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During the past few years, The Journal of Neuroscience has published more than 30 articles that describe investigations that used Diffusion
Tensor Imaging (DTI) and related techniques as a primary observation method. This illustrates a growing interest in DTI within the basic
and clinical neuroscience communities. This article summarizes DTI methodology in terms that can be immediately understood by the
neuroscientist who has little previous exposure to DTI. It describes the fundamentals of water molecular diffusion coefficient measure-
ment in brain tissue and illustrates how these fundamentals can be used to form vivid and useful depictions of white matter macroscopic
and microscopic anatomy. It also describes current research applications and the technique’s attributes and limitations. It is hoped that
this article will help the readers of this Journal to more effectively evaluate neuroscience studies that use DTI.

Introduction
In the first half of 2011, The Journal of
Neuroscience published 14 articles de-
scribing studies that used Diffusion Ten-
sor Imaging (DTI) or a related technique
as a primarily observational methodol-
ogy. Similar patterns are apparent in 2009
and 2010. This provides evidence of a
growing interest in using DTI within the
neuroscience research community. This
interest results from DTI’s ability to make
heretofore impossible measurements of
the spatial organization of white matter
(WM) at both macroscopic and micro-
scopic spatial scales in living humans and
living animals, coupled with the growing
enthusiasm for study of the brain “con-
nectome.” This Toolbox article will intro-
duce the key principles that underlie DTI
methodology and will provide an over-
view of current DTI research applications
together with attributes and current limi-
tations of thetechnique.Thesmallamountof

available space makes the presentation
somewhat superficial. It is impossible to
fully explain all the nuances of DTI and to
give credit to all who contributed to its
present state of development in a short
article. Readers wanting greater detail
may wish to consult recently published
books that are devoted entirely to DTI and
related techniques (Mori, 2007; Johansen-
Berg et al., 2009; Jones, 2010).

Measurement of water molecule
diffusion with Magnetic
Resonance Imaging
DTI is one of many imaging procedures
that rely on magnetic resonance imaging
(MRI) signal detection. In DTI, the mea-
sured MRI signal intensity is made to de-
pend on the distance and direction the
average water molecule in an image vol-
ume element (voxel) can move during a
time period of �100 ms. The measured
signal intensity is processed to produce
images in which intensity or color conveys
some type of information about the water
molecule motion. White matter shows
prominent features in DTI and, therefore,
DTI is often referred to as a WM imaging
technique.

In the absence of a specific motive
force, such as the oscillatory pressures that

drive blood and CSF flows within the
brain, water molecules move from posi-
tion to position in a heat-driven random
fashion that was initially described by
Brown (1828). All students of the biolog-
ical sciences become familiar with ran-
dom “Brownian Motion” at the time they
first use a microscope. Because there is no
specific driving force, the direction in
which any particular water molecule is
moving at a particular point in time and
its velocity are random unless the move-
ment is constrained by barriers present
within the tissue. Einstein quantitatively
described the key features of Brownian
Motion in one of the three famous publi-
cations he produced in 1905 (Einstein,
1905). An equivalent description was in-
dependently published by Smoluchowski
in 1906 (Smoluchowski, 1906). Because of
the intrinsic randomness of both direction
and velocity, the Einstein–Smoluchowski
description specifies only the average (mean
square) distance that a molecule moves in a
particular direction in a time period t as:

� r2 � � 2Dt, (1)

where D is known as the diffusion coefficient.
Measurement of water molecular dif-

fusion by MRI is possible because hydro-
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gen atomic nuclei are the primary source
of the electromagnetic MRI signal. In
brain tissue the detected MRI signal is pri-
marily produced by the hydrogen nuclei
within water molecules because of the
high density of water relative to other
hydrogen-containing materials. In addi-
tion to density, other molecular factors
can also be important in terms of produc-
ing MRI signal. For instance, it might be
anticipated that in WM, the hydrogen
atomic nuclei in the proteins and lipids
that make up myelin membranes would
be a significant signal source because my-
elin occupies a significant proportion of
the WM volume. However, this is not
true. When the typical MRI signal acqui-
sition procedures are used, the hydrogen
atoms must be able to freely rotate to be
optimally detected. Myelin hydrogen at-
oms are so tightly constrained by the mo-
lecular structure that their signal is not
detected with conventional MRI. Simi-
larly, water exists within the myelin
membrane and can be detected by MRI.
However, the myelin-bound water has
properties that make it hard to detect us-
ing DTI signal acquisition conditions.
Thus, even though DTI is usually de-
scribed as a WM imaging technique and
myelin is an important structural feature
of WM, neither myelin nor myelin-bound
water signal detection is used in DTI.

Each hydrogen atom in each water
molecule produces an oscillating electro-
magnetic signal. Each of these signals has
three instantaneous properties: oscilla-
tion frequency, phase (i.e., the position in
the oscillation cycle), and intensity. The
MRI instrument measures the sum of the
signals produced by all the hydrogen at-
oms that lie within each voxel of brain tis-
sue. In order for the voxel signal to be
readily detected, all the signals produced
by the voxel must have coherent frequen-
cies and phases. When the signals pro-
duced by a voxel become incoherent, the
measured voxel signal is weakened due to
destructive addition of signals having dif-
fering frequency and phase.

Signal detection depends on the exis-
tence of a rather strong static magnetic
field, which is 3 T or larger for current-day
applications. A direct linear relationship
exists between the signal frequency pro-
duced by each water molecule and the
magnetic field strength at the point in
space at which the molecule is located.
DTI is similar to the most common types
of MRI in using a “spin echo” pulse se-
quence for signal detection (Fig. 1). This
pulse sequence initially creates the signals
using an “excitation” electromagnetic

pulse delivered by a coil of wire located
near the subject’s head. This pulse causes
all the water molecules within the voxel to
begin emitting signals having the same
phase. The spin echo pulse sequence then
has a waiting time, TE/2, during which
this initial phase coherence can be lost. In
DTI and related studies, it is specifically
desirable to force loss of phase coherence
during this TE/2 period. One of the ways
of doing this is to activate a spatial
magnetic field gradient. This gradient is
referred to as a “diffusion-sensitizing gra-
dient.” Activating the gradient produces a
situation in which the magnetic field is
not identical at all points in the voxel and
the water signals produced by the voxel
have differing frequencies, develop differ-
ent phases over a period of time, and de-
structively interfere with each other. Next
the spin echo pulse sequence produces a
second electromagnetic pulse at time
TE/2. This pulse is referred to as a “refo-
cusing pulse.” It has the effect of reversing
the loss of coherence that developed in the
prior TE/2 time period. It does this by
adding a phase of one half the oscillation
cycle to all signals. If the same gradient as
was used during the first TE/2 period is
again activated, and if there is little molec-
ular movement, a strong coherent signal
will be detected at a time TE/2 after the
refocusing pulse. On the other hand, if
there is significant molecular movement
within the voxel between the first and sec-
ond TE/2 times or during either TE/2
time, a weaker than expected signal will be
detected because water molecules are lo-
cated at different positions during the first
and second TE/2 periods. It is possible to
measure the amount of movement that
occurs during the TE period by measuring
signal level with and without activation of
the diffusion-sensitizing gradient. In DTI
and related techniques the relevant mo-
tion that causes signal loss is Brownian
diffusion motion.

