposed by technical limitations (for
example, large distances between weather measurement
stations), whereas the actual ‘theatre’ scale of the physi-
cal elementary processes (for example, cloud micro-
physics) is determined by natural/physical phenomena.
Parameterization models allow us partially to bridge the
gap between the two scales.
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Figure 3 | Diffusion-weighting. In practice, different degrees of diffusion-weighted images can be
obtained using different values for the b factor (a). The larger the b factor, the more the signal
intensity (S) becomes attenuated in the image. This attenuation is modulated by the diffusion
coefficient — the signal in structures with fast diffusion (for example, water-filled ventricular cavities)
decays rapidly with increasing b, whereas the signal in tissues with low diffusion (for example, grey
and white matter) decreases more slowly. By fitting the signal decay as a function of b, one obtains
the apparent diffusion coefficient (ADC) for each elementary volume (voxel) of the image. Calculated
diffusion images (ADC maps) that depend solely on the diffusion coefficient can then be generated
and displayed using a grey (or colour) scale. High rates of diffusion — as in the ventricular cavities
— appear as bright areas, whereas areas with low rates of diffusion are dark (b).

VASOGENIC OEDEMA

The accumulation of
extracellular fluid that results
from changes in capillary
permeability, allowing the
seepage of plasma molecules
and water.

CYTOTOXIC OEDEMA

The swelling of cellular elements
and reduction in extracellular
space that are commonly
associated with anoxia and
ischaemia. The underlying
mechanism is a failure of the
ATP-dependent Na*/K* pumps,
and the subsequent
accumulation of intracellular
sodium and water. In contrast to
vasogenic oedema, capillary
permeability is not impaired in
cytotoxic oedema.

Regarding MRI, microscopic imaging is possible, but
requires scanners with strong magnetic fields and gradi-
ent systems that are available for animal studies only.
In the case of dMRI, the image resolution becomes
limited by the water diffusion process itself, which
introduces some blurring in the images'. With most
current systems, especially those developed for human
applications, the voxel size remains large (a few mm?).
The averaging, smoothing effect resulting from this
scaling assumes some homogeneity in the voxel and
makes a direct physical interpretation from the global
parameter difficult, unless some assumptions are made.
The ADC now depends not only on the actual diffusion
coefficients of the water molecule populations present
in the voxel, but also on experimental, technical para-
meters, such as the voxel size and the diffusion time.
The relationship between the ADC and specific tissue
microscopic features is now the object of intensive
research. However, as in meteorology, parameterization
remains a powerful concept, as long as the scale is well
defined and limitations are kept in mind.

dMRI and acute brain ischaemia. Although the first
diffusion images of the brain were obtained in the mid-
1980s, both in normal subjects and in patients', it was
not until the mid-1990s that dMRI really took off.
Initially, the specifications of the clinical MRI scanners
made it difficult to obtain reliable diffusion images, as
acquisition times were long (10-20 minutes) and the
presence of the large gradient pulses required for diffu-
sion also made the images sensitive to macroscopic
motion artefacts, such as those induced by head
motion, breathing or even cardiac-related brain
pulsation's. Therefore, although dMRI was shown to be

potentially useful in the clinic, demonstrative clinical
studies started later, when better MRI scanners
equipped with echo-planar imaging (EPI) became
available. With standard MRI, images are acquired in
several pieces over periods of seconds or minutes,
which makes this method particularly susceptible to
errors introduced by head motion. By exploiting gradient
hardware, EPT makes it possible to collect a brain image
at once, in a single ‘shot’ lasting a few tens of milliseconds,
and images of the whole brain in less than a second,
virtually freezing macroscopic motion.

