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ABSTRACT: Anisotropic water diffusion in neural fibres such as nerve, white matter in spinal cord, or white matter in
brain forms the basis for the utilization of diffusion tensor imaging (DTI) to track fibre pathways. The fact that water
diffusion is sensitive to the underlying tissue microstructure provides a unique method of assessing the orientation and
integrity of these neural fibres, which may be useful in assessing a number of neurological disorders. The purpose of
this review is to characterize the relationship of nuclear magnetic resonance measurements of water diffusion and its
anisotropy (i.e. directional dependence) with the underlying microstructure of neural fibres. The emphasis of the
review will be on model neurological systems both in vitro and in vivo. A systematic discussion of the possible
sources of anisotropy and their evaluation will be presented followed by an overview of various studies of restricted
diffusion and compartmentation as they relate to anisotropy. Pertinent pathological models, developmental studies
and theoretical analyses provide further insight into the basis of anisotropic diffusion and its potential utility in the
nervous system. Copyright  2002 John Wiley & Sons, Ltd.
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All diffusion-tensor magnetic resonance imaging (DTI)
studies of nerve, spinal cord white matter and brain white
matter rely on the underlying phenomenon that water
diffusion is highly anisotropic in these tissues of the
nervous system. A basic understanding of the influence of
various structural components on anisotropic water diffu-
sion is a prerequisite for interpreting alterations in diffusion
and anisotropy as a result of various disease processes or
abnormal development. The purpose of this article is to
provide an overview of this fundamental property of water
as it relates to the non-invasive interrogation of neural fibre
composition, integrity and orientation, studies which are

not possible with other imaging methods. The article will
focus on published reports that have used in vitro and in
vivo neurological model systems to characterize the
dependency of water diffusion on the underlying micro-
structure of the fibre tracts. After some introductory
paragraphs on defining anisotropic diffusion, the early
observations of anisotropy in the nervous system will be
covered as well as some detailed investigations of the
contributions of various structural components to aniso-
tropy. A discussion of restricted diffusion and diffusion in
the various neural compartments as it relates to the absolute
measures of diffusion and their anisotropy will be
attempted in this rather complex and controversial field.
Further insights into the basis of anisotropic water
diffusion and the utility of this novel water property in
biology and medicine then follow from a synopsis of
detailed basic studies on pathology, development and
computer modelling of diffusion in neural fibres. Clinical
studies utilizing anisotropy will not be covered unless they
are directly relevant to a specific point brought up in this
review since they are the subject of more detailed reviews
by others in this special issue.
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Diffusion is a physical process that involves the

NMR IN BIOMEDICINE
NMR Biomed. 2002;15:435–455
Published online in Wiley InterScience (www.interscience.wiley.com). DOI:10.1002/nbm.782

*Correspondence to: C. Beaulieu, Department of Biomedical
Engineering, 1098 Research Transition Facility, University of Alberta,
Edmonton, Alberta, Canada T6G 2V2.
Email: christian.beaulieu@ualberta.ca
Contract/grant sponsor: Alberta Heritage Foundation for Medical
Research.
Contract/grant sponsor: Canadian Institutes of Health Research.

Abbreviations used: ADC, apparent diffusion coefficient; b, gradient
factor; D, diffusion coefficient; DTI, diffusion-tensor imaging; DWI,
diffusion-weighted imaging; EAE, experimental allergic encephalo-
myelitis; G, strength of diffusion gradients; PGSE, pulsed-gradient
spin-echo; RMS, root mean square displacement; SNR, signal-to-noise
ratio; T2, transverse relaxation time; tdif, diffusion time; TE, spin-echo
time; �, parallel to the fibre’s long axis; �, perpendicular to the fibre’s
long axis; �, length of diffusion gradient; �, onset separation of
diffusion gradients; �, principal eigenvalues.

Copyright  2002 John Wiley & Sons, Ltd. NMR Biomed. 2002;15:435–455



translational movement of molecules via thermally
driven random motions, so-called Brownian motion
(Fig. 1). The mobility of the molecules can be
characterized by a physical constant dubbed the diffusion
coefficient, D, which is related to the root mean square
displacement, RMS, of the molecules over a given time,
tdif, via the Einstein equation [one-dimensional RMS =
(2 D tdif)

1/2]. The factors influencing diffusion in a solution
(or self-diffusion in a pure liquid) are molecular weight,
intermolecular interactions (viscosity), and temperature.
The underlying cellular microstructure of tissue compli-
cates the situation and influences the overall mobility of
the diffusing molecules by providing numerous barriers
and by creating various individual compartments (e.g.
intracellular, extracellular, neurons, glial cells, axons)
within the tissue. The diffusion coefficient measured by
nuclear magnetic resonance (NMR) is best known in the
biological NMR literature as the apparent diffusion
coefficient (ADC) to take into account that it is not a true
measure of the ‘intrinsic’ diffusion, but rather that it
depends on the interactions of the diffusing molecule, in
most cases water, with the cellular structures over a given
diffusion time. The apparent diffusion could also poten-
tially be influenced by active processes within the tissue.
Only over very short diffusion times will the measured
diffusivity of the molecules reflect the local intrinsic
viscosity, whereas at longer diffusion times the effects of
the barriers become apparent. The former case is not
usually achievable in practice at present because of the
small dimensions of individual compartments in tissue (on
the order of �m) and in fact we take advantage of the latter

case by permitting enough time for the diffusing mol-
ecules to sample the local environment and then infer
microstructural characteristics of the tissue from the
measured diffusion properties.

The distance that a molecule diffuses in one direction
in space may or may not be the same as in some other
direction. Clearly, in a pure liquid where there are no
hindrances to diffusion or in a sample where the barriers
are not coherently oriented, diffusion is the same in all
directions and is termed isotropic diffusion. However, if
diffusion depends on direction, like in a sample with
highly oriented barriers, it is termed anisotropic diffu-
sion. In this way, structural subtypes can be identified
simply on the basis of their diffusion characteristics (Fig.
2) and the anisotropy is directly related to the geometry of
the fibres. The degree of hindrance to water diffusion will
be determined by the size, shape and composition of any
physical obstructions, as well as the spacing between
those obstructions. Diffusion can be evaluated by
measuring the signal intensity (I) attenuation as a
function of the so-called diffusion-sensitizing ‘gradient
factor’, i.e. b value, which are related via I = Io e�bD. The
b value is a function of the gyromagnetic ratio of the
nucleus of interest as well as the gradient strength and
timings of the diffusion-sensitizing gradients. Therefore,
a plot of ln(I/Io) vs b value in a single component,
unrestricted system will be linear with the slope yielding
a measure of D, the diffusion coefficient. Celery has often
been used as a model system for illustrative purposes,
since it demonstrates isotropic diffusion in the parench-
yma (‘bulk’), i.e. equal diffusion in all directions, and
anisotropic water diffusion in the vascular bundles
(‘strings’), i.e. diffusion parallel to the bundles is much
greater than perpendicular (Fig. 3).1,2 The greater signal
attenuation along the direction parallel to the long axis of
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the celery vascular bundles relative to the perpendicular
direction for the same b value reflects larger molecular
displacements along the parallel axis which is indicative
of anisotropy. In fact, the anisotropic diffusion ratios
[ADC(�)/ADC(�)] obtained were 1.0 � 0.1 and
2.3 � 0.4 for celery parenchyma and vascular bundles,
respectively.3 This observation is not surprising since the
cells in the parenchyma are generally isodiametric and
hence impart equal barriers to diffusion in all directions,
whereas those in the vascular bundles are elongated and
longitudinally oriented.

Magnetic resonance measurements of diffusion are
sensitive to molecular displacements along the axis of the
diffusion-sensitizing gradients applied in a standard
Stejskal–Tanner pulsed-gradient spin-echo (PGSE) ex-
periment.4 Therefore, diffusion along different directions
in tissue can be readily evaluated by varying the direction
(i.e. axis) of the diffusion-sensitizing gradients. This
review will not attempt to cover the techniques involved
in measuring the ADC, nor will it expand on the virtues
of the diffusion tensor and the various methods of
quantifying anisotropy.5–8 In many of the discussions
outlined below, excised neural fibre samples could be
readily oriented parallel or perpendicular to the applied
gradients (i.e. the laboratory frame) in order to simplify
the measurements of the principal diffusion coefficients.
Although it is certainly not the most sophisticated
measure of anisotropy, the ratio of the parallel ADC
over the perpendicular ADC is presented in several
examples in this review since it was used in many of the
early studies, the fibre frame and the laboratory frame
were aligned which obviated the need for acquiring the
full tensor, the SNR was good (helped in providing
adequate statistical stability), and it can provide an
immediate, intuitive feel for the degree of anisotropy.