The principles underlying measure-
ment of molecular diffusion in liquids was
first published by Stejskal and Tanner
(1965). MRI was not known at the time.
Stejskal and Tanner used conventional
nuclear magnetic resonance spectroscopy
detection to measure the diffusion coeffi-
cient in samples of liquid material. Their
work was based on the (even then) wide-
spread knowledge that spin echo signal in-
tensity could be influenced by molecular
diffusion when a static magnetic field gra-
dient was present, as this was discussed in
Hahn’s first paper describing the spin
echo pulse sequence (Hahn, 1950). An ex-
pression for the signal change caused by
diffusion can be derived for the pulse se-
quence shown in Figure 1 using Stejskal–
Tanner theory. In this pulse sequence, the
magnetic field gradient is activated for a
time period, �, during each of the two
TE/2 time periods with the separation be-
tween the leading edges of the two gradi-
ent pulses being �. The signal change
produced by the diffusion motion in
terms of the �, �, and the size of the
diffusion-sensitizing gradient, G, is given
by Equation 2:

S

S0
� e��2G2�2���

�

3�D. (2)

S is the signal intensity that is measured
when using the diffusion-sensitizing gra-
dient and S0 is the signal intensity mea-
sured in its absence. The constant � is a
basic property of the hydrogen nucleus
(the gyromagnetic ratio) that has a value
of 2.675 � 10 8 rad s�1 T�1.

Le Bihan et al. (1986) were the first to
successfully apply these concepts to the
human brain using MRI as a signal detec-
tion methodology. They shortened the
Equation 2 expression to

S

S0
� e�bD. (3)

The term that expresses the effect of the
diffusion-sensitizing gradient is therefore
now most often referred to today as the
“b-factor” or “b-value.” For the pulse se-
quence shown in Figure 1, the b-factor is
given by

b � �2G2�2�� �
�

3� . (4)

In quantitative terms, Equations 2 or 3
show that measurement of the Einstein–
Smoluchowski diffusion coefficient can
be achieved by making a measurement of
S0 with b � 0 (by making G � 0), and then
making a second measurement of S using

Figure 1. Key elements of the spin echo pulse sequence
used for DTI. The timing of off/on (0/1) events for the three
most important MRI scanner subsystems (radiofrequency
transmitter, diffusion-sensitizing gradient, and signal detec-
tion) is presented.

Alger • Toolbox J. Neurosci., May 30, 2012 • 32(22):7418 –7428 • 7419



some finite value of b (by setting the ap-
propriate value of G). Thus, S and S0 are
measured, b is known, and D can be cal-
culated from the measured data.

It is informative to consider the mag-
nitude of the terms in Equations 3 and 4. A
present-day human MRI scanner is capa-
ble of making a maximum gradient in
each of the three principal directions of 45
mT m�1. For such a scanner, when using
a commercially available diffusion-weigh-
ted pulse sequence, the typical values of
the diffusion-sensitizing gradient pulse
length and separation (� and �) are (ap-
proximately) 35 and 40 ms. Hence Equa-
tion 4 indicates that the typical maximum
b-factor that can be achieved by a present-
day human MRI scanner using a commer-
cially available pulse sequence is �1352 s
mm�2. Normal mature brain tissue has a
diffusion coefficient of �800 �m 2 s�1.
Equation 3 indicates that the signal change
(S/S0) when b � 1353 s mm�2 for normal
brain tissue is therefore on the order of
0.45. If it is assumed that b equals 1353 s
mm�2, that accurate measurement of (S/
S0) is feasible over the range 0.05– 0.95,
and that the effective diffusion time is � �
�/3, then Equation 1 indicates that
present-day human brain DTI is sensitive
to a root mean square water molecule dis-
placement in a particular direction of
2–18 �m. From these calculations, it can
be concluded that the so-described diffu-
sion measurement is sensitive to water
movement on a “microscopic scale.” It is
important to understand that this conclu-
sion has nothing to do with the spatial res-
olution used for imaging, which for
human brain DTI is typically 2–3 mm.
The description pertains to the measure-
ment of the average Brownian diffusion
behavior of the water molecules in what-
ever the “volume of interest” happens to
be, which in the context of MRI signal de-
tection is usually the imaging voxel. Thus,
while the DTI technique measures micro-
scopic motion, it does so by averaging the
diffusion properties over a great many
cells and axons.

The b-factor limit of 1353 s mm�2

given in the preceding paragraph is not a
particularly hard limit. Larger b-factors
are achievable if � and � are increased
when commercially available diffusion-
weighting pulse sequences are used, or by
use of custom pulse sequence designs
(which are usually not commercially
available). Larger b-factors are desirable
because they provide increased sensitivity
to the diffusion effect. Moreover, in-
creased b-factors make the measurement
sensitive to diffusion on a smaller spatial

scale. For instance if a b-factor of 3000 s
mm�2 is used in the calculations given in
the preceding paragraph with the same �
and � values, the measure becomes sensi-
tive to a root mean square water molecule
displacement in a particular direction of
2–12 �m. The advantages of increased
b-factor are counterbalanced by two neg-
ative features. First, larger b-factors pro-
duce smaller diffusion-weighted signal
and the intrinsic noise associated with
MRI signal detection can become an im-
portant accuracy-limiting factor. Second,
if the b-factor is increased by increasing
the � and � values, additional signal loss
unrelated to diffusion will be present. This
additional signal loss is the result of trans-
verse (T2) relaxation that is occurring
simultaneously with the diffusion sensiti-
zation. Description of this relaxation pro-
cess is beyond the scope of this article, but
the magnitude of signal change it produces is
similar to that produced by diffusion. The
counterbalancing goals of having strong diffu-
sionweighting(i.e., largeb-factor)andenough
signal to accurately measure has lead to wide-
spread use of “intermediate” b-factors of
�1000 s mm�2 in human brain DTI studies.