The most successful application of AMRI since the
early 1990s has been in acute brain ischaemia'’. The
application of dMRI to patients with chronic infarct
lesions was suggested early in the development of this
technique''®. However, an important discovery was
made later by Moseley et al.'*"when they demonstrated
that the water diffusion coefficient decreases significantly
(by 30-50%) in ischaemic brain tissue within several
minutes of occlusion of the middle cerebral artery in the
cat. This finding was soon confirmed by several groups
using other animal models (see REFS 21,22 for extensive
reviews) and later in human patients with stroke?-?
(FIG. 4). By contrast, T2-weighted images of ischaemic
tissue remain normal for several hours. An increase in T2
occurs later, when vasoGenic oepema develops®. Now,
dMRI is the imaging modality of choice for the manage-
ment of stroke patients. However, although the decrease
in water diffusion immediately after ischaemic injury has
been clearly established, its interpretation is still incom-
plete, and its relationship to the severity of ischaemic
damage and clinical outcome s still a subject of study*.
Decreased diffusion is linked to the cellular change in
energy metabolism that ultimately leads to the decreased
activity and subsequent failure of the Na*/K* pumps,
which in turn result in cyroroxic oepema®. The basic
mechanism underlying the decrease in diffusion remains
unclear. Different hypotheses have been evaluated, such as
a possible decrease in the extracellular and intracellular
water mobility, a shift of water from extracellular to intra-
cellular spaces, an increase in restriction of intracellular
diffusion due to changes in membrane permeability,
or increased tortuosity in the extracellular space due to
cell swelling?. Regardless, diffusion imaging has great
potential in the management of stroke patients. First, the
development of pharmaceuticals for the treatment of
stroke can be greatly facilitated by dMRI, as drug effects
can be assessed objectively and quickly compared with
long and costly clinical trials or animal model studies.
dMRI used in combination with perfusion MRI (which
outlines regions with decreased blood flow or increased
blood mean transit times*) and magnetic resonance
‘angiography’ (which provides images of the vasculature,
showing occluded vessels) is an invaluable tool for the
assessment of lesion severity and extension at an early
stage when tissue is still salvageable. These methods
should also allow clinicians to customize therapeutic
approaches (pharmacological or interventional) for
individual patients®, as well as to monitor patient
progress on an objective basis (in both the acute and the
chronic phase®) and to predict clinical outcome® .
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Figure 4 | Acute brain ischaemia. An important clinical application of diffusion magnetic
resonance imaging (MRI) is in the detection and characterization of acute brain ischaemia. Images
(a, conventional MRI; b, diffusion-weighted) were obtained 3 hours after the onset of aphasia in a
female patient. The diffusion image shows the infarcted tissue with an intense signal
corresponding to reduced water diffusion in the ischaemic territory. Five days later the lesion is
more severe and extended (€). Images courtesy of A. G. Sorensen. Reproduced, with permission,
from REE. 25 © (1999) The Radiological Society of North America.

Current limitations. Although the EPI technique is the
method of choice for in vivo diffusion imaging, it is
susceptible to certain artefacts. EPI requires a homo-
geneous magnetic field. Magnetic interfaces between
bone or air-filled cavities (sinuses) and water-containing
tissues result in local image distortion or signal
dropout®. Also, the spatial resolution of EPI is often
coarse (around 2 mm) owing to hardware limitations.
Recently developed ‘parallel’ acquisition techniques,
which allow signals to be collected simultaneously using
an array of radiofrequency coils, may be able to correct
for these limitations®®*’. Another point is that the
minimum length of detectable molecular diffusion
paths is determined primarily by the intensity of the
gradient pulses. Therefore, there is a need to use hardware
that can provide stable gradients of the utmost
intensity®®. Although this requirement can be satisfied
with small-bore MRI scanners that are dedicated to
small animals (delivering gradient intensities of up to
1,000 mT m™), it becomes extremely challenging in
terms of electrical power supply when considering
whole-body instruments for human studies. As a conse-
quence, magnetic gradient pulses must have a finite,
non-negligible duration to produce measurable diffusion
sensitization, loosely defined because diffusion effects
occurring during the presence of the pulses introduce
some blurring. With clinical systems, diffusion displace-
ments below a few micrometres are impossible to attain.
Furthermore, on the biological/ safety side, strong grad-
ient pulses cannot be switched rapidly, as they might
induce currents in tissues that can depolarize sensitive
cells and become harmful. Also, gradient switching inside
the main magnet causes the gradient hardware to vibrate,
generating loud sounds that can easily exceed 100 dB.