)��*+ ��!)�#�����!

In the late 1960s and early-to-mid 1970s there was great
interest in understanding the state of ions and water in
cytoplasm. The ADC of ions and water in tissue were
reduced typically by a factor of 2–5 in comparison to the
ADC in bulk water, with the translational diffusion of
water in excised brain hindered to a greater extent than in
excised muscle.9,10 Slight anisotropic water diffusion was
observed in excised rat skeletal muscle, i.e. water
diffusion was greater parallel (�) to the length of the
fibres than perpendicular (�) [ADC(�)/ADC(�)
� 1.4].11 The phenomenon of anisotropic diffusion was
well known in the chemistry arena such as in studies of
liquid crystals, etc.12 A resurgence of diffusion studies in
biology and medicine was sparked in the mid-1980s by
the advent of diffusion-weighted magnetic resonance
imaging (DWI) which could be used to measure diffusion
coefficients in various tissues in vivo. The idea of
measuring anisotropic diffusion in tissue fibres in humans
was pointed out in one of the first papers on DWI.13

Early measurements of water diffusion in normal
human brain white matter in vivo by Thomsen et al.
showed large variations of the ADC.14 They proposed
that the regional differences in diffusion could be from
anisotropic diffusion due to the orientation of the myelin
sheaths in the white matter tracts. In other words, the
water molecules would preferentially diffuse along the
length of the axons and would be hindered by barriers
such as the myelin sheath when diffusing perpendicular
to the axons. Therefore, depending on the relative
orientation of the applied diffusion-sensitizing gradients
and the white matter tracts, a spread of ADC values could
be measured in white matter. Grey matter, on the other
hand, does not have an oriented fibre structure and thus
would not be expected to exhibit anisotropic diffusion.*
Others subsequently observed a directional dependence
of DWI contrast and the ADC in the white matter of the
human brain.19–22

The first systematic study of anisotropic water
diffusion in the nervous system by Moseley et al.
confirmed that water diffusion was anisotropic in normal
white matter of cat brain and spinal cord whereas
diffusion was isotropic in grey matter.23 Anisotropy
was observed also in human spinal cord,24 human sciatic
nerve,24 human tibial nerve,25 cat optic nerve,25 periph-
eral nerves in the rabbit forelimb,26 and rat trigeminal
nerve and corpus callosum in vivo.2,27 The parallel and
perpendicular ADC values were around 0.9–
1.3 � 10�5 cm2 s�1 and 0.3–0.5 � 10�5 cm2 s�1, respec-
tively. The degree of anisotropy, as given by the ratio of
ADC(�) to ADC(�), was �2–4 when measured over
typical diffusion times �20–40 ms and was quite similar
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despite the variety of fibre types and species. Further-
more, the anisotropy was significantly greater than that
observed in muscle. Some of the first studies recognized
the value of measures of diffusion anisotropy for
following brain maturation28,29 or mapping fibre orienta-
tion in the brain non-invasively.30 Reviews in 1991 by
two pioneers in the field of NMR measurements of water
diffusion in biological systems, Michael Moseley and
Denis Le Bihan, provide further details on the early views
of diffusion.1,31 As both authors pointed out, although
diffusion taking the path of least resistance along the
oriented fibres was an obvious and plausible explanation
for the observed anisotropy, the specific origin of
anisotropic water diffusion was still unknown and
unevaluated in the neural fibre tracts.

"�!� *��)� !� ��)! ��� ��#)!��-�����
�$ ��$$ !��� ���!����"+

Anisotropic water diffusion is no doubt related to the
ordered arrangement of the myelinated fibres in nerve
and white matter. However, little work had been
performed to determine the relative contributions of the
various structural components of white matter to the
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anisotropy of the water diffusion coefficients. None-
theless, several possible origins of anisotropy had been
postulated. For our purposes, and to simplify the
discussion, nerves (peripheral, central) and white matter

(spinal cord, brain) are all ordered axonal systems which
consist of essentially the same primary microstructural
components. The myelin sheath around the axons, the
axonal membrane and the neurofibrils (microtubules,
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neurofilaments) are three longitudinally oriented struc-
tures that could impart non-random barriers to diffusion
(Fig. 4) and hence reduce diffusion perpendicular to the
fibres, ADC(�), with respect to diffusion parallel, ADC
(�). Alternatively, some have proposed that the diffusion
parallel to the length of the axons could be accentuated by
axonal transport. Others have suggested that water
diffusion, as measured by NMR, could be anisotropic
due to local susceptibility-difference-induced gradients
in the nerves and white matter.32,33

1��
�� ��� �2���
 ���
�����

The preferred, but unproven, hypothesis of the time for
anisotropic water diffusion was the hindrance of
perpendicular water diffusion by the myelin sheath
encasing the axons, which was understandable given
the interest in pursuing studies on white matter matura-
tion and demyelinating disease such as multiple sclerosis.
The numerous lipid bilayers of myelin have limited
permeability to water and would be expected to hinder
diffusion across the fibres, particularly the axonal water,
relative to the length of the axons where such barriers did
not exist. If myelin were the sole source of anisotropy,
then it was naively expected that diffusion would be
much more isotropic in a normal fibre tract without
myelin. In one of the first systematic studies on the
underlying source of anisotropy, this was found not to be
the case by Beaulieu and Allen, who showed that water
diffusion was significantly anisotropic in a normal, intact,
non-myelinated olfactory nerve of the garfish (Fig. 5).34

The degree of anisotropy in the non-myelinated olfactory
nerve [ADC(�)/ADC(�) = 3.6] was similar to that
observed in the garfish trigeminal nerve myelinated with
Schwann cells [ADC(�)/ADC(�) = 3.2] and the garfish

optic nerve myelinated with oligodendrocytes [ADC(�)/
ADC(�) = 2.6]; (Fig. 5). The degree of anisotropy in
these excised nerve samples measured at room tempera-
ture was quite similar to the anisotropy measured in vivo
in humans, lending credibility to the in vitro data,
although the absolute ADC values were likely modulated
by the excision of the nerves and the temperature
difference. Although it will be discussed in more detail
later on, one important observation was the clear non-
linearity of the diffusion decay curves for these garfish
nerves (Fig. 5). Since there have been several incorrect
citations of that earlier paper, it is important to note that
the garfish olfactory nerve is normally non-myelinated
and is not a model of demyelination. Representative
transverse and longitudinal electron micrographs of the
garfish olfactory, trigeminal, and optic nerves are
presented in Fig. 6 and highlight the important structural
features in neural fibres. This study provided the first
unequivocal evidence that myelin was not an essential
component for anisotropic diffusion in neural fibres. This
is not to say that myelin does not play a role in
anisotropy, but rather this observation serves to point out
that structural features of the axons other than myelin are
sufficient to give rise to anisotropy and that interpreta-
tions of changes in anisotropy with respect to just
myelination must be made with caution.

The initial observation of anisotropy in the intact non-
myelinated garfish olfactory nerve has subsequently been
confirmed in various other models with non-myelinated
neural fibres both in vitro and in vivo. Previously
unpublished diffusion measurements of water in the
non-myelinated walking leg nerves of the lobster are
presented in Fig. 7. Significant anisotropy is observed
over the full range of b values investigated (up to
18000000 s cm�2 or 180000 s mm�2). The single com-
ponent ADC values obtained at low b values
(i.e. � 1 � 105 s cm�2) were 1.12 � 10�5 cm2 s�1 and
0.41 � 10�5 cm2 s�1 parallel and perpendicular to the
nerve axis, respectively. The absolute ADC values and
their anisotropy [ADC(�) ADC(�) = 2.8] in the non-
myelinated walking leg nerve of the lobster are in the
range of the previously reported non-myelinated and
myelinated nerves of the garfish.34 Clearly, the packed
arrangement of non-myelinated axons35 is sufficient to
impede perpendicular water diffusion and generate
anisotropy (Fig. 7). Wimberger et al. and Prayer et al.
demonstrated that diffusion became anisotropic in the
white matter of rat pups prior to histological evidence of
myelination and much earlier than changes on T2-
weighted images.36,37 The 2 week old ‘jimpy’ mouse
had persistent diffusion anisotropy in the optic nerve
relative to age-matched controls despite the absence of
myelination (axons are preserved), although the degree of
anisotropy was relatively low in both cases.38 Significant
anisotropy was observed in the non-myelinated vagus
nerve of the rat.39

A recent report by Gulani et al. of diffusion tensor
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micro-imaging of the spinal cord in the myelin-deficient
rat, an X-linked recessive Wistar rat mutant which shows
near total lack of myelination in its central nervous
system, has resulted in some very interesting findings.40