MRI is intrinsically an imaging tech-
nique. Accordingly, the diffusion coeffi-
cient measurement is actually made over a
3-dimensional grid of voxels that cover al-
most the entire brain, and the results are
(usually) presented as quantitative im-
ages. Figure 2 provides an illustration of a
diffusion coefficient image in which the
gray scale image intensity reports the nu-
merical value of D at each point in the
imaged plane. The gray scale level shows
that most of brain water has a diffusion
coefficient of �800 �m 2 s�1. The larger

image intensity that is present in the CSF
space is a consequence of the fact that wa-
ter in the CSF space can diffuse more
freely than can brain tissue water because
of the absence of cells and barriers to dif-
fusion motion.

The current-day spatial resolution
limit for whole brain human DTI is �2
mm. This statement assumes that (1)
whole brain coverage is desired, (2) com-
mercially available pulse sequences (that
have been cleared by the relevant regula-
tory authority) are used, (3) a b-factor of
�1000 s mm�2 is used, (4) a reasonable
degree of directional sampling (described
in the next section) is used, and (5) the
total acquisition time is �15 min. These
requirements are typical in present-day
neuroscience DTI studies of humans. Re-
laxing one or more of these requirements
can be helpful if is desired to have im-
proved resolution. In this context, there
are a great many details and complex is-
sues related to the design of diffusion-
weighted pulse sequences and to MRI
scanner hardware performance that can-
not be covered in a short article such as
this. DTI studies of rodents or fixed tissue
samples can be performed using signifi-
cantly better spatial resolution because of
the smaller physical size of the necessary
equipment, which facilitates use of sub-
stantially stronger gradients and provides
increased signal-to-noise ratio per unit
volume. Moreover, studies of rodents (which
usually involve anesthesia) or fixed tissue
samples typically have less stringent ac-
quisition time requirements in compari-
son with studies of awake humans. Longer
acquisition times allow averaging of re-
peated measurements to enhance image
quality.

Directionally specific measurements
The foregoing discussion ignores the
possibility that there may be directional
constraints on the microscopic diffusion
movement of water molecules. DTI spe-
cifically takes this possibility into account
by measuring how the diffusion coeffi-
cient depends on direction in every vol-
ume element of the image space. This
section introduces concepts that help to
explain why DTI is sensitive to the micro-
scopic directional constraints that are
present in brain WM and how the direc-
tionally sensitive measurements are made.

While in principle, any kind of micro-
scopic structure may be important in im-
posing directional constraints on the
diffusion movement of water molecules,
the most significant microscopic feature
seems to be organized arrays of myelin-

Figure 2. Quantitative image of diffusion coefficient from
a normal human subject. The gray scale to the right of the
image indicates that image intensity represents the quantita-
tive value of the diffusion coefficient (also referred to as dif-
fusivity) of the brain tissue. Specifically, this is an image of
Mean Diffusivity defined by Equation 12 (see text).
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ated axons in WM. In mature brain, it is
only WM that produces a readily mea-
sured directional effect. As a result, DTI
has become known as a “white matter im-
aging” technique. This oversimplification
results from the fact that, although micro-
scopic diffusion barriers are present in
gray matter (GM) and, in fact, create a
measurably smaller GM diffusion coeffi-
cient compared to the CSF diffusion coef-
ficient, the GM barriers do not have the
same easily measured directional impact

as the presence of arrays of myelinated ax-
ons seems to have in WM. Although WM
is the current focus of DTI-related efforts,
GM is also important. There have been
successful efforts to detect preferential di-
rectional diffusion related to neuronal
migration in premature GM (Neil et al.,
1998), and direction effects in mature GM
diffusion have considerable clinical and
neurobiological importance, although these
may be difficult to accurately measure.

A concept diagram illustrating the
principles of WM DTI is presented in Fig-
ure 3. The colored lines in this figure show
simulations of random movement over
time of a small group of water molecules
that started out at the same point in space.
Water molecules that were initially very
close to each other move away in a ran-
dom fashion. In CSF the average distance
moved per unit time is larger than in GM
or WM due to the absence of internal bar-
riers. In WM the most prominent internal
barriers are usually assumed to be the ax-
onal membranes, which are myelinated in
mature brain. These membranes are de-
picted as solid black lines in the figure.
Further development of the DTI concept
assumes that the WM “imaging voxel”
contains an array of densely packed axons
that are parallel to each other. From the
colored diffusion trajectories, it can be ap-
preciated that the diffusion rate perpen-
dicular to the axon array is smaller than it
is in the direction parallel to the array. Be-

cause of this, diffusion in this array of ax-
onal structures is said to be directionally
anisotropic. Diffusion in the CSF and GM
structures is directionally isotropic. Thus,
if the diffusion-sensitizing gradient is ori-
ented perpendicular to the axon array,
more signal will be detected with
diffusion-weighted MRI than would be
the case when the diffusion-sensitizing
gradient is oriented parallel to the axon
array. Furthermore, when the diffusion-
sensitizing gradient is oriented parallel to
the axon array, the diffusion signal atten-
uation in WM should be approximately
the same as in GM and somewhat less than
is observed in CSF. Such features can be
appreciated in the diffusion-weighted im-
ages from human brain shown in Figure 4.
Midline callosal signal attenuation is
more pronounced when the diffusion-
sensitizing gradient is oriented parallel to
the midline callosal fibers (i.e., in the left–
right direction) compared to when it is
oriented in the perpendicular direction
(i.e., anterior–posterior direction). Figure
4 also shows similar gradient direction-
dependent signal intensity differences in
WM fiber structures that are primarily
oriented in the anterior–posterior direc-
tion and in fiber structures oriented in the
superior–inferior direction in this par-
ticular brain section. Furthermore, GM
signal does not change when the diffusion-
sensitizing gradient direction is changed be-
cause of the absence of directional diffusion
restrictions in GM.