Diffusion and brain activation

The number of articles published that deal with
functional MRI (fMRI) has soared during the past ten
years. In fMRI, neuroscientists have a powerful tool to
see the brain at work — and, to some extent, to see the
workings of the mind — by showing cortical regions

that are activated by different cognitive processes.
However, the key concept behind blood oxygenation
level dependent (BOLD) fMRI*is the indirect (and still
poorly understood) link between local blood flow and
neuronal activity*. Brain activation is visualized with
fMRI through a haemodynamic window; there is a
delay of several seconds between the visible haemo-
dynamic response and the onset of the neuronal
response, which intrinsically limits the temporal resolu-
tion of the method. Similarly, spatial resolution is
limited, because the vessels at the origin of the present
fMRI response feed or drain large territories compared
with the activated neuronal assemblies. Typical image
resolution for fMRI is around 1-3 mm and 1-3 s.

Preliminary data have indicated that water dMRI
could be used to visualize changes in tissue microstruc-
ture that might arise during large, extraphysiological
neuronal activation*!. Changes in the water ADC during
neuronal activation would probably reflect transient
microstructural changes of the neurons or the glial cells
during activation. Observing such effects would have a
tremendous impact on the imaging of brain activation,
as they would be directly linked to neuronal events, in
contrast to blood flow effects, which are indirect and
remote. Recently, a transient decrease in the ADC of
water has been reported in the visual cortex of the
human brain during activation by a flickering black-
and-white checkerboard*. The decrease in ADC was
small (less than 1%), but significant and reproducible,
and closely followed the time course of the activation
experiment (FIG.5). Based on the known sensitivity of
dMRI to cell size in tissues and on optical imaging
studies that have revealed changes in the shape of
neurons and glial cells during activation, these ADC
findings have been tentatively ascribed to a transient
swelling of cortical cells.

Early studies based on optical measurements in
animal preparations identified an early change in photon
scattering, which occurs immediately at the onset of the
stimulation®. Although the mechanisms of these
changes in photon scattering have not been fully eluci-
dated, changes in neuronal volume, especially at the
axon hillock, have been proposed as one mechanism.
More recent optical imaging techniques in tissue prepar-
ations and in vivo have confirmed that there are intrinsic
regional changes in light transmittance during stimula-
tion of synaptic pathways, which can be attributed
to cell swelling at the site of action potential initiation*.
Interestingly, it seems that this swelling also involves
dendrites and glial cells, although the mechanisms might
be different* and the changes might last longer for glial
cells*. It is also worth noting that contractile proteins
that are associated with dendritic spines (where the
majority of synapses are located in the cerebral cortex)
could allow these spines to change shape rapidly during
neuronal activity*”*5. However, these spines occupy a
small volume fraction.

These preliminary results highlight a new approach to
producing images of brain activation with MRI from sig-
nals that are directly associated with neuronal activation,
rather than through changes in local blood flow.
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Figure 5 | Water diffusion and brain activation. a | In a recent study*?, a transient decrease in
the apparent diffusion coefficient (ADC) was observed in human visual cortex locked to visual
stimulation. Statistical parametric maps (T statistics) show, in colour pixels, the decrease in ADC.

b | On the basis of physiology and the optical imaging literature, this small (about 1%) but statistically
significant decrease in water mobility has been tentatively ascribed to transient swelling of activated
cortical cells (graph shows ADC time course (blue) and moving average (red) in the visual cortex
during the presentation of a visual stimulus (green)). This finding might lead to the direct detection of
neuronal activity, as opposed to detection through the local modulation of cerebral blood flow.