First, they convincingly corroborated the finding that
myelination of white matter is not a requirement for the
presence of significant anisotropic diffusion. In keeping
with the ratio of parallel and perpendicular ADCs that we
have been using thus far in this article, the anisotropic
diffusion ratio was �4.5 and �3.5 in the control and
myelin deficient white matter, respectively (or A�� 0.53
and 0.45 with their measure of anisotropy). The
anisotropy decreased only by �20% in the myelin-
deficient rats and signified that the residual structures,
namely the membranes of the numerous axons, are
sufficient for significant anisotropic diffusion in this
model. However, the absence of myelin did alter the
absolute ADC values. The mean or ‘trace’ diffusivity
increased by �50% from 0.37 � 10�5 cm2 s�1 to
0.55 � 10�5 cm2 s�1. This increased water mobility
was more prevalent in the perpendicular direction
(ADC increased by �75%) than in the parallel direction
(ADC increased by �35%), as might be expected with
the loss of myelin. In addition to animal studies, in vivo
human measurements in neonates by Hüppi et al. and
Neil et al. have shown diffusion anisotropy in non-
myelinated fibres of the corpus callosum41 or anterior
limb of the internal capsule.42 Anisotropic water diffu-
sion in neural fibres must not be regarded as myelin
specific. Axonal membranes play a major role since, as
we will see below, the other potential contributors
(neurofibrils, fast axonal transport, susceptibility) to
anisotropy are not significant.

However, the study by Gulani et al. also demonstrated
that myelination can modulate the degree of anisotropy.40

In general though, a quantitative or even qualitative
determination of the relative importance of myelin,
relative to the axonal membranes, for anisotropy in a
given fibre tract is difficult to assess. Direct comparisons
of anisotropy between unique fibres with different axon
diameters, degree of myelination, and fibre packing
density are fraught with difficulty. For example, the non-
myelinated olfactory nerve of the garfish actually has a
higher degree of anisotropy than the myelinated trigem-
inal and optic nerves of the garfish.34,43 Since the axonal
diameters are an order of magnitude smaller in the
olfactory nerve, it is difficult to get a handle on the
relative contribution of myelin to the anisotropy in the
trigeminal and optic nerves. Rudimentary estimates of
the numbers of membranes (as the axonal membrane or
myelin wrappings) ‘encountered’ over a typical 1D-RMS
displacement perpendicular to the fibre axis were similar
in range (30–70 membranes) for all three of these
nerves.34 This suggests that membrane density may play
a role, but it is clearly an oversimplification of the
biological complexity given the variability in axon
dimensions, thickness of myelin, extracellular spacing

between axons, variable membrane permeabilities, ex-
change, etc.

Nonetheless, for two given fibre tracts with equally
sized axons and density (i.e. spacing), one with myelin
and one without myelin, we would still predict that
myelin would likely increase anisotropy by a certain,
albeit unknown, extent due to greater hindrance to intra-
axonal diffusion and greater tortuosity for extra-axonal
diffusion. Pierpaoli et al. also had difficulty in attributing
particular microstructural features (e.g. packing density)
to explain the variable degrees of diffusion anisotropy
observed amongst different white matter tracts in the
adult human brain.44 Anisotropy is observed to increase
with development,29 although there are questions as to
whether this signifies myelination and/or just improved
coherence of the fibre tracts. These issues related to
developmental or pathological studies will be discussed
later in this review. At this stage, the contributions of
several other anisotropy candidates need to be investi-
gated.

�����4
��
� ��� ���� �2���
 ���������

The complex and dense three-dimensional cytoskeleton
of axons is mainly composed of longitudinally oriented,
cylindrical neurofibrils, namely microtubules and neuro-
filaments, which are inter-connected by small microfila-
ments. These structures could presumably cause
anisotropic diffusion if the small, but numerous,
neurofibrils presented sufficient physical barriers to
hinder perpendicular water diffusion to a greater extent
than parallel. In addition to providing physical obstruc-
tion, fast axonal transport is intimately linked to the
presence of microtubules since cellular organelles (e.g.
mitochondria, vesicles) are transported by their attach-
ment to mechanochemical enzymes that pull the
organelles along the microtubule tracks.

The role of microtubules and fast axonal transport in
anisotropic diffusion was evaluated in excised myeli-
nated and non-myelinated nerves of the garfish that were
treated with vinblastine, which is known to depolymerize
microtubules and inhibit fast axonal transport.34 The
authors demonstrated that anisotropy was preserved in all
three types of nerve treated with vinblastine suggesting
that microtubules, of themselves, and the fast axonal
transport they facilitate are not the dominant determi-
nants of anisotropy. However, all three vinblastine-
treated nerves demonstrated absolute ADC decreases of
�30–50% in both the parallel and perpendicular direc-
tions relative to the freshly excised nerves which were
attributed to either an increase in free tubulin (the
monomeric unit of microtubules), the presence of
vinblastine paracrystals within the axoplasm, or some
degradation over the 48 h that the nerves were immersed
in buffer containing vinblastine.

This earlier study did not assess the role of the
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numerous longitudinally oriented neurofilaments, the
primary structural component of the axoplasm. Beaulieu
and Allen evaluated the influence of the neurofilamentary
cytoskeleton on water mobility by making measurements
in axoplasm with minimal interference from mem-
branes.45 The isolated giant axon from squid was used
because it can provide an axoplasmic space (diameter
�200–1000 �m) whose dimension is much greater than
the one-dimensional, root-mean-square displacement
(�11 �m) of a water molecule randomly diffusing over
typical diffusion times used in NMR studies (�30 ms).
The diffusion coefficients of water parallel and perpen-
dicular to the long axis of the squid giant axon at 20°C
were 1.6 � 10�5 cm2 s�1 and 1.3 � 10�5 cm2 s�1,
respectively, which yielded an anisotropic diffusion ratio
(�/�) of 1.2. This experimental measure of anisotropy
matched Monte Carlo computer simulations of randomly
diffusing particles in a regular, hexagonal array of
circular barriers whose size (10 nm) and spacing (20–
60 nm) were chosen to simulate the neurofilamentary
lattice.45 Two important findings resulted from this work.
First, the neurofilaments do not have a significant role in
producing diffusion anisotropy within the axon and thus
pointed towards the importance of membranes, either in
the form of myelin or multiple axonal membranes, in
fulfilling the role as the primary determinant of the
observed anisotropy in neural fibres. Second, water
diffusion in pure axoplasm is rapid and is �70–80% of
that in pure water at 20°C (ADC �2 � 10�5 cm2 s�1).
This latter point will be further discussed when we
consider compartmental issues and diffusion.

!��	����
�
���

Anisotropic water diffusion, as measured by NMR, could
be due to local susceptibility-difference-induced gradi-
ents in the nerves and white matter.32,33 The first
evaluation of its potential contribution to white matter
was performed by Trudeau et al. on excised porcine
spinal cord at 4.7 T.46 By varying the orientation of the
fibre tracts parallel or perpendicular to the static magnetic
field (Bo), the background gradients could be minimized
or maximized, respectively. The ADCs parallel or
perpendicular to the fibres measured with the standard
PGSE diffusion sequence were independent of the fibre
orientation relative to Bo and hence the induced gradients
do not play a role in the anisotropy of diffusion in white
matter. They also used a bipolar gradient pulse sequence
to eliminate the effect of the background gradients on the
ADC values, but the interpretation of their data was
complicated by the difference in diffusion time relative to
the standard PGSE sequence. The ADC and anisotropy
independence on susceptibility-induced gradients was
subsequently confirmed by Beaulieu and Allen in four
different excised nerves from garfish and frog at 2.35 T
by varying the orientation of the fibres relative to the

static magnetic field and by eliminating the background
gradients through the use of a spin-echo diffusion
sequence with a specific bipolar gradient pulse scheme.43

Clark et al. extended this result to human brain white
matter in vivo at 1.5 T.47

!������

Anisotropic water diffusion is clearly not unique to
neural fibre tracts (it is even seen in salt water ice48) and
is observed in other tissues such as kidney, skeletal
muscle, and myocardium;11,49,50 however, the degree of
anisotropy tends to be much less than that found in neural
fibre tracts. By experimentally eliminating a dominating
role for fast axonal transport, the axonal cytoskeleton of
neurofilaments and microtubules, and local susceptibil-
ity-difference-induced gradients, intact membranes are
confirmed to be the primary determinant of anisotropic
water diffusion in neural fibres such as brain or spinal
cord white matter and nerve. The available data do not
permit the dissection of the individual contributions of
myelin and axonal membranes to the degree of
anisotropy, but the evidence suggests that axonal
membranes play the primary role and that myelination,
although not necessary for significant anisotropy, can
modulate the degree of anisotropy. Analytical modelling
and computer simulations, which will be presented later
in the article, help to confirm the role of membranes as
the primary barriers to perpendicular water diffusion.

