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Abstract Diffusion tensor imaging (DTI) has become one
of the most popular MRI techniques in brain research, as
well as in clinical practice. The number of brain studies
with DTI is growing steadily and, over the last decade, has
produced more than 700 publications. Diffusion tensor
imaging enables visualization and characterization of white
matter fascicli in two and three dimensions. Since the
introduction of this methodology in 1994, it has been used
to study the white matter architecture and integrity of the
normal and diseased brains (multiple sclerosis, stroke,
aging, dementia, schizophrenia, etc.). Although it provided
image contrast that was not available with routine MR
techniques, unique information on white matter and 3D
visualization of neuronal pathways, many questions were
raised regarding the origin of the DTI signal. Diffusion
tensor imaging is constantly validated, challenged, and
developed in terms of acquisition scheme, image process-
ing, analysis, and interpretation. While DTI offers a
powerful tool to study and visualize white matter, it suffers
from inherent artifacts and limitations. The partial volume
effect and the inability of the model to cope with non-
Gaussian diffusion are its two main drawbacks. Neverthe-
less, when combined with functional brain mapping, DTI

provides an efficient tool for comprehensive, noninvasive,
functional anatomy mapping of the human brain. This
review summarizes the development of DTI in the last
decade with respect to the specificity and utility of the
technique in radiology and anatomy studies.
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Background

Diffusion tensor imaging (DTI) revolutionalized the field of
white matter mapping. This MRI-based methodology,
originally presented in 1994 (Basser et al. 1994), takes
advantage of the macroscopic geometrical arrangement of
white matter bundles that becomes apparent through
diffusion MRI measurements (Basser et al. 1994; Basser
1995; Basser and Jones 2002; Basser and Pierpaoli 1996,
1998; Pierpaoli et al. 1996; Pierpaoli and Basser 1996). In
general, diffusion MRI measures the translational displace-
ment of water molecules (Le Bihan 1995). The anisotropic
nature of water displacement in white matter has been
observed since the early days of diffusion MRI (Moseley
et al. 1990, 1991; Sakuma et al. 1991), but its quantifica-
tion, especially in the brain, was complicated. Water
molecules’ motion or diffusion was found to be much
faster along the white matter fibers than perpendicular to
them (Basser et al. 1994; Basser 1995; Basser and Pierpaoli
1996, 1998). The difference between these two motions
(parallel and perpendicular to the fibers, also termed
diffusion anisotropy) is the basis of DTI. Diffusion tensor
imaging provides a framework for acquisition, analysis, and
quantification of the diffusion properties of white matter
(Basser and Pierpaoli 1996, 1998; Pierpaoli et al. 1996).
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It takes diffusion measurements in multiple directions and,
using tensor decomposition, extracts the diffusivities
parallel and perpendicular to the fibers (also termed
principal diffusivities, λ// and λ⊥) (Basser et al. 1994;
Basser 1995; Basser and Jones 2002; Basser and Pierpaoli
1996, 1998; Pierpaoli et al. 1996). These diffusivities are
used for calculation of summation indices, such as the trace
apparent diffusion coefficient (trADC, the mean of the
diffusivities) or the fractional anisotropy (FA, the normal-
ized standard deviation of the diffusivities) (Basser and
Pierpaoli 1996, 1998; Pierpaoli et al. 1996; Pierpaoli and
Basser 1996).

Dozens of diffusivity-based measures have been pro-
posed (Pierpaoli and Basser 1996; Papadakis et al. 1999;
Ulug and van Zijl 1999; Westin et al. 2002), but FA became
the most widely used DTI-based index in brain research.
Fractional anisotropy provides a gray-scale, 2D map,
enhancing diffusion anisotropy differences with intensity

limits between zero and one. In white matter, the anisotropy
is high (approaching unity in most ordered areas), reflecting
fast diffusivity along the fibers and slow diffusivity
perpendicular to them (Pierpaoli et al. 1996); in gray matter
and CSF, the anisotropy approaches zero as the diffusivity
is similar in all directions. However, there is more to DTI
than anisotropy measures. One of the major advantages of
DTI is that it is rotationally invariant: it can measure the
principal diffusivities regardless of the position of the fibers
in space. Thus, one can extract not only the magnitude of
the diffusivities but also their 3D alignment. In 1999,
Pajevic and Pierpaoli suggested color-coded schemes to
visualize this 3D information in two dimensions (Pajevic
and Pierpaoli 1999). The most basic red–green–blue (RGB)
color-coded scheme attributes a color for each orientation
of the fibers: fibers crossing from left to right are visualized
in red, fibers crossing anteriorly–posteriorly are visualized
in green, and fibers crossing inferiorly–superiorly are

