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Abbreviations

AD Axial diffusivity

ADC Apparent diffusion coefficient
ADHD  Attention deficit hyperactivity disorder
BET Brain extraction tool

CSF Cerebrospinal fluid

DKI Diffusion kurtosis imaging
DTI Diffusion tensor imaging
DWI Diffusion-weighted imaging
FA Fractional anisotropy

MD Trace, mean diffusivity

MRI Magnetic resonance imaging
RD Radial diffusivity

ROI Region of interest

TBSS  Tract-based spatial statistics
5.1 Introduction

Diffusion tensor imaging (DTI) is an advanced
magnetic resonance imaging (MRI) technique
that provides detailed information about tissue
microstructure such as fiber orientation, axonal
density, and degree of myelination. DTI is
based on the measurement of the diffusion of
water molecules. It was developed in the early
1990s and since then has been applied in a wide

LK. Koerte, MD (D<) « M. Muehlmann, MD
Division of Radiology, Ludwig-Maximilians-
University, Munich, Germany

e-mail: inga.koerte @med.Imu.de;
muehlmann @bwh.harvard.edu

C. Mulert, M.E. Shenton (eds.), MRI in Psychiatry,

variety of scientific and clinical settings, espe-
cially, but not limited to, the investigation of
brain pathology in schizophrenia (Shenton et al.
2001; Qiu et al. 2009, 2010), Alzheimer’s dis-
ease (Damoiseaux et al. 2009; Mielke et al.
2009; Avants et al. 2010; Gold et al. 2010;
Jahng et al. 2011), and autism (Pugliese et al.
2009; Cheng et al. 2010; Fletcher et al. 2010).
This chapter describes the basics of the tech-
nique, outlines resources needed for acquisi-
tion, and focuses on post-processing techniques
and statistical analyses with and without a pri-
ori hypotheses.

5.2  Basic Principles of Diffusion

5.2.1 Brownian Motion

Water molecules are constantly moving due to
their thermal energy at temperatures above zero.
In 1827, Robert Brown described the phenomena
of particles suspended in fluid that move
randomly (Brown 1827). Starting from the same
position, the movement paths of single water
molecules are unpredictable and end up in
unforeseeable positions at time x. The process of
diffusion depends upon a concentration gradient
that was described by Fick’s first law of diffu-
sion. Fick’s second law calculates the distance a
particle diffuses in a certain time based on the
diffusion coefficient (Fick 1855). Albert Einstein
derived Fick’s second law from thermodynamic
laws, thereby building toward what has evolved
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Fig.5.1 Isotropic and anisotropic diffusion

to diffusion theory. Further, Einstein was able to
mathematically explain Brownian motion by
determining the mean squared displacement of a
single particle (Einstein 1905).

5.2.2 Isotropic Diffusion

During the process of diffusion, the random
nature of Brownian motion causes molecules
to move passively from a region with high con-
centration to a region with low concentration. If
a drop of ink is dropped in a glass filled with
water, the drop seems to stay steady in place
at first, before it enlarges spherically until the
entire water in the glass becomes homogenously
colored. While the mixing of the fluids ceases
macroscopically as a result of the vanishing
concentration gradient, the molecules keep
randomly moving, which is also called self-
diffusion. Looking at a large number of water
molecules originating from the same position,
we observe that the distribution of the end points
after time x follows a 3D Gaussian distribution.
This is also referred to as free, unrestricted, or
isotropic diffusion (Fig. 5.1a).

Diffusion in biological tissues is affected
by the microstructure of the respective tissue.
In biological tissue, the water molecules still ran-
domly diffuse in each 3D direction (isotropic) but
are slowed down in their range due to collision
with large-scaled biological molecules. Therefore,
the diffusion coefficient for water in biological tis-
sues, which is called apparent diffusion coefficient
(ADC), is lower than in water. In an unorganized
biological environment, ADC is independent from
the direction of measurement, as a result of the
spherical shape of diffusion. However, the radius
of diffusion is reduced compared to unhindered
diffusion when considering equal time points.

5.2.3 Anisotropic Diffusion

In highly structured biological tissues, such as
white matter of the brain, the movement of water
molecules is restricted by cell membranes, myelin
sheaths, and microfilament (Jones et al. 2013).
The diffusion probability of water molecules in
structured tissue describes an ellipsoid based
on the preferred diffusion direction parallel to
the axon (Fig. 5.1b) (Basser et al. 1994a, b).
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In organized tissues such as the white matter, the
ADC depends on the direction from which it is
measured. The ADC is higher if the diffusion gra-
dients are aligned to the preferred diffusion direc-
tion and lower if measured perpendicular to it.