�)!�����)� ��$$ !��� ��� ��1"���1)�5
��* �!! )! �)*��)� �� ���!����"+

As mentioned in the last section, the diffusion perpendi-
cular to neural fibres is influenced, i.e. reduced, by
interactions of the diffusing water molecules with the
numerous membranes. If the water molecules no longer
move freely, they are said to undergo restricted diffusion.
Hindered diffusion may be a more appropriate term for
biological systems since membranes certainly have a
finite permeability for water. The variation of the
diffusion decay curves and the measured ADC with the
diffusion time are hall-marks of restricted diffusion.51,52

The molecules will experience fewer boundaries and
display diffusion behaviour closer to free diffusion if
the diffusion time is kept short enough. However, as
the diffusion time is increased and more barriers
hindering diffusion are encountered, the ADC will
decrease (i.e. diffusion decay curves will drop off less
rapidly) and reach an asymptotic value. Given the
complexity and variety of published studies on restricted
diffusion in tissue, the focus here will be on those
measurements in nerve or white matter. The evaluation of
restricted diffusion ought to better characterize the
barriers to diffusion and the source of anisotropy.
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In one of the first studies to address the topic of
restricted diffusion in human brain white matter in vivo,
Le Bihan et al. demonstrated that there was no difference
in either parallel or perpendicular ADC values over
diffusion times ranging from 16 to 79 ms.53 Using a
volume-selective, stimulated-echo technique, Horsfield
et al. measured a dependence of the ADC on diffusion
time over a larger range of diffusion times (40–800 ms) in
human brain white matter in vivo.54 However, the
maximum b value used for the measured ADC values
differed greatly between the shortest and longest
diffusion times and notably was extraordinarily small at
the shortest diffusion time of 40 ms (bmax �95 s mm�2).
The tensor was not used in the previous studies and fibres
were chosen that were approximately aligned along the
gradient axes. Clark et al extended these studies on in
vivo human brain white matter to include acquisition of
the full tensor (constant TE and bmax �700 s mm�2) and
shorter diffusion times (8 ms).55 They observed no
difference in mean diffusivity, fractional anisotropy or
the principal eigenvalues (although data from the most
relevant eigenvalues �2 and �3 are not shown) over the
range of diffusion times between 8 and 80 ms. The
inability to measure the effects due to restricted diffusion
in the above study does not mean that it is not present. As
exemplified by several of the excised neural fibre work
listed below, two possibilities are that the diffusion-time-
dependent effects may be more apparent over a larger
range of b values or that the shortest diffusion time used
in this study was probably not short enough. Simulation
models predict that the perpendicular ADC derived from
a mono-exponential fit at low b values would start to
change markedly at diffusion times less than �4 ms (see
Fig. 3 in Szafer et al.56 and Fig. 7 in Stanisz et al.57).
However, probing restricted diffusion on a clinical MRI
system is inherently difficult at present since the
minimum diffusion time and maximum b values are
limited by the relatively weak gradients available.

Studies of excised neural fibres on NMR systems with
strong gradients have yielded most of the data in terms of
restriction due to the greater range of b values, the higher
SNR, and the shorter attainable minimum diffusion
times. Evidence of restricted diffusion in the form of
diffusion-time dependency of the signal attenuation in
neural fibre tracts has been reported in excised frog
sciatic nerve,43,58 rat sciatic nerve,39,59 bovine optic
nerve,57,60,61 and rat spinal cord white matter.62 Beaulieu
and Allen demonstrated the restrictive influence of
membranes perpendicular to the length of the fibre axis
by substantially shortening the diffusion time from 28 ms
to 2 ms in frog sciatic nerve.43 The shortening of the
diffusion time to 2 ms resulted in more than a two-fold
increase in ADC(�) whereas the ADC(�) remained
constant, which is consistent with the assumption that
relatively few barriers to diffusion exist along the length
of the nerve. These alterations in the diffusion coeffi-
cients were accompanied by an equivalent decrease in the

derived anisotropy [ADC(�)/ADC(�)] from 5.3 at 28 ms
to 2.1 at 2 ms. Even more encouraging was the agreement
between the experimental frog sciatic nerve data and the
model simulation results presented in Fig. 3 of the paper
by Szafer et al.56 In a study by Stanisz et al., the ADC
values derived from the initial slope increased by �10%
for both the parallel and perpendicular directions when
the diffusion time was decreased from 30 to 8 ms and the
anisotropy did not change in the bovine optic nerve.57

However, the same group demonstrated that anisotropy
did decrease for the long T2 component in the same type
of nerve when the diffusion time was reduced as short as
1 ms.60 The differences in the signal attenuation curves
with diffusion time due to restricted diffusion are more
obvious, however, over a larger range of b values. Peled
et al reported downward shifting of the diffusion curves
for the long T2 component as the diffusion time was
reduced from 100 to 6 ms.58 The use of the transverse
relaxation property of water to try and isolate signal from
individual tissue compartments will be discussed later in
the article. Using 2H double-quantum-filtered NMR, Seo
et al. have identified three water compartments due to
different quadrupolar splittings in which one of those
compartments, which they have assigned to intra-axonal
water, demonstrated a strong dependency of the perpen-
dicular ADC on the diffusion time.39

Assaf et al. have published extensively on these issues
with an emphasis on q-space analysis of the diffusion
data.61–63 They showed that metabolites such as choline,
creatine and N-acetyl aspartate undergo changes in the
parallel and perpendicular diffusion curves as a function
of diffusion time (65, 125, 245 ms) in bovine optic
nerve,63 in addition to water.61 In a maturation study on
rat spinal cord white matter, the diffusion time depen-
dency of the perpendicular displacement profiles in
immature rats indicated less hindered diffusion than in
mature rats.62 In summary, water diffusion is clearly
restricted in neural fibre tracts such as white matter and
nerve yet interpreting and relating these dependencies on
diffusion time with the underlying tissue microstructural
dimensions and properties is complex.

A further complicating factor in understanding the
source of diffusion anisotropy in neural fibres is the fact
that there are multiple distinct compartments in tissue
where water can diffuse (e.g. intra-axonal, inter-axonal/
extra-axonal/extra-cellular).* The proportion of extra-
cellular water in white matter/nerve is estimated to be on
the order of 20–30%.65–67 Identifying the properties of
water, such as diffusion, in individual compartments at
the microscopic level in tissue is not a trivial matter.
Possible methods of obtaining NMR signal from one
compartment are: (a) isolating a compartment physically
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which only makes sense for the intra-cellular compo-
nents; (b) using micro-imaging if the cell size is
sufficiently large; or (c) using some other property of
water (e.g. T2) to ‘separate’ the compartments (this of
course uses the implicit assumption that the other NMR
properties are actually identifying individual compart-
ments themselves).

Direct measures of diffusion in the individual compart-
ments have been reported. Intra-axonal intrinsic water
diffusion with minimal interference from axonal mem-
branes has been measured in the giant axon of the squid
by Beaulieu and Allen.45 Water diffusion was found to be
rapid and nearly isotropic (anisotropic diffusion ratio of
1.2) in pure axoplasm. Despite the apparently high
viscosity of axoplasm, most small ions, such as Na	 and
K	, can diffuse through axoplasm nearly as rapidly as in
free solution (Rubinson and Baker68 and references
within). The anisotropic diffusion ratio was 1.3 for
diffusion of 28Mg2	 in the squid giant axon.69 The results
of ion diffusion correspond well with the NMR measure-
ments of water diffusion in axoplasm. The squid giant
axon is composed of �2.5% protein and 87% water.70

Surprisingly, axoplasm behaves as a fairly firm gel, and
in fact, extruded axoplasm can emerge as an intact
cylinder, the structural support provided by the neurofi-
lamentary lattice.70 The very small amount of protein is
able to give the axoplasm a rigid mechanical strength
macroscopically, but is so hydrated that the macromol-
ecular strands are too dispersed in order to inhibit
significantly the translational displacement of water or
small ions. This is analogous to the near free rapid
diffusion of water in agar gels.71,72 Hence, the axoplasm
is not as viscous, on the molecular scale, as intuition
might suggest, and therefore the diffusion coefficients in
pure axoplasm are not reduced to the extent that one
might naively expect. Of course, as pointed out earlier,
interactions of the axon water with the numerous axonal
membranes in a normal neural fibre with small axons will
have a marked effect in reducing the translational
mobility of water relative to the free axoplasm case. In
contrast to the cytoplasm of axons (i.e. axoplasm), a
micro-imaging study of isolated single neurons from
aplysia showed a marked reduction in ADC for water in
the cytoplasm.73,74 Hence, it appears that intrinsic
diffusion coefficients of water in axons and neurons
may differ substantially. Diffusion measurements of
metabolites that are predominantly or totally in the
intracellular space have shown restricted and anisotropic
diffusion in bovine optic nerve.63