Figure 3 assumes the WM diffusion co-
efficient parallel to the axonal array is
equal to the GM diffusion coefficient
measured in any direction. This assump-
tion was used to simplify the comparisons
made in the illustration. It may not be
generally true for all WM structures. In
fact, WM often shows a diffusion coeffi-
cient measured in the direction parallel to
the axonal array that is much greater than
the typically measured (in any direction)
GM value (�800 �m 2 s�1). The purpose
of Figure 3 is not so much to report abso-
lute values of the normal GM and WM
diffusion coefficients, but to illustrate why
diffusion coefficients measured in WM
are directionally anisotropic.

Readers should be aware that the con-
cepts presented in Figure 3 are also super-
ficial in the sense that there is not wide
agreement that the myelinated axonal
membrane is the actual diffusion barrier.
Here the primary contradictory evidence
is that immature unmyelinated axon
arrays show measurable anisotropic diffu-
sion characteristics (for example, see
Baratti et al., 1999; Larvaron et al., 2007;

Figure 3. DTI concept diagram. The middle panel illustrates water molecule diffusion trajectories in CSF, white matter, and
gray matter. The top and bottom panels illustrate the effect of gradient-sensitizing direction on MRI signal intensity from these
tissue regions. See text for further details.

Figure 4. Diffusion-weighted images from a normal hu-
man subject obtained with two different diffusion-sensitizing
gradient directions. These are 4-mm-thick sections acquired
with diffusion-weighted spin echo echo planar imaging using
a b-vector magnitude of 1000 s mm �2 with the b-vector di-
rected along the left/right axis (left) and the anterior/poste-
rior axis (right). Ovals identify differing signal characteristics
in three major white matter pathways [left–right-oriented
corpus callosum spenium (solid oval), anterior–posterior-
oriented temporofrontal pathway (dotted oval), and rising/
descending pyramidal tracts (dashed oval)].
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Gao et al., 2009). However, on the other
hand, sequential measurements done dur-
ing brain development show that the
diffusion coefficient measured in the di-
rection perpendicular to axon array de-
creases substantially during myelination
in rodents and humans (Larvaron et al.,
2007; Gao et al., 2009).

The DTI measurement was initially
described by Basser et al. (1994). This was
the first effort to systematically measure
the directional characteristics of diffusion
with MRI. This followed about a decade of
worldwide effort to substantiate clinical
and experimental use of diffusion-weigh-
ted imaging (DWI) in which directional
constraints on brain water diffusion were
not specifically taken into account. Dur-
ing this period the anisotropic nature of
water diffusion in WM was known to exist
(see, for example, Moseley et al., 1990a),
but it was viewed as more of a problem
than an opportunity. Efforts were focused
on developing diffusion-weighted image
acquisition schemes and image analysis
techniques that suppressed or averaged
out the anisotropic nature of WM diffu-
sion. The most well established of these
rotationally independent measures was
the apparent diffusion coefficient (ADC),
which was defined by Moseley as the aver-
age of the diffusion coefficients measured
in the MRI scanner’s x, y, and z directions.

DTI takes advantage of the fact that
virtually all MRI scanners have three
hardware systems that are designed to cre-
ate linear magnetic field gradients in the
three principal directions of the scanner’s
coordinate system. The “x-gradient” sys-
tem may be used to measure the diffusion
coefficient along the “x-direction,” which
is usually assumed to be the left–right axis
of the scanner. The y- and z-gradients sys-
tems can be used to make the correspond-
ing measurements along the y and z
directions, which are usually assumed to
be the scanner’s floor-ceiling and center
axes. The diffusion coefficient along any
arbitrary direction may be measured by
using combinations of the three gradient
systems to form a magnetic field gradient
having an arbitrary orientation in space

G � Gx� 1
0
0 � � Gy� 0

1
0 � � Gz� 0

0
1 �.

(5)

In Equation 5 and the remainder of the
article, boldface typescript is used to rep-
resent vector or tensor quantities. In
Equation 5, Gx, Gy, and Gz represent the

gradient created by the three gradient
hardware systems. The directional prop-
erties of the gradient are expressed in
Equation 5 by multiplying vectors of unit
length ([1, 0, 0], [0, 1, 0], [0, 0, 1]) by the
gradient amplitudes produced by each of
the three hardware systems and summing.
From Equation 5 it can be seen that it is
possible to create a gradient in any arbi-
trary spatial direction by choosing the
appropriate values of Gx, Gy, and Gz, be-
tween 0 and the maximum that the three
gradient hardware systems can produce.
This makes it possible to measure diffu-
sion in any arbitrary spatial direction, as
will be shown below.

Substitution of Equation 4 into Equa-
tion 5 demonstrates that for DTI studies,
the b-factor is a vector quantity.

� bx

by

bz
� � �2�2�� �

�

3��Gx
2� 1

0
0 �

� Gy
2� 0

1
0 � � Gz

2� 0
0
1 ��. (6)

The corresponding analog of the Ein-
stein–Smoluchowski diffusion coefficient
used in DTI studies is the diffusion tensor,
D,

D � � Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz
�. (7)

D is usually assumed to be a diagonally
symmetric matrix and therefore only 6 of
the 9 elements are unique.

D � � Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz
�. (8)

This is a mathematical expression of the
assumption that the diffusion is symmet-
ric in any particular direction. In other
words, forward diffusion along a particu-
lar direction has equal probability as back-
ward diffusion along the same direction.
The diffusion tensor serves as a conve-
nient mathematical tool to express the
directional dependence of Einstein–Smo-
luchowski diffusion. If the values of the 6
tensor terms are known, it is possible to
calculate the value of the diffusion coeffi-
cient in any arbitrary direction in space.
For instance if it was desired to know the
value of the diffusion coefficient along a
direction r � [rx, ry, rz], one would per-
form the calculation shown in equation 9

using the rules of matrix multiplication.
(Readers who are unfamiliar with mathe-
matical operations on vectors and matri-
ces are urged to consult a textbook or
website on linear algebra.)

Dr � �rx ry rz�� Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz
�� rx

ry

rz
�.

(9)

In Equation 9, the vector r is assumed to
have unit length but to point in the direc-
tion of interest.