Diffusion anisotropy in white matter

The diffusion tensor. Diffusion is a three-dimensional
process, and water molecular mobility in tissues is not
necessarily the same in all directions. This diffusion
anisotropy might result from the presence of obstacles
that limit molecular movement in some directions.
Slight anisotropic diffusion effects were observed
in biological tissues during early studies, especially in
tissues with strongly orientated components, such as
excised rat skeletal muscles**°. However, it was not until
the advent of dMRI, at the end of the 1980s, that
anisotropy was detected for the first time in vivo in
spinal cord and brain white matter®*. Diffusion
anisotropy in white matter originates roughly from the
specific organization of this tissue as bundles of more or
less myelinated axonal fibres running in parallel; diffusion
in the direction of the fibres (whatever the species or
the fibre type) is about three to six times faster than in
the perpendicular direction (FIG. 6). However, the relative
contributions to the ADC of the intra-axonal and extra-
cellular spaces, and the myelin sheath, as well as the
exact mechanism of anisotropy, are still not completely
understood and remain the object of active research (see
REE 53 for a recent review). It quickly became apparent,
however, that this anisotropy effect could be exploited to
map the orientation in space of the white matter tracks in
the brain, assuming that the direction of fastest diffusion
would indicate the overall orientation of the fibres>.
Work on diffusion anisotropy became prevalent with

the introduction of the more rigorous formalism of the
diffusion tensor by Basser et al.>>*. In diffusion tensor
imaging (DTI), diffusion is no longer described by a
single diffusion coefficient, but by an array of nine
coefficients that fully characterize how diffusion in space
varies according to direction (see REE 57 for a recent review
on DTI). So, diffusion anisotropy effects can be fully
extracted and exploited, providing even more exquisite
detail on tissue microstructure. As it is difficult to display
tensor data, the concept of ‘diffusion ellipsoids” has been
conveniently proposed™3. An ellipsoid is a three-
dimensional representation of the diffusion distance
covered in space by molecules in a given diffusion time.
In the case of isotropic diffusion, the ellipsoid is simply a
sphere, the size of which is proportional to the diffusion
coefficient. In the case of anisotropic diffusion, the
ellipsoid becomes elongated (cigar-shaped) if one diffu-
sion direction predominates, or flat (pancake-shaped) if
one direction contributes less than the others.

In DTT, diffusion data can be analysed in three ways
to provide information on tissue microstructure and
architecture for each voxel>®. First, the mean diffusivity,
which characterizes the overall mean-squared displace-
ment of molecules (average ellipsoid size) and the overall
presence of obstacles to diffusion. Second, the degree of
anisotropy, which describes the degree to which molecular
displacements vary in space (ellipsoid eccentricity) and
is related to the presence and coherence of orientated
structures. And third, the main direction of diffusivities
(main ellipsoid axes), which is linked to the orientation
in space of the structures (FIG.7). These three DTT ‘meta-
parameters’ can be derived from a complete knowledge
of the diffusion tensor or some of its components. For
instance, in stroke, the average diffusion and the diffusion
anisotropy in white matter have different time courses,
enhancing the potential for the use of dMRI in accurate
diagnosis and prognosis of stroke?.

Many studies have been published that deal with the
optimization of MRI sequences that are necessary to
gain access to the diffusion tensor, the processing and
display of DTI data®*®, and potential applications. The
most advanced application is that of fibre tracking in the
brain, which, in combination with fMRI, might open a
window on the important issue of connectivity.
Whereas fMRI provides information about the cortical
areas involved in a given cognitive process, connectivity
studies generate information on the structural/dynamic
wiring that determimes how those areas are networked.
In the clinical field, some psychiatric disorders have been
linked to connectivity dysfunction. Anatomical and
functional MRI may appear normal in those patients,
although dysconnectivity might be revealed by DTL.

The origin of water diffusion anisotropy. The concepts of
restriction, hindrance or tortuous displacements around
multiple physical compartments (FIGS 1b and 6) are partic-
ularly useful in understanding diffusion in brain white
matter’. The facts are that, first, water diffusion is highly
anisotropic in white matter®**"*%; second, anisotropy has
been observed even before fibres are myelinated,
although to a lesser degree®*”’; and third, ADCs that are
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Figure 6 | Anisotropic diffusion. a | Water mobility is not always the same in all directions. In
brain white matter, for instance, water diffusion anisotropy is directly related to the organization
of white matter as bundles of parallel fibres. In both intra-axonal and interstitial compartments,
molecular displacements of a few microns are hindered to a greater degree when they are