Extra-axonal apparent diffusion is often naively
assumed to be quite free and unhindered but the data in
the literature does not support that view. NMR-
independent measures of anisotropy using iontophoresis
of tetramethylammonium (TMA	) combined with ion-
selective microelectrodes have shown anisotropic diffu-
sion in the extracellular space of turtle cerebellum, rat
spinal cord white matter, and rat corpus callosum.65–67 It

should be borne in mind, however, that diffusion
measurements using TMA	 ions probe a much longer
length than the NMR measurements. Although not
specific to white matter, 19F NMR studies by Duong et
al. have shown that the intra- and extracellular ADC
values of a compartment specific marker, 2FDG-6P, are
the same in rat brain.75 They confirmed that other
‘extracellular’ markers had similar ADC to intracellular
metabolites with comparable hydrodynamic radius in rat
brain.76 The assumption in the previous studies, of
course, is that water might behave similarly in the
extracellular space. Taking the garfish nerves as an
example, the root-mean-square (RMS) displacements are
approximated to be �4.5 �m perpendicular to the long
axis of the nerves over a diffusion time of 28 ms.34

Numerous densely packed membrane barriers would be
encountered and would hinder diffusing extra-axonal
water molecules because the observed RMS is larger than
typical separations between individual barriers (e.g.
�1 �m between myelin sheaths of adjacent axons in
myelinated fibres). Hence, anisotropic diffusion of water
in the extra-axonal space is not an unreasonable
expectation.

Others have inferred diffusion measurements in
individual compartments of water in neural fibres on
the basis of other NMR properties such as T2

58,60,63,77,78

or quadrupolar splittings39 which are assumed to differ
between the compartments. Multiple T2 components are
observed in nerve and white matter and they are often
assigned to individual water compartments (see review
by Fenrich et al.79 and references within). Parallel ADC,
perpendicular ADC, and their anisotropy were indepen-
dent of spin-echo time (70–450 ms) in the in vitro
olfactory, trigeminal and optic nerves of the garfish.77

This was interpreted that the various microenvironments
provided by the packed, parallel membrane structures of
the axonal system give rise to similar diffusion proper-
ties in the intra- and extra-axonal spaces in nerve. In
contrast, Does and Gore demonstrated an increase in
parallel ADC, a decrease in perpendicular ADC, and an
increase in anisotropy in the rat trigeminal nerve in vivo
as a function of TE over 25–185 ms.78 In the context of
the assignment of the long-lived T2 component to
extracellular water, they argue that diffusional aniso-
tropy is greater outside than within the axons. Assaf et al
also showed in excised bovine optic nerve that the
diffusion attenuation curves decayed more slowly as the
TE was increased from 70 to 550 ms suggesting that
longer T2 components had decreased diffusion proper-
ties.63 Using a more sophisticated approach by measur-
ing the T2 spectrum obtained while varying the diffusion-
weighting, Stanisz et al. reported anisotropy in the long
T2 component (�150 ms) whereas the shorter T2

component (�15 ms) was relatively isotropic in the
bovine optic nerve.60 Peled et al., who observed three T2

components in frog sciatic nerve, showed unique
diffusion attenuation curves for the individual T2
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components.58 Their long T2 component (�300 ms)
showed a marked dependence on diffusion time and
hence was attributed, at least in part, to intracellular
water. Seo et al. used deuterium double quantum-filtered
NMR to isolate three different compartments based on
unique quadrupolar splittings in rat sciatic nerve
immersed in D2O.39 One of the components demon-
strated a marked dependence of the ADC on diffusion
time and was attributed to axon water. Although the
afore-mentioned studies provide interesting data in an
attempt to measure individual diffusion properties in
specific water compartments in a variety of neural fibres,
it is fair to say that their interpretations are not
straightforward nor conclusive at this point.

As mentioned earlier, the signal attenuation due to
increasing diffusion sensitisation is anisotropic (i.e.
varies with direction) over a large range of b values
(Figs 5 and 7). By using very strong gradients
(�1000 mT m�1), marked non-monoexponential beha-
viour in neural fibres was first reported in five different
excised garfish and bovine nerves/white matter while
varying the diffusion gradient strength and keeping the
diffusion time constant.34,49 Examples of three of these
initially reported curves from garfish are seen in Fig. 5
and agree with new data on the non-myelinated walking
leg nerve of the lobster shown in Fig. 7. On the other hand,
monoexponential behaviour is seen in a single component
devoid of restrictive effects, such as the giant axon of the
squid.45 The non-monoexponential signal attenuation of
the diffusion curves has subsequently been confirmed in
other neural fibres such as the rat sciatic nerve,80 bovine
optic nerve,57,60,61 frog sciatic nerve,58 rat spinal cord
white matter,62,81 and human brain white matter.82–85 The

degree of curvature and the signal amplitude at which the
curves level off are typically greater for neural fibres than
for grey matter in the rat brain86–89 or human brain.82–85

Theoretically, deviations from linearity in a semi-log
plot of signal amplitude vs b value could be due to
multiple, slowly exchanging compartments with unique
diffusion coefficients or restricted diffusion even in
single component samples.90–92 Recent interpretations of
diffusion data in neural fibres by several groups whose
analysis schemes have typically used bi-exponential
fitting of the curves have favoured the former hypoth-
esis.81–86,88 As discussed below, when the data is taken
over an even larger range of b values, bi-exponential fits
are no longer adequate to fit the diffusion curves in neural
tissue, and it becomes exceedingly difficult to arbitrarily
assign fitted components to individual compartments like
intra- and extracellular space. In fact, simulations have
shown that non-monoexponential behaviour of the
diffusion attenuation curves could be due to a wide
range of axon sizes in the neural fibres.58

The diffusion decay curves (both parallel and perpen-
dicular) of the three garfish nerves (Fig. 5) could often be
fitted to three exponentials with D values of approxi-
mately 1 � 10�5, 0.15 � 10�5 and 0.010 � 10�5 cm2 s�1

with similar relative fractions for all three nerve types,
whereas bi-exponential fits were not sufficient over the
large range of b values (unpublished results3). In support
of our unpublished observations, fitting of the multi-
exponential diffusion decay curves over a large range of b
values in rat brain yielded three component D values
similar to the garfish nerve study.88 The similarity
between the three distinct garfish nerves precluded a
correlation between the number of diffusion components
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and the identifiable individual water compartments, as is
often performed with T2 analyses of nerve.79 To evaluate
whether or not there was additional information (i.e.
about water compartmentation) in the diffusion curves of
the garfish nerves (Fig. 5), the diffusion data was
processed to yield q-space distributions of the particle
displacements.93 The original diffusion decay curves (32
data points) were interpolated to yield equally spaced
data points with respect to q, zero-padded to 256 data
points, and then Fourier transformed to yield the
displacement probabilities (Fig. 8). Although the parallel
displacement profiles are certainly different from the
perpendicular displacement profiles, the displacement
profiles in q-space are very similar for all three nerves,
and therefore, q-space did not aid in discriminating
between the nerves nor did it provide any unique physical
parameters despite their marked differences in micro-
structure. Others, however, have found q-space analysis
of neural tissue to be useful for characterizing their
data.61–63,94,95