The corresponding DTI “signal equa-
tion” (i.e., the DTI analog of Eq. 3) is

S

S0
� e�Tr	bD
. (10)

In Equation 10, D is the diffusion tensor, b
is a matrix defined in Equation 11, and Tr
designates the mathematical “trace” oper-
ation (i.e., to sum the diagonal elements of
the matrix being operated on).

b � �2�2�� �
�

3�
� � GxGx GxGy GxGz

GyGx GyGy GyGz

GzGx GzGy GzGz
�. (11)

Equation 10 indicates how the measured
signal intensity will depend on the orien-
tation and the magnitude of the b-matrix
(which is defined by choice of gradient
strengths Gx, Gy, Gz) and the orientation
of the diffusion tensor. Therefore, the
general strategy of a DTI measurement is
to perform a series of image acquisitions
using a unique b-matrix for each acquisi-
tion. The signal intensities measured in
this series of images will depend on the
values of the diffusion tensor elements. If
enough image acquisitions are performed
using unique appropriately chosen b-ma-
trices, it is possible to determine the values
of the diffusion tensor elements.

At this point it is important to empha-
size that the expressions given in Equa-
tions 5–10 represent an “ideal” situation
that only approximates the true situation
encountered in a real measurement of dif-
fusion in the brain. These expressions are
presented to help ground the reader in
past development work and also to pro-
vide a basis on which a real measurement
can be understood. Two major deviations
from these ideals may exist. (1) The actual
values of the b-matrix elements depend
on the detailed structure of the entire
pulse sequence. Gradient pulses are used
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as part of the imaging process and these
imaging gradient pulses may alter the di-
rectional diffusion sensitivity. Further-
more, even if imaging gradient pulses are
ignored, Equation 6 is absolutely correct
only when the diffusion-sensitizing gradi-
ent pulses are rectangular as shown in Fig-
ure 1. Alteration of the shape of gradient
pulses provides some advantages, such as
increased b-factor or reduced TE, and
pulse sequences that are used in real stud-
ies do not necessarily use such rectangular
gradient pulses. In general, it is possible to
calculate the values of the b-matrix ele-
ments if the exact structure of the pulse
sequence is known (Mattiello et al., 1997).
However, further empirical calibration is
sometimes also necessary because the
three gradient systems may not perform
ideally. (2) Einstein–Smoluchowski diffu-
sion may not model the true diffusion
characteristics in all WM areas of the
brain. For instance, brain regions lying at
the interface between WM and CSF may
be better modeled using a mixture of two
diffusion tensors, one that describes the
isotropic nature of CSF diffusion and the
other that describes the anisotropic na-
ture of WM diffusion. Similarly, regions
in which there is within-voxel curvature
of the WM fiber array or in which differ-
ent WM fiber bundles intersect each other
may require more complex expressions
than a single diffusion tensor to character-
ize them.

Making directionally specific diffusion
coefficient measurements in an anatomi-
cally complex organ like the brain requires
a somewhat more complicated measure-
ment strategy than had been used in pre-
ceding DWI studies. The scanner makes
gradients, and therefore measures diffu-
sion coefficients, in its own fixed reference
frame, but the axonal structures of inter-
est at any spatial location in the brain
will not necessarily be aligned with the
scanner coordinate system. This man-
dates measurement of the diffusion using
an array of directionally sensitized sub-
measurements. This is done by sampling
the diffusion characteristics in a multi-
plicity of directions (i.e., by performing a
series of measurements with varying
b-matrices and then assembling the ac-
quired data in a logical way). Usually the
directional sampling is uniform over
3-dimensional space. There are 7 un-
known parameters (S0 and the six unique
elements of the diffusion tensor). A mini-
mum of 6 unique directionally sensitized
intensity measurements and at least one
non-diffusion-sensitized measurement
are therefore necessary to estimate all un-

known parameters. Accordingly, in the
most simplistic DTI measurement, one
imaging study is performed with b � 0
(no diffusion-sensitizing gradients) and at
least 6 additional image acquisitions are
performed with the b-matrix having finite
magnitude and variable orientation. The
collection of additional data (image ac-
quisition with more than one b � 0, �6
directions of sampling, and use of more
than one high b-factor) can considerably
improve the estimate of the diffusion ten-
sor elements. However, each of the addi-
tional image acquisitions takes time and
thereby has an associated cost and poten-
tial for artifact introduction, and there
tends to a practical limit. Typical current-
day DTI studies used in routine human
neuroscience studies sample 20 – 64 b-ma-
trix directions using two b-factor ampli-
tudes, one of which is approximately zero,
and with the other having an amplitude of
�1000 s mm�2. Advanced studies have
used many more unique directionally sen-
sitized acquisitions. Such measurements
are frequently referred to as High Angular
Resolution Diffusion Imaging (HARDI,
or HARD), a term that appears to have
first been coined by Frank (2001). In ad-
dition to high angular resolution direc-
tional sampling, the initial HARDI studies
used b-factors much larger than 1000 s
mm�2, because doing so is reported to
provide an enhanced ability to identify the
true direction in which an array of whiter
matter fibers are aligned. However, in recent
years, some authors who use b-factors in the
1000–1500smm�2 rangehavebeenreferring
to their studies as HARDI studies, just because
they use a high degree of directional sampling.
Somemoresophisticatedstudiesalsousemul-
tipleb-factorweightinginadditiontomultiple
directionally sensitized acquisitions. These go
by various names. One of these is “Q-Ball” or
“Q-space” imaging (Tuch, 2004) because the
FourierTransformofthesignalversusb-factor
is known as Q-space. Another advanced
procedure that uses a combination of
multiple b-factor weightings and many
directionally sensitized acquisitions is
known as Diffusion Spectrum Imaging
(DSI) (Wedeen et al., 2005). Here it is im-
portant to state that the present author
takes the point of view that these various
sampling methodologies and their associ-
ated post-processing techniques are sub-
parts of a “general DTI” methodology,
while other investigators sometimes argue
that DTI should be used only as a term for
the methodology originally proposed by
Basser (i.e., 7 acquisitions and data reduc-
tion involving 3 � 3 tensor analysis)
(Basser et al., 1994).