), rather than parallel (D ), to the fibres. As a result of this decreased water

perpendicular (D)

mobility, the apparent diffusion coefficient (ADC) is smaller when measured perpendicular to the
main fibre direction than when measured in the direction of the fibre bundle. b | In the case of
anisotropy, diffusion is more adequately characterized by a diffusion tensor, as opposed to a
diffusion coefficient. ¢ | The diffusion tensor is an array of numbers that describes mobility in
perpendicular directions (Dxx, Dyy, Dzz), as well as coupling between different directions (Dxy,
Dxz, Dyz). The corpus callosum has high diffusion on a Dxx map and low diffusion on Dyy and
Dzz maps, because fibres run mainly transversely (the x axis is aligned with right/left direction,
the y axis with anterior/posterior direction and the z axis with inferior/superior direction). The
Dxz map shows the interaction between the vertical and the transverse direction of the fibres;
in the corpus callosum, the areas of high and low diffusion that are visible in the left and right part
of the image centre, respectively, reflect the fact that right and left fibres are aimost perpendicular
to each other. Similarly, in the Dxy map the appearance of the anterior and posterior parts of the
corpus callosum in the left and right hemispheres reflects fibre orientations with respect to a

direction at 45° to the x and y axes.

measured parallel and perpendicular to the fibres do
not seem to depend on diffusion time” 7%, at least for
diffusion times longer than 20 ms.

Initial reports indicated that anisotropic water diffu-
sion could be explained by the restriction of water
molecules in axons (anisotropically restricted diffusion)
owing to the presence of the myelin sheath”7>.
Restricted diffusion of intra-axonal metabolites, such as
N-acetylaspartate, has been observed (BOX 1), as has
restricted diffusion of truly intra-axonal water”.
However, this effect probably accounts for only a limited
part of the whole picture, as ‘true’ restriction patterns
have not been observed for water diffusion in white
matter in vivo. Extracellular water might also contribute
to the anisotropy effect; when diffusing perpendicular to
the fibres, water molecules must travel along tortuous
pathways around fibres, which slows their rate of move-
ment’'. Also, the packed, parallel arrangement of the
fibres might be sufficient to explain the presence of
anisotropy before myelination, although to a lesser
degree than after myelination. It is unlikely that axonal
transport significantly contributes to water diffusion
anisotropy, considering its low velocity. Likewise, neuro-
filaments within axons do not seem to play any part
in anisotropy. Experimental evidence indicates the
importance of the spatial organization of membranes.
Myelin is not required to generate diffusion anisotropy,
but it might modulate the degree of anisotropy.

The issue, then, is to determine the respective
contributions of the extracellular and intracellular
compartments to the measured ADC. With the use of
stronger magnetic field gradient pulses, it became clear
that water diffusion that was measured in tissues, includ-
ing brain white matter, could not be described in terms
of a single diffusion coefficient, as modelled by the ADC.
Models including multiple (usually two) compartments
with some degree of exchange have been developed.
Results obtained by independent groups using this
model are quantitatively similar and compatible with
the existence of two water diffusion ‘pools), one fast, the
other slow. The physical origin of these pools remains a
mystery. Assignment of the fast- and slow-diffusing
pools to the extracellular and intracellular compart-
ments, respectively, is tempting’’, but it is unclear why
their respective contributions to the ADC do not match
the expected biological extracellular and intracellular
volume fractions (82.5 and 17.5%, respectively). Other
compartments might be considered; for instance,
inside the cells, in axons or in myelin”. Under certain
conditions, the presence of restrictive barriers in a
single-compartment system can lead to quasi-two-
compartment behaviour of the magnetic resonance
signal”®. Simulation of the diffusion process shows that
water molecules near tissue boundaries (for example,
cell membranes) seem to ‘stick’ to these boundaries,
which results in an artificially decreased diffusion
coefficient. Here, also, it seems that the density and the
spatial arrangement of the membranes have determinant
roles. The correct assignment of water diffusion
patterns to the underlying tissue microarchitecture is a
challenging task.
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Figure 7 | Fibre orientation. a | Assuming that the direction of higher diffusion in each image voxel in the magnetic resonance imaging
frame {X, Y, Z} indicates the main fibre orientation, it is possible to determine, on a voxel-by-voxel basis, the virtual reference frame {X’,
Y, Z'} that is aligned with the fibres through the diagonalization of the diffusion tensor. The diffusion values in the new directions {e,, e,,,
e,} arenow {A,, A,, A}, and are used to produce white matter fibre-orientation maps. Orientation can be displayed using vector

17722 TS

pointers (b), colour scales (c) or three-dimensional segments (d, e). Images courtesy of J. F. Mangin and C. Poupon, Service
Hospitalier Frédéric Joliot, Commissariat a I'Energie Atomique. A, anterior; |, inferior; L, left; P, posterior; R, right; S, superior.

