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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
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Myelin schematic showing longitudinally oriented structures that 
could hinder water diffusion perpendicular to the length of the axon 
and cause

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.
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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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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.
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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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Diffusion curves of water in vascular bundles of celery 
measured parallel and perpendicular to their long axis 
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non-myelinated

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.
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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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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.
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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
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various structural components of white matter to the
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Non-monoexponential!
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myelinated
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non-myelinated

myelinated

Optic nerve:
ADCk

ADC?
= 2.6
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Olfactory:
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Diffusion in Gar Fish Neural Fibers

Myelination can modulate the degree of anisotropy

Increase  anisotropy  by  a  certain,  albeit  unknown, 
extent  due  to  greater  hindrance  to  intra-axonal 
diffusion  and  greater  tortuosity  for  extra-axonal 
diffusion. 



Diffusion in Lobster Leg muscle

non-myelinated

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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The Diffusion Signal

Signal and Distribution are 
Fourier Transform pairs

s(q, �) =
�

P (r̄, �)e�iq·r̄dr̄

P (r̄, �) =
�

s(q, �)eiq·r̄dq

s(q, �) � s(q, �)
s(0)



q-space imaging

Signal decay

E(q,�) =
�

P (r,�)eiq·rdr



q-space imaging

2D images with
different q-values

Signal as a 
function of q

Displacement prob
via Fourier Transform

Displacement 
from width

Probability 
from peak

Assaf, et. al. MRM 44:713 (2000)



q-space imaging



q-space imaging in Gar Fish Neural Fibers

non-myelinated

parallel

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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perpendicular

Beaulieu, et al, 2001



q-space imaging in spinal cord

q-space analysis of 
restricted water in a bovine 

optic nerve.

D cannot be calculated from the slope of the graph in (c)

Assaf, et. al. MRM 44:713 (2000)



q-space imaging in spinal cord

Hypothetical gray/white matter q-space experiment

Assaf, et. al. MRM 44:713 (2000)



q-space imaging in spinal cord

Probability of zero 
displacement (arbitrary units)

Displacement
(microns)

Data acquired only in one direction
- perpendicular to cord direction

Assaf, et. al. MRM 44:713 (2000)



q-space imaging in spinal cord

Maturation of rat spinal cord

Assaf, et. al. MRM 44:713 (2000)



q-space imaging in spinal cord

Assaf, et. al. MRM 44:713 (2000)



Spherical Harmonic Decomposition

S(�,⇥) =
⇥�

l=0

l�

m=�l

slmYlm(�,⇥)

the signal

slm =
� 2�

0

� �

0
Y �

lm(�,⇥)S(�,⇥) sin � d� d⇥

the signal coefficients



Spherical Harmonics

Non-physical

Anisotropic

Non-physical

L = 2

L = 1

L = 0

m = 2m = �2 m = �1 m = 1m = 0



The Spherical Harmonic Decomposition

Single Fiber 

Frank, MRM 47:1083 (2002)

fiber rotated through a full range of (�,⇥)



The Spherical Harmonic Decomposition

Frank, MRM 47:1083 (2002)



The Spherical Harmonic Decomposition

Two Fibers 

two fibers rotated relative to one another
through a full range of (��, �⇥)



The Spherical Harmonic Decomposition

Frank, MRM 47:1083 (2002)



The Spherical Harmonic Decomposition

Frank, MRM 47:1083 (2002)



The Spherical Harmonic Decomposition

Standard 
DTI 

HARD DTI 

Frank, MRM 47:1083 (2002)



The Spherical Harmonic Decomposition

Sum amplitudes over all M for given L

Frank, MRM 47:1083 (2002)



The Spherical Harmonic Decomposition

Even orders > 0 Odd orders

Even orders > 0 Odd orders
Frank, MRM 47:1083 (2002)



The Spherical Harmonic Decomposition

�� Magnitude

Frank, MRM 47:1083 (2002)



P (�, ⇥) =
⇥�

l=0

l�

m=�l

plmYlm(�, ⇥)

S(�,⇥) =
⇥�

l=0

l�

m=�l

slmYlm(�,⇥)

the signal

the angular distribution of fibers

The FORECAST Model

Fiber orientation by SHD of signal spherical harmonic
representation of fiber orientation function but with

the assumption of cylindrical symmetry

Anderson, MRM 54:1194 (2005)



The FORECAST Model

Assumption of cylindrical symmetry

D =

�

⇤
�� 0 0
0 �� 0
0 0 �⇥

⇥

⌅

Anderson, MRM 54:1194 (2005)



The FORECAST Model

signal

Anderson, MRM 54:1194 (2005)

orientation and 
volume fraction (2/3 & 1/3)



The FORECAST Model

Anderson, MRM 54:1194 (2005)

L 0 2 4 6 8

Angular point spread function
Higher order gives higher resolution but is more 
sensitive to noise as the coefficients are smaller



The FORECAST Model

Anderson, MRM 54:1194 (2005)

signal

fiber angular distribution
via FORECAST

FORECAST ODF

q-Ball ODF

SHD of Dapp

standard DTI



The CHARMED Model

Hindered

Restricted

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

E(q, �) = fhEh(q, �) +
n�

j=1

f j
r Ej

r(q, �)

Signal decay

hindered volume fraction

Hindered decay Restricted decay

restricted volume fraction

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

Assume cylindrical symmetry

D =

�

⇤
�� 0 0
0 �� 0
0 0 �⇥

⇥

⌅

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

Assume cylindrical symmetry Assaf, et. al. MRM 52:965 (2004)

hindered

restricted



The CHARMED Model

Decoupling of D⇥ and D� in restricted compartment

ER(q,�) =
�

P (r,�)eiq·rdr

ER(q,�) = E�(q�,�)E⇥(q⇥,�)

PR(r,�) = P�(r�,�)P⇥(r⇥,�)

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

E⇤(q⇤,�) = e�4�2|q�|2⇥D�

⇥ = �� �/3

E�(q�,�) = ef(D�) = restricted di⇥usion in a cylinder (Neuman)

messy!

Form of E⇥ and E� in restricted compartment

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

Form of Eh in hindered compartment

Eh(q,�) = e�4�2⇥qtDq

q = q⇥ + q�

Eh(q,�) = e�4⇥2⇤(|q⇥|2�⇥+|q�|2��)

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

3D-FFT of simulated signal

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

3D-FFT of simulated signal

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

3D-FFT of simulated signal

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

pig spinal cord phantom

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

one hindered
(i.e., standard DTI)

one hindered
one and two restricted

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

Assaf and Basser, Neuroimage 27:48 (2005)

Three configurations

1. One hindered and  no restricted (n=0)
2. One hindered and one restricted (n=1)
3. One hindered and two restricted (n=2)



The CHARMED Model

Assaf and Basser, Neuroimage 27:48 (2005)

10 shells of b-values from 0-10,000 s/mm^2,
from 6 directions (inner shell) to 30 directions (outer shell)



The CHARMED Model

Assaf and Basser, Neuroimage 27:48 (2005)

Hindered component Restricted component



The CHARMED Model

Assaf and Basser, Neuroimage 27:48 (2005)

Corpus callosum Cingulum A+B

Directionality Map



The CHARMED Model

Assaf and Basser, Neuroimage 27:48 (2005)

Corpus callosum Cingulum A+B

Hindered

Restricted



The CHARMED Model

Assaf and Basser, Neuroimage 27:48 (2005)

HinderedRestricted

Mean diffusivity FA