In the originally proposed DTI ap-
proach, the diffusion tensor’s six unique
elements are determined by solving a
system of signal equations using the mea-
sured signal values made with the direc-
tionally specific b-factors. For studies
involving WM it is usually then desired to
determine the directional orientation of
the (assumed) axonal fiber array for each
voxel in the imaged space. To do so, it is
assumed that the direction that has the
largest diffusion coefficient is parallel to
the fiber structure. Determining this
“principal” direction that shows the larg-
est diffusion coefficient from the mea-
sured diffusion tensor can be performed
in a variety of ways. The most commonly
used computational technique decom-
poses the diffusion tensor (measured at
each voxel) into a set of three characteris-
tic perpendicular vectors, one of which is
aligned in the direction that has the largest
diffusion coefficient. In mathematics this
is known as eigenvector decomposition.
However, it is sometimes significant to
know that use of the eigenvector decom-
position formalism is possible in this in-
stance only because of the (assumed)
symmetry of the diffusion tensor. Because
the eigenvector decomposition approach
is used so frequently, the direction of the
WM fiber array alignment within each
voxel is often referred to as the “principal
eigenvector.” Two other “eigenvectors”
that define directions perpendicular to the
principal eigenvector are also derived.
Each of the eigenvectors has a corre-
sponding “eigenvalue” that is also pro-
duced by the decomposition procedure.
The eigenvalues are just the directionally
specific Einstein–Smoluchowski diffu-
sion coefficient in the direction specified
by their corresponding eigenvector. The
eigenvalues are usually given the symbol 	
and are usually referred to as 	1, 	2, 	3,
with 	1 being the principal eigenvalue
which is larger than 	2 and 	3. For WM it
is sometimes assumed that 	2 equals 	3

and the diffusion is said to display “axial
symmetry.” Images that convey the value
of the diffusion coefficients (equivalent to
the eigenvalues) are sometimes presented
in DTI studies. These may be images of 	1,
	2, and 	3 or images of Mean Diffusivity
(MD):

MD �
1

3
		1 � 	2 � 	3
, (12)

the Axial Diffusivity (AD):

AD � 	1, (13)

or the Radial Diffusivity (RD):
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RD �
1

2
		2 � 	3
. (14)

Examples are shown in Figure 5. Of these,
the RD is believed to be most useful for
evaluation of a disease involving myelin,
because the radial diffusivity is believed to
be primarily dependent on myelin barri-
ers. In some cases, Tr(D) is used instead of
MD because the trace of the diffusion ten-
sor is equivalent to the sum of the
eigenvalues.

In addition to 	1, 	2, 	3, MD, and RD,
a simple summary image can be formed of
the “Fractional Anisotropy” (FA) (Basser
and Pierpaoli, 1996).

FA � �		1 � 	2

2 � 		1 � 	3


2

� 		2 � 	3

2

2		1
2 � 	2

2 � 	3
2


.

(15)

FA provides an easy to calculate index that
conveys how much larger 	1 is compared
with 	2 and 	3. The FA index approaches
1 when the principal eigenvalue is much
larger than the other two eigenvalues.
Brain regions showing high FA are
thereby assumed to contain well orga-
nized parallel axon arrays. The FA index
approaches zero when the three eigenval-
ues are equal and regions showing this FA
characteristic are assumed to be gray mat-
ter or to be some other tissue type that
does not have a great deal of internal di-
rectional organization such as CSF. It is
also possible to form a colorized image
that helps to convey the direction of the
principal eigenvector (Pajevic and Pier-
paoli, 2000). Figure 6 provides an example
of a DTI “ColorMap” (CM) in which the
Red-Blue-Green color system shows the
principal eigenvector’s direction. Usually
the intensity of color in such images is also
weighted by FA to reduce the influence of
non-WM tissues.

The example images shown in the fig-
ures provide only one 2-mm-thick image
slice for clarity of presentation. In fact, the
typical DTI study collects image data as
multiple parallel slices from which entire
brain volumes can be constructed. This
is illustrated in Figure 6, which shows
3-dimensional renderings of DTI CMs.

The majority of current-day DTI stud-
ies limit analysis and results evaluation to
the diffusivity measures (MD, AD, RD,
FA) and CMs. The diffusivity and FA
images have convenient properties that
make them useful for analyses involving
groups of individuals. The values of diffu-
sivity parameters are “rotationally invari-

ant,” meaning that the results should not
have a dependence on exactly which set of
diffusion-sensitizing gradients was used
or how a particular individual’s head was
positioned in the scanner. This is gener-
ally not true for CMs unless the color
direction system has been specifically
aligned to the anatomy. While reformatting
the data to form rotationally invariant diffu-
sivity images provides the opportunity for fur-
ther evaluation using the same computational
brain mapping techniques that are used for
analysis of multi-subject morphometric or
functional neuroimaging data, some caution

must be exercised (Jones and Cercignani,
2010).

Advanced DTI measurements
and analyses
DTI technology is presently in active evo-
lution. New, better, and different ap-
proaches to DTI acquisition and data
analysis appear each year. Several general
themes of this evolution process are de-
scribed in the following paragraphs of this
section.

The eigenvector information may be
used to perform a tractography analysis

Figure 5. DTI results images (FA, CM, AD, RD, MD) from a normal human subject. A T1-weighted image (T1wMRI) that depicts
the traditional MRI view of brain anatomy has been aligned and resliced to match the DTI images. These images illustrate that DTI
provides directional information about white matter fiber array orientation that is not present in traditional T1-weighted MRI and
that DTI provides quantitative images of water diffusivity parallel to and perpendicular to the fiber array orientation. The color
system used for the CM is displayed to the lower right of the CM. The CM allows the reader to immediately visualize the directional
orientation of the primary eigenvector in the left–right, anterior–posterior, superior–inferior coordinate system.

Figure 6. Three-dimensional volume renderings of DTI CM. Left lateral, frontal, and cranial views are provided. These
images are presented to illustrate that DTI results are 3-dimensional image volumes. The color system is the same as that
used in Figure 5.
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(Basser et al., 2000). The product of the
tractography analysis is an image of a
3-dimensional model that uses curved
3-dimensional lines or tubes to represent
the 3-dimensional directional organiza-
tion of WM over the entire brain or to
represent specific WM tracts. In principle,
tractography provides a means for study
of the anatomic WM connections be-
tween specific GM areas in cortex or deep
nuclei. A simple example is provided in
Figure 7. Generally speaking, two primary
forms of tractography (deterministic and
probabilistic tractography) now exist (for
a review of tractography approaches, see
Jones, 2008).