Although the exact mechanism of diffusion
anisotropy is not well understood, this anisotropy
directly reflects the presence of spatially orientated
structures in the tissue. The degree of anisotropy, as
measured by the various anisotropy indices that have
been proposed in the literature, is linked in some way to
the integrity and the density of orientated structures in
the tissue.

Brain connectivity. Studies of neuronal connectivity are
important in the interpretation of fMRI data and in the
identification of the networks that underlie cognitive
processes. Detailed knowledge of the anatomical
connections (in terms of length and size of the fibres, as
obtained from the diffusion tensor measurements)
might also provide information about the propagation
times between activated foci and, so, might indirectly
provide clues to the timing of the activation of each
node in the network. This type of information would be
particularly useful when exploring synchronizations
between cortical regions.

Basic DTI provides a means to determine the overall
orientation of white matter bundles in each voxel, assum-
ing that only one direction is present or predominant in
each voxel and that diffusivity is greatest in this direction.
Three-dimensional vector field maps representing fibre

orientation in each voxel can then be obtained from the
image data through the diagonalization (a mathematical
operation that provides orthogonal directions that
coincide with the main diffusion directions) of the diffu-
sion tensor that is determined in each voxel. A second
step after this ‘inverse problem’ is solved is to connect
subsequent voxels on the basis of their respective fibre
orientation, to infer some continuity in the fibres. Several
algorithms have been proposed (see REE 79 for a review).
Line-propagation algorithms reconstruct tracts from
voxel to voxel from a seed point**#!. Another approach is
based on regional energy minimization (minimal bend-
ing) to select the most probable trajectory from several
possibilities®” (FIG. 8). Colour maps showing ‘virtual’ fibre
bundles across the brain, which can now be easily pro-
duced, regularly make the cover of imaging journals.
Interestingly, significant progress is made not so much
through MRI physics, but through insights from mod-
ern, powerful image-processing methods used in other
fields (for example, ‘spin glass models’®). Another trend
is to match functional connectivity obtained with fMRI
and anatomical connectivity inferred from DTI*. In any
case, one must bear in mind that, at this stage, only white
matter bundles composed of large number of axons are
visible (intracortical connections are not), and that there
is no indication of the directional and functional status
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VOXEL-BASED MORPHOMETRY
A technique that uses a voxel-by-
voxel comparison of the local
concentration of grey and white
matter between different groups
of subjects. It involves the spatial
normalization of the images to
the same stereotactic space,
segmenting the grey and white
matter, smoothing the segments,
and comparing the smoothed
images between the groups.

Figure 8 | Fibre tracking: connecting voxels. Several approaches have been developed to connect voxels after white matter
fibres have been identified and their orientation determined. a | With the FACT (fibre assignment by continuous tracking) algorithm®,
tracking is performed on a voxel-by-voxel basis. The overall track is determined from a seed point, following the successive
orientations associated with adjacent voxels. Images courtesy of S. Mori and P. van Zijl, Johns Hopkins University School of
Medicine. b | Regularization methods allow local patterns of fibre stifiness to be taken into account®. Voxels with uncertain
orientation (blue) can then be included or excluded from tracks, depending on the allowed degree of curvature of the tracks. Images
courtesy of J. F. Mangin and C. Poupon, Service Hospitalier Frédéric Joliot, Commissariat a I'Energie Atomique.

of the information flow along the tracts. Whether MRI
will some day be able to provide such crucial information
remains to be established.