In the opinion of this author, and understanding that
this is a controversial endeavour, a summary of the
current ‘top 10’ arguments that favour the hypothesis of
restricted diffusion over multicompartmentation as the
primary source of curvature in the signal attenuation
diffusion curves as a function of b value are: (1) restricted
diffusion is known to occur in neural fibres; (2) marked
curvatures are observed in single component systems
with restriction; (3) measured populations of diffusion
components in all of the reported studies don’t match up
with the expected microcompartments; (4) the data at
higher b values requires at least three exponentials for an
adequate fit rather than two; (5) diffusion attenuation
curves were still non-monoexponential even when they
were ‘isolated’ for individual T2 components or metab-
olites which reside primarily in one compartment
(intracellular); (6) the structure of neural fibres is too
complex with a multitude of cell types, axon dimensions
and separations, etc. to actually expect two discrete
diffusing components for intra- and extracellular space;
(7) although diffusion is not likely to be uniform
throughout a complex neural fibre, it is intuitively
unlikely that one compartment will have an ADC an
order of magnitude different than another given the
packed arrangement of axons; (8) it is not necessary to
assume markedly different intrinsic ADC values for
intra- and extracellular space to model the diffusion
curves in the theoretical studies (squid studies suggest
rapid intrinsic diffusion for axoplasm); (9) one would
have to assume minimal exchange between the compart-
ments; and finally (10) changes in the diffusion curves
occur with diffusion time. While it is true that fitting the
data phenomenologically to multi-exponentials yields a
better fit to the measured data, the resultant values do not
relate, as Norris pointed out,96 to any physiological
compartments and furthermore, it is questionable at this
stage whether this additional parametrization results in a

less ambiguous and more meaningful interpretation of
diffusion in neural tissues.
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Since the initial demonstrations of diffusion-weighted
imaging in the nervous system, there has been hope that
diffusion would provide diagnostic and physiological
information that was not attainable with conventional
MRI techniques, such as in the case of acute stroke.
Although changes were clearly expected, the value of
using measures of diffusion anisotropy as a marker for
underlying tissue damage needed to be evaluated in nerve
and in white matter of brain and spinal cord. A clearer
association between the degree of anisotropic water
diffusion and the underlying microstructural elements
causing anisotropy can be better ascertained in model
systems involving fibre degradation, e.g. traumatic
injury, Wallerian degeneration or demyelination. This
portion of the article will focus on just a few basic studies
and not cover the comprehensive clinical literature in this
area since it is covered in greater detail by others in this
Special Issue.

Reductions in diffusion anisotropy have been shown in
injury models of spinal cord white matter in rat97–99 and
peripheral sciatic nerves of frog100 and rat.80 Ford et al.
observed reductions in anisotropy in the lateral and dorsal
white matter of excised, formalin-fixed rat spinal cord 7
days after injury by a weight drop.97 Specifically, the
normal anisotropy [ADC(�)/ADC(�)] index of �5 was
reduced to �1 (i.e. isotropic) in white matter that
appeared abnormal on conventional spin-echo images.
Interestingly, the injured, but normal-appearing white
matter on conventional spin-echo had a reduced diffusion
anisotropy as well. The reduction in the parallel ADC and
the concomitant increase in the transverse ADC was
responsible for the reduced anisotropy in this model.
Although mechanical changes in the white matter such as
primary mechanical disruption of axonal cylinders and
loss of continuity of myelin sheaths or secondary
processes such as edema or macrophage removal of
necrotic tissue were assumed to be responsible for the
reduced anisotropy, it was not monitored independently
by histological means. Marked decreases in anisotropy
have been observed in three types of garfish nerves that
have degenerated in vitro;34 however, nerve degenerating
in vitro is not expected to correspond to nerve
degenerating in vivo.

Subsequently, Beaulieu et al. reported changes in
water diffusion brought about by in vivo Wallerian
degeneration 4 weeks after either crush- or tie-injuries in
the sciatic nerve of the frog.100 Wallerian degeneration is
characterized by structural changes such as axonal
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dissolution, followed by contraction and fragmentation of
the myelin, and finally disintegration and removal of
myelin and other debris by Schwann cells and macro-
phages. Crushing a peripheral nerve interrupts axonal
continuity with the cell body and causes Wallerian
degeneration distal to the crush. The crush injury permits
axonal regeneration to occur whereas the tie prevents the
regeneration. The injured nerves showed marked ap-
proximately 2-fold reductions in anisotropic water
diffusion relative to the normal controls. In agreement
with the study by Ford et al.,97 the parallel ADC
decreased and the perpendicular ADC increased with
injury. The importance of measuring anisotropy for
assessing Wallerian degeneration was evident in that the
mean diffusivities of the normal, tie-injured, and crush-
injured nerves were all quite similar. Alterations in water
diffusion were interpreted relative to light and electron
microscopic sections of the nerves. The membrane
separations, either intra- or extra-axonal (i.e. 4–10 �m
axon diameter, 0.5–2 �m thick myelin, 0.5–2 �m extra-
axonal separations), are much smaller than the one-
dimension root-mean-square displacement of a free water
molecule, namely 11 �m over a diffusion time of 28 ms.
The large 4.5-fold reduction of ADC(�) in normal nerve
from that in free water is clearly a characterization of the
structural geometry of multiple membrane structures
experienced by the diffusing water molecules, whereas
the mere 20% reduction of ADC(�) relative to free water
reflects the dearth of barriers along the length of the
fibres. The micrographs show that most of the axons have
either collapsed or are otherwise degraded and the myelin
has collapsed, fractured, and been broken down by
macrophages and Schwann cells in the injured nerves.
Degradation of the microstructure was severe, and hence
the previously well-packed obstructions to transverse
diffusion were reduced and there were more ‘open’
spaces between the remaining clusters of cellular
remnants (isotropic tissue structures). In contrast,
obstructions to parallel diffusion increased from the
breakdown of the longitudinal axonal structure and the
build-up of cellular debris. The crush-injured nerve had
slightly higher residual anisotropy than the tie-injured
nerve, presumably due to the introduction of bundles of
small, non-myelinated regenerating axons which were
observed in the former case. Although the interpretation
of the diffusion data is not straightforward, the compari-
son of histological sections with the diffusion data helps
in advancing our understanding on the dependency of
water diffusion on the underlying microstructure. The
ability to non-invasively assess regeneration, even by a
coarse grading scale, may prove useful.

Further studies have extended the earlier observations
on injured neural fibre tracts. Fraidakis et al. demon-
strated that anisotropy measured in vivo gradually
declined closer to the point of spinal cord transection in
the rat.98 The progressive degradation of descending and
ascending spinal cord pathways was evident on histology.

The potential of using anisotropy to evaluate new
therapies for spinal cord injury was presented by Nevo
et al. where rats treated with T cells specific to the central
nervous system self-antigen myelin basic protein had
significantly higher anisotropy at the site of the contusion
injury and better locomotion than untreated animals.99

The autoimmune T cells are thought to provide neuro-
protective effects and reduce the extent of degeneration.
In agreement with the earlier transection study, the
degree of anisotropy gradually increased away from the
site of the primary lesion. Stanisz et al. extended the
earlier observations on Wallerian degeneration in frog
sciatic nerve to a mammalian system, the rat.80

Measurements of excised nerve at multiple timepoints
over 6 weeks showed that anisotropy decreased and then
returned to normal in the crush-injured case (degenera-
tion followed by regeneration), whereas the anisotropy
remained below normal in the cut-injured case (irrever-
sible nerve degeneration). As noted in their article, the
parallel ADC did not show any change in their model,
unlike previous studies, although the degree of anisotropy
in their normal nerve preparation was lower than many
other neural fibres reported in the literature.

In addition to traumatic injury, secondary white matter
degeneration at chronic time points after ischemia in
humans results in markedly reduced anisotropy and is
attributed to Wallerian degeneration of the longitudinal
fibres downstream from the primary infarct.101,102

Furthermore, the largest principal diffusivity (i.e. corre-
sponding to parallel) decreased and the intermediate and
lowest principal diffusivities (i.e. corresponding to
perpendicular) increased in the well-oriented fibre
bundles on the affected side relative to the healthy side.
The average diffusivity did not change101 or increased
slightly 102 in the secondary lesion. These observations
confirm the findings of the earlier animal injury
models97,100 and extend them to humans. An interesting
point brought up by these two studies was the difference
in diffusion changes between the primary lesion and the
secondary white matter lesions with Wallerian degenera-
tion. The primary white matter lesion had a greater
reduction in anisotropy, markedly increased average
diffusivity, and increased (rather than decreased) diffu-
sion parallel to the fibres relative to the secondary white
matter lesions undergoing Wallerian degeneration.101,102

The necrotic formation of cerebrospinal fluid-filled cystic
spaces with unhindered, isotropic water diffusion is
consistent with a greater reduction in anisotropy, an
increased mean diffusivity, and an increased parallel
diffusion in the primary lesion. Pierpaoli et al. also
caution, and quite rightly so, that diffusion changes
associated with pathology in fibre tracts that are not well-
defined and not coherently-oriented are trickier to
interpret.102

Experimental allergic encephalomyelitis (EAE) is
considered to be a model of multiple sclerosis. EAE is
characterized by regions of demyelination with relative
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sparing of the axons themselves. Diffusion changes have
been observed in brain white matter prior to any evidence
on conventional spin-echo images in a monkey model of
EAE.103 The increase in water diffusion perpendicular to
the internal capsule fibres could be explained, at least in
part, by ion-selective microelectrode studies on EAE that
suggest a decrease in extracellular tortuosity.104 A
thorough microscopic diffusion tensor imaging study at
high field of fixed, excised spinal cord from transgenic
mice that spontaneously acquire EAE demonstrated
reduced anisotropy in white matter regions that appeared
hyperintense on conventional imaging.105 These regions
correlated with areas on histological slides that were
characterized by parenchymal infiltration of inflamma-
tory cells, primary demyelination, reactive astrogliosis,
and some Wallerian degeneration in areas of intense
inflammation. This study also noted that the mean
diffusivity (one-third of the trace) varied little in lesions
and hence, unlike anisotropy, was not a sensitive marker
of EAE pathology. The usage of measures of diffusion
anisotropy for the characterization of lesions in multiple
sclerosis patients has seen a resurgence recently.