The most common form of determin-
istic tractography uses a “streamline” ap-
proach to follow the principal eigenvector
direction from voxel to voxel over long
distances. In this approach the principal
eigenvector direction (of each voxel) is
used to create a 3-dimensional field of
vectors. Computational techniques simi-
lar to those developed for aerodynamic
simulations and weather forecasting can
then be used to construct a set of stream-
lines that follow the vector field. The
streamlines are typically edited by the user
to show only the streamlines that connect
regions of interest. Tractography software
implementations usually allow the user to
specify anatomic regions of interest that
define where the streamlines begin or end
or define some midpoint along lines. The
user is frequently also permitted to specify
a minimal FA level for streamline termi-
nation. Streamlines that encounter a voxel
having FA below the specified minimum
level are terminated. Similarly, the user is
frequently also able to specify a maximum
turn angle. Streamlines that are bent
through an angle that is greater than the
specified maximum angle are terminated

or allowed to follow a weaker vector field
that does not turn so abruptly. User-
specified minimal FA values and maximal
turn angles help to filter out streamlines
that are anatomically unrealistic due to in-
accuracy in the diffusion tensor measures,
which is often related to noise present in
the raw diffusion-weighted images.

Probabilistic tractography is an en-
hancement of deterministic methodology
which takes into account that there is
uncertainty (i.e., experimental error) associ-
ated with the determination of the principal
eigenvector’s orientation at each point in
the imaged space (Behrens et al., 2003).
Typically a “cone of uncertainty” which
specifies the distribution of probable ori-
entations of the principal eigenvector for
each voxel is estimated. Deterministic
tractography is then performed a large
number of times with the principal eigen-
vector orientation being chosen at ran-
dom within constraints determined at
random from the cones of uncertainty.
The results from the large number of
streamline studies are then assembled to
produce statistical estimates of the anatomic
connections between a seed point and a ter-
mination point. Such probabilistic methods
provide a quantitative statistical inference of
the anatomic connections that exist be-
tween seed point and termination points.

Once a tract has been identified (by ei-
ther general method), certain characteris-
tics of the tract, such as the FA or the
diffusivities within the tract, can be mea-
sured. Results of these measurements can
then be assembled across the study popu-
lation to form “tract-based spatial statis-
tics” (TBSS) (Smith et al., 2006) which are
sometimes presented in image format.

Another advanced analytic procedure
involves calculation of detailed geometric
models of the directional dependence
diffusion for each voxel. The tensor mod-
eling approach that has been described
above amounts to a relatively “low-reso-
lution” approach for encapsulating the
magnitude and the directional depen-
dencies of water diffusion. Advanced
techniques use a variety of analytic and
modeling approaches to derive higher an-
gular resolution geometric models and to
thereby produce a more accurate estima-
tion of the true orientational distribution
function (ODF). Such methods generally
require the collection of HARDI data.
These efforts grew from earlier proce-
dures that presented the diffusion coeffi-
cient information as prolate or oblate
ellipsoids or spheres that conveyed the
orientation of the diffusion tensor in
3-dimensional space (Fig. 8). As HARDI

acquisitions became more feasible, it be-
came possible to create more geometri-
cally sophisticated spatial models (Tuch,
2004; Anderson, 2005; Wedeen et al.,
2005) of the voxel diffusion information.
Many authors argue that such complex
spatial modeling is helpful in terms of
identifying diffusion constraints that exist
within the voxel (i.e., at a spatial scale that
is well below the image acquisition resolu-
tion). The underlying rationale has been
that one can use the highly detailed angu-
lar diffusion information to interpolate
the internal structure of the WM within a
voxel. This is particularly attractive in
terms of resolving fine scale features, such
as fiber bundles that intersect each other
within a voxel, or to more accurately fol-
low curvature, convergence, and diver-
gence of fiber bundles within a voxel
(Alexander, 2005; Wedeen et al., 2005).
Perhaps more importantly, such highly
refined views of subvoxel WM structure
might provide clues about cellular patho-
physiological processes that occur in WM
disease or to clarify how other subject
characteristics of interest such as genetic
profile or intellectual aptitude might re-
late to WM microscopic structure.

Attributes
DTI encapsulates many significant inno-
vations and attributes that have led to its
profound growth over the past few years.
Several of the more important of these are
described in this section.

While many current DTI studies are
targeted at understanding the large- and
small-scale structure of WM, this evolved
from earlier work on quantitative imaging
of the water diffusion coefficient. Studies
done in the early 1990s demonstrated the
profound sensitivity of the brain’s water
diffusion coefficient to ischemia (Moseley
et al., 1990b). Easily measured changes in
the diffusion coefficient occur in GM and
WM within minutes of the complete in-
terruption of cerebral blood flow, and
these abnormal features can be reversed if
prompt reperfusion occurs (Pierpaoli et
al., 1996). Straightforward DWI/ADC im-
aging grew into a clinically useful ap-
proach for examining and conclusively
diagnosing acute ischemic stroke in hu-
man patients, and this amounts to one of
the most remarkable developments in
practical clinical imaging that has oc-
curred in the past 20 years. DWI and ADC
imaging are now used thousands of times
per day worldwide to evaluate patients
who are suspected to have stroke. Other
brain disorders produce somewhat more
subtle changes in the diffusion coefficient,

Figure 7. Fiber tractography of major white matter sys-
tems in a normal human subject: a left lateral view showing
white matter structures passing through the corpus callosum
(red), rising/descending pyramidal pathways (blue), and
fronto-temporo-occipital pathways (green) are presented.
Tractography was performed with DTIStudio/MRIStudio
(www.mristudio.org).
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but even these smaller changes can also be
diagnostic, and the development of DWI
and ADC imaging as diagnostic or prog-
nostic clinical tools for many disorders is
ongoing.

Current research activity related to
WM imaging with DTI results from the
fact that there are few alternative nonin-
vasive ways of studying the macroscopic
directional organization of WM or its mi-
croscopic substructure in the living hu-
man brain. DTI has already produced new
knowledge about connectivity within the
human brain. For instance, tractography
studies have provided new information
about specific WM pathways (see Catani
et al., 2005, for example) that help to ex-
plain clinical observations about aphasia.

Recent studies published by this Jour-
nal provide examples of the breadth of
DTI applications. These may be broadly
categorized as WM connectivity studies or
WM microstructure studies.

Recent WM connectivity studies pub-
lished by this Journal include reports on
parietal cortex connectivity (Schulte et al.,
2010; Koch et al., 2011; Mars et al., 2011),
amygdalar WM projections (Bach et al.,
2011), phantom limb syndrome mecha-
nisms (Zeller et al., 2011), frontotemporal
connections in schizophrenia (van den
Heuvel et al., 2010), and cingulothalamic
connectivity (Seifert et al., 2011). On a
broader scale, recent worldwide interest
in large-scale study of the human brain
connectome has recognized DTI as an im-
portant technique for inferring anatomi-
cal connections, and significant resources
are being devoted to using, and further
developing, DTI and related techniques
for this purpose. In this regard, the an-
atomic specificity of DTI naturally aug-
ments studies of functional connectivity
done by a variety of magnetic resonance
imaging and radionuclide imaging
techniques.