5.3 Magnetic Resonance
Diffusion-Weighted Imaging
5.3.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) relies on
the nuclear spin which is innate to all elements
with an odd-numbered composition of nuclear
particles in their nucleus (Rabi et al. 1938). One
example is the hydrogen nucleus consisting of
a single proton. The proton can be understood
as a charged moving particle while the conoi-
dal movement as described by its spin axis is
called precession (Loeffler 1981). Tissues of
the human body contain between 22 % (bones)
and 95 % (blood plasma) water and are therefore
rich in protons. In a static magnetic field, the
spins are precessing parallel and antiparallel to
the magnetic field axis. Both orientations can be
understood as different states of energy, where
the upward spins are on a lower energetic level
compared to the downward spins. In order to keep
the energetic balance, there are more upward-
oriented spins. The surplus of spins oriented
upward causes a constant magnetization along
the axis of the static magnetic field (z-axis which
is also called longitudinal magnetization). MRI
uses radiofrequency pulses to disrupt the con-
stant magnetization and tilt the spin axis into the
xy-plane (transversal magnetization) (Loeffler
1981). The moving sum of magnetic vectors in
the xy-plane induces an alternating voltage in the
reception coil (MRI signal). The process in which
the transversal magnetization returns to the lon-
gitudinal magnetization is accompanied with
energy loss and is called spin-lattice relaxation
or Tl-relaxation. In contrast the T2-relaxation
is caused by energetic shifts between the spins
while dephasing, while no energy is getting lost
to the surrounding (Loeffler 1981).

5.3.2 Diffusion-Weighted Imaging

In diffusion-weighted imaging (DWI), the
strength of the MRI signal depends on the mean
displacement of water molecules. Here a strong
signal indicates a low diffusion in the direction
of the magnetic gradient field. Accordingly, the
signal loss is higher when the mean displacement
of the water molecules is higher along the gradi-
ent. The mean displacement of water molecules
is described as the apparent diffusion coefficient
(ADC). In the clinical setting, DWI is often used
in the assessment of stroke (Warach et al. 1995;
Brunser et al. 2013) because extracellular diffu-
sion restriction due to the swelling of neurons is
a highly sensitive marker of cerebral ischemia.
This was first described by Moseley in 1990
(1990).

5.3.2.1 Stejskal-Tanner Sequence

To obtain diffusion-weighted images, the Stejskal-
Tanner sequence is applied (Stejskal and Tanner
1965). A basic scheme of this sequence is given in
Fig. 5.2. The process starts by applying a 90°
radiofrequency pulse after time (¢) to shift the
magnetization vector into the xy-plane. The equal
precessing spins create a magnetic momentum
that is rotating in the xy-plane thereby inducing a
voltage that can be referred to as the MRI signal.
Due to intermolecular interactions and also due to
field inhomogeneity, the first equally precessing
spins start to diphase, resulting in a decay of the
T2 signal. Now a 180° radiofrequency pulse is
applied to turn the whole spin magnetization
around. Previously slower precessing spins are
now put ahead of faster precessing spins. After
time (2¢ = TE), all spins precess in phase again,
and the recovered magnetic momentum induces a
voltage, the spin echo. One could also state that by
using the 180° pulse, the effect of field inhomoge-
neities is reversed. For diffusion weighting, two
magnetic gradients are applied in addition to the
static magnetic field and the radiofrequency pulse
(Stejskal and Tanner 1965). Here the first linear
gradient weakens or strengthens the local field
strength resulting in a certain position-dependent
precession frequency of corresponding spins. For
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Fig.5.2 Stejskal-Tanner Sequence

Fig.5.3 Eigenvalues of the diffusion ellipsoid

spins in solid tissue, the effect of this gradient
whether weakened or strengthened is reversed by
the second gradient pulse (Stejskal and Tanner
1965). The signal loss is larger in tissues where
the containing spins can move more rapidly
between the applications of both gradient pulses.