Reduced anisotropy has been observed in other animal
models with abnormal levels of myelination.38,40 Sig-
nificant residual, albeit lower compared to normal,
anisotropy is still present in those cases where histology
demonstrated preservation of axons. In summary, the loss
of longitudinal order given by the underlying membrane
structure, either the axonal membranes themselves and/or
the myelin sheaths, in nerve and white matter fibres
results in significant reductions in anisotropic water
diffusion in animal models of pathology that demonstrate
axonal loss and/or demyelination. This emphasizes the
importance of intact membranes in creating a micro-
structural environment that exhibits anisotropy.

�������2�	���

Methylmercury is a known potent neurotoxin, although
the cellular and molecular mechanisms are not fully
understood. Rats intoxicated with methylmercury have
shown persistent anisotropy in the optic nerve with
electron microscopy confirming reductions in neurofi-
brils and continued integrity of the myelin sheath.106 In
this study, only the parallel ADC showed any change
with methylmercury treatment and in fact it nearly
doubled to a value approaching that of free water, which
is rather surprising. A more recent study on the effects of
disruption of the axonal cytoskeleton on water diffusion
in spinal cord white matter of rats treated with the
neurotoxin iminodipropionitrile demonstrated a reduc-
tion of parallel ADC with no change in perpendicular
ADC.107 This model causes the displacement of neuro-
filaments to the axon periphery while microtubules move
to the centre. These two neurotoxicity studies, together
with the vinblastine-treated garfish nerve study men-

tioned earlier where the absolute ADCs parallel and
perpendicular were both reduced but the anisotropy was
preserved,34 demonstrate that the ADC in neural fibres
can be altered by disruption of the cytoskeleton, although
the unique aspects of each neurotoxic model are not well
understood.

��	������

As is well known, avoidance of the confounding effects
of anisotropy is a common goal in most diffusion studies
of ischaemia in the brain.16,108–112 However, studies with
a focus on actually measuring anisotropy in ischaemic
nerve and white matter may yield a better understanding
on the underlying behaviour of water diffusion in neural
fibres. In two early studies, the same pattern of anisotropy
was seen immediately post-mortem and after acute
ischaemia in cat brain relative to normal, although the
degree of anisotropy was not compared quantita-
tively.23,113 Despite an absolute reduction by 33% of
the individual ADC values with ischaemia, van Gelderen
et al. showed that the anisotropy map showed no
difference between healthy and acute ischaemic cat
brain.108 Two studies on deep white matter in rat brain
after ischaemia114 and on rat spinal cord post-mortem115

have demonstrated decreases in anisotropy, although the
former study is difficult to assess since the healthy
anisotropy was quite low to start off with and the latter’s
quantification scheme is not standard. Thornton et al.
demonstrated diminished, but persistent, anisotropy in
the neonatal piglet brain after transient hypoxia–ischae-
mia.18 Although the absolute parallel and perpendicular
ADCs dropped markedly in the optic and trigeminal
nerves after cardiac arrest in the rat, the degree of
anisotropy remained the same.116 Does and Gore saw a
slight increase in anisotropy in the trigeminal nerve of the
rat after cardiac arrest.78 Anderson et al. demonstrated
that osmotically induced cellular swelling in the excised
rat optic nerve led to a reduction of ADC in both the
parallel and perpendicular directions, and that, conver-
sely, cellular shrinkage resulted in an increase in both
ADC values.117 As an aside, this study on rat optic
nerve117 and another by Gulani et al. on bullfrog sciatic
nerve and spinal cord118 demonstrated that ADC
measurements in vitro did not change with either
depolarization alone in the absence of cell swelling or
electrical stimulation, respectively.

For the most part, persistent anisotropic water diffu-
sion after ischaemia is observed acutely despite absolute
reductions in the parallel and perpendicular ADCs.
Reductions in ADC after ischaemia are typically
associated with cellular swelling (i.e. cytotoxic edema),
which results in a shift of extracellular water to
intracellular water. Ebisu et al. demonstrated that
diffusion in white matter is reduced in a triethyl tin
intoxication model of cytotoxic edema whereas vaso-
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genic oedema results in larger ADC values.119 An
increase in intracellular water with greater diffusion
hindrance/restriction or an increase in tortuosity of the
extracellular water are two common hypotheses behind
the ADC reduction transverse to the fibre tracts. A
computer simulation study by Stanisz and Henkelman
places greater weight on the first hypothesis.120 The
reduction in the ADC of water parallel to the fibres is
more difficult to identify but could involve swelling of
‘isotropically’ shaped glial/Schwann cells in the extra-
axonal space or reduced intrinsic diffusion in the intra-
axonal space due to increased viscosity (cytoskeletal
breakdown) or, as some others suggest, a reduction in
cytoplasmic streaming after ischaemia. Based on our
current understanding of anisotropy, persistent anisotro-
py ought to be observed in neural fibres after acute
ischaemia because the longitudinal order of the fibre
tracts is not compromised; however, the finer details on
understanding the diverse reported observations on
anisotropy acutely after ischaemia (small increases, small
decreases, no change) remain to be uncovered. However,
as mentioned earlier, chronic observations of anisotropy
after ischaemia have demonstrated marked decreases in
anisotropy which are associated with the structural
breakdown of white matter fibres.101,102,121,122 The study
of the ischemic brain with diffusion tensor imaging is
covered in greater detail by Sotak later in this issue.123
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Few animal studies have focussed on following changes
in anisotropy with maturation. The study of maturation in
rat pups has demonstrated that anisotropy in white matter
develops prior to histological evidence of myelination
and then continues to increase as myelin forms
concurrently.36,37 An interesting observation is that at
some point, 5–6 weeks in this model, the degree of
anisotropy levelled off and did not further increase with
age despite histological evidence of continued increasing
myelination. In a follow-up report on a scant two rats
drawn from their earlier publication, they demonstrate
that anisotropy is observed in optic fibres in 7 day rat
pups with lack of myelination confirmed by electron
microscopy.124 Also, by treating one 10-day-old rat pup
with tetrodotoxin (i.e. sodium channel blocker) intraper-
itoneally, the authors claim to have observed non-
structural causes of anisotropic diffusion. However,
many shortcomings to this study, including lack of
quantitation, poor, noisy and inappropriate anisotropy
maps, numerous inconsistencies, and the obvious lack of
scientific rigour in the comparison of only one animal
treated with tetrodotoxin vs one without, cast serious
doubt on its conclusions. Therefore, a structural source,
likely the axonal membranes, of diffusion anisotropy in

the ‘pre-myelination’ state ought to remain the preferred
hypothesis.

Takahashi et al. correlated measures of diffusion
anisotropy with age-dependent structural changes in the
optic and trigeminal nerves of the rat.125 They observed a
significant increase in anisotropy from 2 weeks to 10
weeks in the optic nerve which correlated with greater
myelination and more orderly, less tortuous parallel fibre
bundles observed by electron microscopy. They argued
that the latter rationale, rather than the former, can
account for the increase in anisotropy since the parallel
ADC increased significantly with maturation, whereas
the perpendicular ADC did not decrease significantly.
The trigeminal nerve did not show changes in anisotropy
over the same maturation time presumably since its
myelination and coherence (‘straighter fibres’) were
already in place by 2 weeks. In what should be considered
an incidental finding and one which was not investigated
further, the anisotropy of the non-myelinated and
myelinated nerves of the garfish were found to be much
larger in the mature garfish used in one study43 relative to
the smaller, immature fish used in an earlier study.34 A q-
space analysis of excised rat spinal cord by Assaf et al.
demonstrated quite convincingly that the displacement
profile perpendicular to the white matter narrowed (i.e.
molecules did not diffuse as far) as the rats matured from
3 days to 10 weeks.62 Varying the diffusion time from 30
to 150 ms demonstrated that water in the immature spinal
cord white matter diffuses more freely and can attain
greater displacements as the diffusion time is increased,
whereas water in the mature spinal cord white matter is
hindered by boundaries and diffuses over similar
displacements at these vastly different diffusion times.