Validation of virtual bundles against actual anatomi-
cal data has not been achieved, even in animal models.
In fact, there are no such data, as there are no means to
obtain entire fibre bundle pathways from dissections.
Fibres can be labelled and seen in vitro using the peroxi-
dase uptake method, but only over a short range
because of the way in which tissues must be processed
for microscopy. The combination in animal models of
DTI and fibre tracking using manganese as a contrast
agent that is actively taken up by neurons is a break-
through that will help to validate DTT®. Group analysis,
for instance, using tools such as VOXEL-BASED MORPHOMETRY
(VBM)## could highlight common features and
differences across subjects in a given population. This
approach will be useful, not only to assess the robustness
of DTI, but also to establish atlases of white matter
anisotropy, or even bundles, which are currently lacking.
However, the VBM approach still faces difficulties,
especially with regard to brain normalization and
segmentation processes.

There are important circumstances in which the
diffusion tensor approach fails. The ‘one bundle—one

orientation’ assumption is acceptable for the main, large
tracts, but becomes unrealistic in regions where several
fibre tracks with different orientations cross, diverge or
converge. In these situations, the basic tensor formalism
is inadequate. For instance, with two bundles crossing
at a right angle in a voxel, the largest diffusivities are
measured at 45° to the actual bundle directions. Thisis a
problem that requires improvements to the diffusion
tensor model, or the development of new strategies.
Among such strategies, the direct processing (bypassing
the tensor calculation) of diffusion-weighted images
acquired with a high angular resolution (through diffu-
sion measurements along many directions) has proved
successful®®*, although acquisition times are still long.
By increasing the spatial resolution of images, averaging
effects over the different orientations in each voxel might
be reduced, as fewer fibre bundles will be present in
smaller voxels. But there will always be regions where
fibres of different bundles travel together. This poses the
question of the ultimate spatial resolution that can be
achieved with dMRI. There must be some degree of
anisotropy for the tracking algorithms to work and, so
far, most algorithms stop short of the brain cortex, where
diffusion anisotropy is greatly reduced. However, recent
data at high resolution in animals®! and humans® show
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ECLAMPSIA

Seizures that occur in pregnant
or puerperal women in
association with hypertension,
proteinuria or oedema.

LEUKOARAIOSIS

A periventricular increase in the
intensity of white matter that is
revealed by magnetic resonance
imaging. Leukoaraiosis is
frequently found in elderly
people, and is commonly
unrelated to any clinical
manifestations.

WALLERIAN DEGENERATION

A form of degeneration
occurring in nerve fibres as a
result of their division. Named
after A. V. Waller, who published
an account of it in 1850.

grey matter structure. Although such data must be
viewed carefully, it has been established that there is a
predominant, radial diffusion direction at an early stage
in the developing brain®*'.

White matter diseases. The potential of ‘plain’ dMRI
in neurology has been assessed in brain tumour grad-
ing”*, trauma”, hypertensive hydrocephalus®, AIDS”,
EcLAMPSIA®S, LEUKOARAIOSIS™ '™, migraine'” and diseases of
the spinal cord in animals**1?-1% and humans!*>1%.
These clinical studies have been motivated by the high
sensitivity of dMRI to microstructural changes in tissues,
so that anomalies can be detected before changes appear
in more conventional images contrasted by the T1 or T2
relaxation times. In some cases, specific (although often
speculative) mechanisms underlying physiopathology
(oedema, WALLERIAN DEGENERATION, neurotoxicity, swelling
and so on) could be proposed, but a clear association
between ADC findings and these microstructural tissue
alterations remains difficult to demonstrate. Animal
models, tissue modelling and computer simulations
might help.

In white matter, any change in tissue orientation
patterns inside the MRI voxel would probably result in a
change in the degree of anisotropy. There is a growing
body of literature that supports this assumption. Many
clinical studies carried out on patients with white matter
diseases have shown the exquisite sensitivity of DTI to
abnormalities at an early stage, and the capacity for DTI
to characterize these changes in terms of the integrity of
white matter fibres. In white matter, dMRI has already
shown its potential for use in diseases such as multiple
sclerosis'”. However, DTI offers even more, through the
separation of mean diffusivity indices (such as the trace
of the diffusion tensor, which reflects overall water con-
tent) and anisotropy indices (which reflect myelin fibre
integrity). Examples include multiple sclerosis'®-'!!,
leukoencephalopathies''*!'?, Wallerian degeneration,
human immunodeficiency virus-1 infection',
Alzheimer’s disease''>!'* and CADASIL (cerebral autoso-
mal dominant anteriopathy with subcortical infarcts and
leukoencephalopathy)'” (see REE 118 for a review).