5.3.3 Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) emerged from
DWI in 1994 (Basser et al. 1994a, b). DTI is

also based on the diffusion of water molecules
as acquired with the Stejskal-Tanner sequence.
The main advantage over DWI is that it makes it
possible to quantify not only the diffusion in total
but also the directionality of diffusion, which is
called the diffusion tensor. In order to quantify
the diffusion tensor, six different diffusion mea-
surements and directions are necessary to suf-
ficiently satisfy the tensor equation (Pierpaoli
et al. 1996). Information content and reliability
of the calculation of the diffusion tensor can
be further improved by increasing the number
of diffusion directions. Moreover, for complex
post-processing analyses such as tractography,
at least 30 diffusion directions are recommended
in order to obtain reliable results (Spiotta et al.
2012). Increasing the number of diffusion direc-
tions enhances the precision of the reconstruction
while the statistical rotational variance is reduced
(Jones et al. 2013). The 3D information obtained
from various diffusion gradients is used to cal-
culate a multilinear transformation, the diffusion
tensor. The diffusion tensor can be described
using eigenvalues and eigenvectors and visual-
ized as the diffusion ellipsoid (Fig. 5.3). The axes
of the three-dimensional coordinate system are
called eigenvectors, while the length of their mea-
sure is called eigenvalues. The three eigenvalues
are symbolized by the Greek letter lambda (11,
A2, A3). The eigenvalues are then used to calculate
different parameters of the diffusion tensor.
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5.3.4 Quantitative Parameters
of the Diffusion Tensor

Commonly used quantitative parameters of the
diffusion tensor are axial diffusivity (AD);
radial diffusivity (RD); trace, mean diffusivity
(MD); and fractional anisotropy (FA). These
parameters are calculated for each voxel of the
imaging data set and make it possible to charac-
terize, noninvasively, tissue on a microscopic
level.

5.3.4.1 Axial Diffusivity and Radial
Diffusivity

The largest eigenvalue is named A1 and is ori-

ented parallel to the axonal structures. It is there-

fore equal to the diffusion tensor parameter axial

diffusivity:

AD =11

The eigenvalues A2 and A3 are the values along
the two short axis of the coordinate system. They
are therefore used to calculate the radial diffusivity
which describes the diffusion perpendicular to the
main diffusion direction. RD is calculated by divid-
ing the sum of the short-axis eigenvalues by 2:

(A2+23)
2

5.3.4.2 Trace and Mean Diffusivity

The sum of all three eigenvalues is called trace.
Mean diffusivity is obtained when trace is divided
by three:

Trace = A1+ A2+ A3

(A1+A2+23)
3

5.3.4.3 Fractional Anisotropy

The calculation of fractional anisotropy weighs
the preferred component of diffusivity to obtain
information about the quantity of directionality.
Therefore, the square root of the diffusion differ-

ences (\/(11—12)2 +(11_13)2 +()~2—l3)2)

is used and then averaged by the square root of

sums of squares (\/(/11)2 +(22)° +(/13)2j. The

first term [\/I J scales the FA to values between 0
and 1:

T(A1=22)" +(A1-23) +(22-23)’
e \E J(

) +(22) +(23)

Based on these DTI parameters, assump-
tions can be made regarding the microstruc-
ture of the brain such as the orientation and
diameter of axons and their surrounding struc-
tures such as the myelin sheaths. For example,
decreased RD and therefore higher FA can be
based on increased axonal density, reduced
axonal diameter, and thicker myelin sheaths
(Song et al. 2002). A lower FA can be caused
by a number of factors, for example, a larger
axon diameter (Takahashi et al. 2002), a lower
axon density (Takahashi et al. 2002), and/or
increased membrane permeability. Increased
mean diffusivity represents an increase in
extracellular diffusion of water molecules and
can be the result of, for example, vasogenic
edema (Filippi et al. 2001).

5.4  Post-Processing of DTl Data

5.4.1 Quality of DTI Data

The first and one of the most important steps in
post-processing diffusion MRI data is to check
the quality of the acquired data. The importance
of the quality check arises from the susceptibility
of diffusion MR images to artifacts, for example,
motion artifact and/or susceptibility artifacts.
While there are no strict guidelines for the post-
processing of DTI data or standardized quality
assurance, it is recommended that manual inspec-
tion be performed on the data, slice by slice, in
order to ensure that reliable results are obtained
for all acquired diffusion directions. All regions
of interest must also be free from any artifact to
avoid possible confounds in the calculation of
diffusion parameters.
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Fig.5.4 Scalar (a) and color-coded (b) FA maps

5.4.2 Diffusion Tensor Masks

Most post-processing techniques require a mask
for the individual data set that contains only the
brain and the surrounding cerebrospinal fluid
(CSF) space. These masks can be obtained auto-
matically using a software such as the brain
extraction tool (BET), which is part of the FSL
software (FMRIB Software Library, The Oxford
Centre of Functional MRI of the Brain —
FMRIB). To guarantee a high quality of data and
to take the individual’s anatomy into account,
the masks created automatically are then manu-
ally edited. The latter can be a labor-intensive
process.