White matter microstructure studies
try to find correlations between a DTI-
measured parameter, which is usually FA,
and disease, performance, or subject char-
acteristics (such as genetics). The finding
of a significant correlation suggests that
changes in the cellular WM substructure
are involved in disease or convey en-
hanced/decreased performance. Exam-
ples of such WM microstructure studies
published recently by this Journal include
studies on WM– genetics relationships in
Alzheimer’s disease (Braskie et al., 2011),
substance abuse (Sowell et al., 2010), age
dependence of WM microstructure
(Lindberg et al., 2010; Penke et al., 2010;
Lebel and Beaulieu, 2011), the relation-

ship of WM microstructure to working
memory performance (Takeuchi et al.,
2010), visual-motor system integration
(Schulte et al., 2010), and cognitive con-
trol (Roberts et al., 2010). These studies
illustrate that DTI has passed from being a
rather esoteric curiosity to being a solid
neuroscience research tool.

Although this article has focused pri-
marily on human neuroscience research
applications of DTI, it is important to em-
phasize that DTI utility is not limited to
humans. DTI may also be fruitfully ap-
plied in the study of living animals in
support of more basic neuroscience inves-
tigation. DTI studies of fixed tissues from
rodent and primate brains are feasible
when the necessary equipment is available
(Guilfoyle et al., 2003; Sun et al., 2003;
D’Arceuil et al., 2007). Furthermore, DTI
studies of living subjects are often limited
by the practical amount of time that the
subject (human or animal) can remain
motionless. Much higher spatial detail is
achievable when scan times can be signif-
icantly lengthened. Thus, several investi-
gators have recognized that DTI study of
fixed brain tissue specimens can provide
extraordinary detail about anatomic brain
organization.

While of somewhat less interest to
neuroscientists, some biological tissues
other than the brain (e.g., muscle) have
considerable directional organization, and
DTI approaches for studying these systems
are under development (Koltzenburg and
Yousry, 2007). During the past few years,
techniques for imaging water diffusion in
other parts of the body have become practi-
cal and are showing the potential for clinical
utility, particularly in oncology.

Current limitations
It is important to emphasize that, while
DTI and related techniques appear to have
an unprecedented ability for visualizing
WM properties in living human brain,
there are distinct limitations for investiga-
tors to be aware of. Foremost of these is
that, despite the striking visual presenta-
tion, the DTI-derived WM properties are,
in fact, inferences. Such results are consis-
tent with the data, but not necessarily
true. For instance, the typical DTI tractog-
raphy study presents a visual depiction of
the most probable model of WM connec-
tion between two or more GM areas. How
probable the displayed connections are is
usually not provided, nor are alternate
connections that are almost as probable.
Failure to identify connection is also a
problem. Tractography can be thrown off
course by the presence of noise or artifact
in a single voxel along the tract. The trac-
tography algorithm may stop before
reaching the true endpoint or it may con-
tinue by following an inappropriate tract.
Furthermore, the display of WM connec-
tions does not mean that the connections
being displayed are necessarily function-
ing. The fact the DTI tractography can be
practically applied to fixed tissues under-
scores that it is the anatomy and not its
functioning that is being examined. Simi-
lar inference problems exist for studies
involving alteration of FA (or other mea-
sured DTI parameters) by disease or stud-
ies involving the relationship of DTI
parameters to subject traits or perfor-
mance. Usually it is asserted that the DTI
parameter is reporting that WM micro-
structure is altered, but there is very little

Figure 8. The left panel is a depiction of the diffusion ellipsoid derived from the diffusion tensors measured in each image voxel
in a single 2 mm axial slice. Each ellipsoid is represented as a color-coded 3-dimensional object. Color coding reflects the direction
of the principal eigenvalue using the color system defined in Figure 5. The right panel shows a magnified view of the region around
the genu of the corpus callosum.
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solid knowledge about what specific cellu-
lar alterations (e.g., myelin thickness, ax-
onal packing density, axonal breaks, etc)
have occurred.

Another limitation arises from the fact
that current DTI technology almost uni-
versally uses “echo planar imaging” (EPI)
as the basic imaging technique. Neurosci-
entist investigators and neuroscientists-
clinicians may be familiar with EPI in the
context of functional MRI or clinical
DWI/ADC studies. EPI is a rather low-
resolution MRI technique that is used
when it is necessary to acquire MR images
of entire brain volumes at high frame
rates. EPI is used for DTI because many
investigators now believe that a large
number of different diffusion-sensitizing
gradient directions must be used. Acquir-
ing such a large number of whole-brain
volume images before the subject moves is
essentially impossible when using any
other image acquisition technique but
EPI. The cost of the high frame rate EPI
imaging is reduced spatial resolution
compared to conventional MRI and an in-
crease in the number of image artifacts. A
recent review by Tournier et al. (2011) de-
scribes a number of the more common
artifacts that are seen when EPI is used as
the image acquisition procedure. EPI spa-
tial resolution limitations lead to a mini-
mal DTI spatial resolution of �2 � 2 � 2
mm 3. Furthermore, image shape and in-
tensity distortions appear in any region
where abrupt, although relatively small,
changes of the spatial static magnetic field
strength occur (see, for example, frontal
lobe geometric distortions in Figs. 4, 5).
Typically such spatial magnetic field dis-
tortions are produced by the brain, head,
and torso anatomy as opposed to the MRI
magnet. Accordingly, certain brain re-
gions, most prominently the mesial and
anterior temporal lobes and the inferior
mesial frontal lobes, show the most pro-
nounced image distortion.

Even when EPI is used, DTI acquisi-
tion times, particularly for the more ad-
vanced forms of DTI, can easily exceed 30
min. In this context, subject motion is the
most substantial concern. In addition to
gross subject motion, it must also be re-
membered that the ventricular system
contracts and expands with each heart
beat, and many WM tracts of interest abut
the lateral ventricles. DTI measures made
in these periventricular regions can have
major artifacts that result from the peri-
odic ventricular pulsations (Walker et al.,
2011).
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