dMRI could also unravel more subtle, functional dis-
orders that do not necessarily translate into anatomical
anomalies. For instance, anisotropy measurements might
highlight subtle anomalies in the organization of white
matter tracks that are not evident with plain, anatomical
MRI. The potential is enormous for patients with func-
tional symptoms linked to disconnectivity; for instance,
in patients with psychiatric disorders (see REE 119 for a
review). Links between cognitive impairments and
abnormal connectivity in white matter based on DTI
MRI data have also been reported in frontal regions of
patients with schizophrenia'**'?!, in the corpus callosum
and the centrum semiovale in patients with chronic alco-
holism'?, in left temporoparietal regions in adults with
dyslexia'?, and in specific disconnection syndromes'**.

Brain development. Over the course of life, white matter
matures and declines. The effects of ageing on white
matter ordering can now be studied'?*'?*, but DTI

can also be used to monitor the myelination process
in fetuses, babies and during childhood'**. DTI has
potential importance for the paediatric population'”. It
has been shown that the degree of diffusion anisotropy
in white matter increases during the myelination
process®*66128 5o that AMRI could be used to assess
brain maturation in children'?’, newborns or premature
babies®'3 as well as to characterize white matter disor-
ders in children’. Brain development has recently
received much research attention. Advances in neuro-
imaging have contributed to this expansion, as data can
now be obtained non-invasively in newborns or even
before birth. Of particular interest is the observation
made using DTT that water diffusion in white matter in
the brain changes markedly during development,
in terms of both average and anisotropic diffusion. In
grey matter, although water diffusion seems isotropic to
some extent in the adult brain cortex, there is a short
time window when anisotropy occurs. This transient
anisotropy effect probably reflects the migration and
organization of glial cells and neurons (for example,
dendritic architecture of pyramidal cells) in the cortical
layers®**!. During postnatal development of white matter,
the degree of water diffusion anisotropy reflects the
myelination process'?, but the effect is small compared
with the prenatal stage, during which a large degree
of anisotropy is observed even before axons are myeli-
nated”. The combined effects of axon packing in the
fibre bundles and thickness of the myelin sheath on
the degree of anisotropy are yet to be described in
detail, but DTT already represents an outstanding tool
to study brain development in animals and humans.
Grey matter migration disorders can also be
assessed'*>'% using this technique.

Conclusion

Tt is important to remember that diffusion imaging is a
truly quantitative method that gives direct insight into
the voxel-averaged microscopic physical properties of
tissues (for example, cell size and shape, geometric pack-
ing, and so on) through observation of the random
translational molecular movement. Many theoretical and
experimental analyses on the effects of restriction, mem-
brane permeability, hindrance and tissue inhomogeneity
have underlined the care that must be taken to properly
interpret DTI data and to infer accurate information on
the microstructure and microdynamics of biological sys-
tems. With these difficulties in mind, at its current stage of
development, DTT is the only approach available to track
white matter fibres non-invasively in the human brain
and to address anatomical connectivity. In combination
with fMRI, which outlines activated cortical networks
and might provide clues to functional connectivity, DTI
should have a tremendous impact on brain function
studies, from animal models to human neuroscience.

DTTI is increasingly being used to identify subtle
connectivity anomalies in various dysfunctions, such
as brain tumours, dyslexia, multiple sclerosis and
schizophrenia, and is becoming part of many routine
clinical protocols. Powerful improvements to DTI,
such as the possibility of looking at the diffusion of
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metabolites through magnetic resonance spectroscopy,
or the use of ‘q-space’ imaging, will doubtless take
diffusion imaging to new heights. For example, one
might observe actual molecular displacement distribu-
tions through q-space measurements'**'%; using this
technique, dMRI data can be used to provide a more
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