5.4.3 Visualization of DTI
Parameters

The easiest way to visualize the DTI parameters
is by displaying the value as the level of gray
in each respective voxel (Fig. 5.4a). By adding
the information of the main diffusion direction

using a color scheme, color-coded maps can be
obtained (Fig. 5.4b). Blue-colored voxels repre-
sent the main diffusion direction parallel to the
z-axis, that is, inferior to superior in human indi-
viduals. In contrast, the green-colored voxels rep-
resent the main diffusion direction parallel to the
y-axis, that is, anterior to posterior. Red-colored
voxels represent a main diffusion direction paral-
lel to the x-axis, that is, left to right. While the
axis and the directionality of diffusion in a spe-
cific tissue can be calculated, it is not possible
to obtain information about the direction of the
flow of actual information, which can occur
bidirectionally.

5.4.4 Tract-Based Spatial Statistics

To investigate differences in DTI parameters
between groups, a statistical approach can be
used which takes all voxels of each individual
into account. The most commonly used method is
called tract-based spatial statistics (TBSS) (Smith
et al. 2006), which is part of the freely avail-
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Fig.5.5 Example of significant TBSS result

able software package FSL (FMRIB Software
Library, The Oxford Centre of Functional MRI
of the Brain —- FMRIB).

The individual DTI images are scaled to a
standard space and aligned either to each other or
to a standard image. After aligning the individual
images, a three-dimensional map is created
which then contains the mean of all individuals.
This map can be used to calculate the mean skel-
eton representing the center elements of the main
white matter tracts of all included individuals.
TBSS uses a nonparametric statistical test that
analyzes all voxels corresponding to the mean
skeleton. Additional co-variables such as age or
gender can be included in the analysis allowing
for the investigation of dependencies. Results are
corrected for multiple testing and are displayed
in a 3D image (Fig. 5.5).

Advantages of using TBSS analysis include
the possibility of testing without an a priori
hypothesis and the possibility of including co-
variables. Drawbacks of this voxel-wise approach
are the loss of individual information due to par-
tial volume effects and interindividual differ-
ences. One should also keep in mind that only the
skeleton representing the main white matter
tracts is analyzed, whereas voxels containing
peripheral white matter or gray matter are not
included. Additional caution should be taken

when investigating groups with a more heteroge-
neous anatomy such as children, especially when
the age range is wide.

5.4.5 Region-of-Interest Analysis

Region-of-interest (ROI) analyses are com-
monly used to test a priori hypotheses. They are
performed at the level of the individual’s data
set. The ROI can be placed either manually or
semiautomatically. When placing ROIs, special
care should be taken to only include the structure
of interest. Therefore, it is recommended that
group standardized thresholds be used during
the selection process to minimize partial volume
effects. Partial volume effects result from the fact
that a three-dimensional voxel can include vari-
able amounts of information from both the struc-
ture of interest and the surrounding tissue. This
can be done by using freely available software
packages such as 3DSlicer (SPL, BWH, Harvard,
Boston) (Fedorov et al. 2012) or FreeSurfer
(NMR, MGH, Harvard, Boston) (Dale et al.
1999). ROIs can be analyzed with respect to
their size and the mean of the respective diffu-
sion parameter on the level of the individual.
Obtained values can then be used for offline sta-
tistical analysis.

5.4.6 Tractography

Tractography makes it possible to both visualize in
three dimensions and quantify fiber tracts (Basser
et al. 2000). Based on the preferred diffusion
direction of neighboring voxels, the likelihood of
(fiber) connectivity between the voxels can also be
estimated. Fiber tracts can be identified by defin-
ing a single ROI as starting point or by using
multiple ROIs that the fiber tract passes. The mul-
tiple ROI approach is especially useful to investi-
gate long and complex tracts. Additional exclusion
ROIs can be used to limit the obtained fibers, for
example, when the corticospinal tract is of interest,
fibers crossing to the other hemisphere may have
to be excluded by an exclusion ROI in the sagittal
midline. Tractography can be performed using the
software 3DSlicer (Fedorov et al. 2012).
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Fig.5.6 Single and Two-Tensor Tractography