In addition to the observation of anisotropy prior to
myelination, studies of cerebral white matter develop-
ment in human neonates and infants in vivo have shown,
in general, a decrease in the mean diffusivity and an
increase in the degree of anisotropy with matura-
tion.29,41,42,126 These diffusion changes are linked to the
concomitant increase in myelination, reduction in brain
water, the greater cohesiveness and compactness of the
fibre tracts, and the reduced extra-axonal space (i.e.
greater packing) as the white matter matures over time.
Although it is tempting to link changes in diffusion
anisotropy solely to myelination during development, the
evidence in the literature indicates that it would certainly
be an oversimplification and may, in many cases, be an
incorrect assumption. The study of the developing brain
with diffusion tensor imaging is covered in greater detail
by Neil et al. later in this issue.127
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There have been several theoretical, analytical and
numerical simulation studies on diffusion in model
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biological systems that lend insight into the relationship
between diffusion and some of the underlying physical
properties of the tissue microstructure. The advantage of
such studies is the ability to perform ‘experiments’ that
are otherwise not possible in a complex tissue system,
although the caveat is that the findings are always beset
with numerous assumptions and simplifications. Without
going into too much detail, the salient points from some
of these publications will be highlighted as they relate to
anisotropy. The reader is referred to a recent review
article by Norris for more extensive coverage and greater
detail.96

Latour et al. used packed erythrocytes as a two-
compartment model system (assumed spherical cells) and
pointed out that the surface-to-volume ratio of biological
membranes can be related to diffusion.128 They argued
that, since biological membrane permeabilities are small,
the dominant contribution to the effective ADC comes
from diffusion pathways that go around the cells rather
than those that cross cell membranes. This would suggest
that a single axonal membrane is sufficient to create
significant anisotropy in a non-myelinated fibre. The
calculated ADC values are substantially reduced despite
starting with high and equal intrinsic diffusion coeffi-
cients for the intra- and extracellular space. Szafer et al.
modelled tissue as a periodic array of numerous
rectangular cells (infinitely long in one direction in some
cases) surrounded by a membrane with permeability.56

The perpendicular ADC drops off quickly with increas-
ing diffusion times (for times �10 ms) and then reaches
an asymptotic value as opposed to the parallel direction
which does not demonstrate such a dependency on
diffusion time. Thus membranes have a significant
impact on the ADC and at commonly used diffusion
times the measured ADC values do not correspond to the
true intrinsic diffusion coefficient. The decrease in
membrane permeability has little effect on the ADC for
very small compartment sizes. This brings into question
the importance of additional membrane layers in the form
of myelin for reducing the perpendicular ADC to a
further extent. One of the morals of their story is to not
oversimplify the interpretation of diffusion and remem-
ber that a number of factors changing in concert could be
required to predict the observed net alteration in diffusion
with a given pathology. Pfeueffer et al. used an analytical
model with restricted intracellular diffusion at permeable
boundaries and extracellular tortuosity to characterize
diffusion measurements in rat brain (focus on grey
matter).129 In agreement with the numerous experimental
observations reported earlier in the article, these three
studies emphasize the importance of membranes in
hindering water diffusion.

The previous three models were primarily focussed on
better understanding the reductions in ADC associated
with acute ischaemia. Other studies have aimed their
efforts primarily on understanding diffusion specifically
in neural fibres such as nerve and white matter. Beaulieu

and Allen performed Monte Carlo computer simulations
of two-dimensional diffusion amongst a regular, hex-
agonal array of impermeable circular barriers which
represent the neurofilaments present in the axoplasm.45

This hexagonal array had a relatively weak influence on
diffusion over an appropriate range of barrier spacings
and the predicted degree of anisotropy matched well with
the nearly isotropic diffusion measured in the squid giant
axon [ADC(�)/ADC(�) = 1.2]. Together with previous
studies, this work confirmed the primary role of
membranes in producing diffusional anisotropy.

In a purely theoretical study, Ford et al. presented a
numerical model to predict the alterations in the
transverse ADC seen in spinal cord white matter injury
as a function of axonal diameter and separation,
membrane permeability, relative axonal volume and
diffusion time.130,131 The first paper addressed the
scenario of abutting (i.e. touching) cylinders (i.e. axons),
whereas the later one left a gap between adjacent
cylinders to leave a contiguous extracellular space. Mild
injury was modelled as an increase in intracellular water
fraction to represent axonal swelling and increased
permeability. They assumed that the intrinsic intracel-
lular diffusion coefficient was �4 times less than the
intrinsic extracellular diffusion coefficient which is likely
to be a gross overestimation given that the intrinsic water
diffusion in axoplasm is about 80% of that in free
water.45

Nonetheless, several trends are worth noting. The
perpendicular (or transverse) ADC depends on axonal
diameter at short diffusion times, whereas for a given
axonal separation (with different sized axons) asymptotic
values of ADC are determined by permeability alone. For
diffusion times greater than �10 ms, which is used in
most cases, transverse diffusion measurements are in the
asymptotic regime and it is certainly dominated by
restriction. Significant numbers of water molecules will
still impinge on the membranes at the shortest diffusion
times attainable at present. Their results also signify that
the morphology of the extracellular space, not just
relative volume, is a factor in determining the transverse
ADC at experimentally realizable diffusion times.

Stanisz et al. presented a comprehensive analytical
model which was used to fit the parallel and perpendi-
cular diffusion curves to high b values at multiple
diffusion times experimentally obtained from the excised
bovine optic nerve.57 Axonal and glial cells are modelled
as prolate ellipsoids and spheres, respectively, which are
surrounded by partially permeable membranes. Their
model and fitted parameters successfully described the
salient characteristics of the PGSE diffusion date, namely
the anisotropy, diffusion time dependence and upward
curvature of the decay curves. Once again, diffusion of
water in cells is highly restricted due to barriers such as
cell membranes. Three compartments (spherical glial
cells as well as the ellipsoid axons and extra-cellular
space) and a small amount of finite permeability (as
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opposed to none) were needed to properly fit the
experimental data. The spherical glial cells were needed
to obtain the upward curvature of the diffusion decay
curves parallel to the fibre. They stress that a wide range
of data at short and long diffusion times and high b values
are needed to obtain meaningful model parameters from
the fitted data and that the initial slope measurements of
ADC do not provide a complete picture of restricted
diffusion in tissue. This model presents the minimal
complexity (three compartments, nine parameters)
needed for a satisfactory fit to their data. The resultant
microstructural parameters appear reasonable. Tests in
other systems with known differences in the various
parameters would help validate the model. One ques-
tionable assumption, however, is the ellipsoid shape of
the axons. Axons are essentially infinitely long cylinders
(over the scale of NMR measurements) and it is not
known if and how this non-ellipsoid nature influences the
fitted results of diffusion parallel to the fibres. As we
pointed out earlier though, simplifications and assump-
tions are obviously necessary in modelling complex
biological tissues. Stanisz and Henkelman have recently
used their model to predict the effects of axonal swelling
on the diffusion characteristics in white matter.120 Their
simulations suggested that the ADC decrease from
axonal swelling is mainly due to the water shift from
the extracellular space into the highly restricted intracel-
lular compartment whereas increased extracellular tortu-
osity had a smaller effect. Overall, the aforementioned
theoretical, analytical and numerical studies have pro-
vided a conceptual framework from which to better
understand changes in water diffusion in the nervous
system and specifically demonstrate the importance of
limited permeability barriers (i.e. membranes) in hinder-
ing perpendicular water diffusion and creating the
anisotropy used for fibre tracking in DTI investigations.

����* !���!

Although the interpretation of water diffusion in a
complex biological tissue such as nerve and white matter
is still not trivial, numerous studies over the last decade
have provided a better understanding of the relationship
between diffusion and the underlying microstructural
components. Evidence suggests that anisotropic water
diffusion in neural fibres is due to the dense packing of
axons and their inherent axonal membranes that hinder
water diffusion significantly perpendicular to the long
axis of the fibres relative to the preferential parallel
direction. By providing a further example in this review
of diffusion anisotropy in a normal, non-myelinated
nerve, namely the walking leg nerve of the lobster,
myelin is shown once again not to be a primary
determinant of anisotropy, although reports suggest that
it may modulate the degree of anisotropy in a given fibre
tract. Measurements of anisotropic water diffusion,

particularly for non-invasive fibre tracking, have become
much more mainstream in recent years and it is hoped
that the background information provided in this article is
timely and informative for those interested in using and
interpreting changes in this unique property of water.
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