Identified tracts can then be visualized.
Moreover, the tract can be analyzed regarding the
number of reconstructed fibers as well as their
DTI parameters RD, AD, trace, MD, and FA.
This makes tractography a more specific approach
compared to ROI-based analyses or TBSS
because only the structure of interest is analyzed.
However, tractography is limited when it comes
to crossing of fibers, for example, transcallosal
fibers crossing the downward projecting cortico-
spinal tract. This is because the tensor includes
all information on the diffusion in the respective
voxel assuming that all fibers in this voxel travel
in the same direction. However, in large parts of
the brain’s white matter, voxels contain crossing
fiber tracts that result in decreased anisotropy in a
given voxel. This false decrease in anisotropy
leads to fiber tracts ending abruptly. Multi-tensor
algorithms calculate more than one tensor per
voxel thereby making it possible to follow and to
analyze tracts that travel in different directions
(Fig. 5.6) (Malcolm et al. 2010).

5.5 Limitations

Limitations of DTI include the vulnerability to
artifacts such as motion artifact, susceptibility
artifact, and distortion artifact (eddy current).

To acquire DTI data covering the entire brain
with high and reliable quality, a sequence takes
between 5 and 10 min, which is relatively
long compared to structural sequences such
as Tl-weighted and T2-weighted sequences.
Especially in children and in the elderly, it can
be difficult to obtain a complete DTI sequence
without motion artifact.

Another limitation may be seen by the fact
that the diffusion tensor is calculated for an entire
voxel and therefore represents at least 1 mm?,
whereas the diameter of an axon is about 7 pm.
This means that DTI parameters may represent a
combination of different structures rather than a
single axon or fiber. However, to date, DTI is the
most sensitive noninvasive technique that makes
it possible to characterize microscopic brain
white matter (Jones et al. 2013).

5.6  Future Directions

Although diffusion tensor imaging already looks
back at close to two decades of success, there are
still promising further developments regarding
the acquisition of DTI data as well as post-
processing techniques. Advanced post-processing
algorithms using compressed sensing have been
developed by Rathi et al. to enhance the quality
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of images acquired with a lower number of diffu-
sion directions in order to reduce the scanning
time (Michailovich et al. 2011; Rathi et al. 2011).
This advancement is of particular importance
when investigating children, the elderly, and
patients who have difficulties staying motionless
in the scanner, for example, patients with
Parkinson’s disease, attention deficit hyperactivity
disorder (ADHD), patients experiencing pain, or
Alzheimer’s disease.

Pasternak et al. have also introduced a new
approach that makes it possible to differentiate
two contributing compartments to the diffusion
MRI signal (Pasternak et al. 2009). One compart-
ment contains freely diffusing water molecules in
the extracellular space, while the other compart-
ment includes water molecules that are affected
by structures in biological tissues. Therefore, this
method enables the quantification of free water in
the extracellular space and the assessment of
tissue-specific, free-water-corrected FA and MD
values (Pasternak et al. 2009). This method was
recently applied to patients experiencing a first
episode of schizophrenia where a widespread
increase in free water was observed, suggesting a
neuroinflammatory response, in addition to a
reduction in free-water-corrected FA in the fron-
tal regions of the brain, suggesting axonal degen-
eration (Pasternak et al. 2012).

Another promising approach is the diffusion
kurtosis imaging (DKI). This approach is based
on the multi-shell DWI, where multiple b-values
are acquired in one session. In addition to
common DTI parameters, the mean deviation
from the Gaussian diffusion is calculated and
taken into account. Cheung et al. were able to
show higher sensitivity of kurtosis imaging com-
pared with common DTI, in finding changes of
white and gray matter during rat brain develop-
ment (Cheung et al. 2009). Helpern used DKI to
noninvasively compare the microstructural devel-
opment of patients with ADHD compared to con-
trols. Group comparison revealed that
DKI-corrected RD and AD values stagnated in
the ADHD group, while the control group showed
an age-related increase in the complexity of white
matter microstructure (Helpern et al. 2011).
These preliminary results support the assumption
that DKI may be a sensitive addition to DTI eval-
uation of white matter microstructure.

It is thus clear that there is much work to be
done using diffusion measures in clinical popu-
lations and that this field is still in its infancy. A
closer look at measures such as free water to
delineate further possible neuroinflammatory
versus neurodegenerative aspects of disease
may provide important new insights as will the
ability to more clearly specify the underlying
changes by using DKI to specify further changes
in the brain related to myelin disturbances.
These advances, along with algorithms that
greatly reduce the time in the magnet while pro-
viding the same information as acquisitions that
by now take 60 min, will provide a level of sen-
sitivity and specificity of pathology, in vivo, that
is not possible today, although we are close.
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