Figure 1 Diffusion tensor based images. a and b show axial
(horizontal) and coronal T1 weighted anatomical images. c and d
trace ADC maps (mean diffusivity) of the same slices showed in a and
b. e, f Fractional anisotropy maps showing high contrast between gray
and white matter. g, h Color-coded FA maps depicting different fiber
systems. With the presented color-coding, red represents fibers crossing
from left to right, green crossing in the posterior anterior direction, and
blue crossing in the inferior–superior direction in normal head

coordinate system. i–k Three-dimensional tractography images of the
same subject in a–h. i shows the corona radiata, j shows the cingulum,
and k shows the inferior longitudinal fasciculus fiber systems. The
yellow structures in i–k represent the seed ROI from which fibers were
launched. All images were acquired at a resolution of 1.7×1.7×
1.7 mm3 at a 3T scanner with cardiac gated diffusion weighted echo
planar imaging (DW-EPI, TE=105, b=1,000 s/mm2 and 19 gradient
directions)
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visualized in blue (Pajevic and Pierpaoli 1999). Other
color-coded schemes have been suggested since, but the
most widely used is the simple RGB scheme.

Around the year 2000, groups used the 3D information
embedded in DTI analysis to produce 3D virtual trajectories
of white matter bundles (Basser et al. 2000; Conturo et al.
1999; Mori et al. 1999; Catani et al. 2002). These
methodologies are intended to produce a continuous line
based on the largest principal diffusivity, on the assumption
that the largest diffusivity represents the motion along the
fibers and its direction points to the geometrical 3D position of
the fibers in each pixel. Techniques have been suggested for
connecting the largest principal diffusivity vector field into
trajectories (partial list: Basser et al. 2000; Conturo et al. 1999;
Mori et al. 1999; Catani et al. 2002; Poupon et al. 2000) and
were used to reconstruct a number of large fiber bundles (e.g.,
the pyramidal tract, corpus callosum, and superior longitudi-
nal fascicules) (Mori et al. 1999; Catani et al. 2002).

Figure 1 summarizes the different levels of DTI analysis
(trADC, FA, color-coded FA, and 3D fiber tractography)
extracted from the same data set. While trADC maps show
a similar averaged diffusivity across gray and white matters,
FA significantly increases the specificity of the image for
white matter. The color-coded FA maps and the 3D
tractography images show the power of DTI to outline
white matter architecture and fine structure usually hidden
from conventional MRI. Using these different levels of DTI
analysis, dozens of studies (currently producing more than
700 publications) have been performed to date, aimed at
revealing the diffusion properties and architecture of the
healthy brain and documenting DTI’s clinical utility in
various brain diseases and disorders. Besides determining
the role of white matter integrity in various pathological
conditions, DTI is now being used to study healthy brain
connectivity. This review summarizes the contribution of
DTI to the study of the pathophysiology of the brain, its
contribution to radiological assessment and patient man-
agement, and its usefulness as a tool in neuroscience. The
limits of DTI, the questions it can and cannot answer, and
where it fails are emphasized.

DTI as a Physiological Tool (or What Do We Measure?)

Diffusion tensor imaging measures the displacement of
water molecules on the micron scale and yields information
about white matter fibers that pass within a pixel. The FA
index is the most widely used parameter of DTI for
representing the motional anisotropy of water molecules,
being sensitive to the presence and integrity of white matter
fibers. This white matter consists of thousands of neuronal
fibers (axons) in each image pixel, as well as a dense array
of various kinds of glial cells with oligodendrocytes that are

unique to white matter. Oligodendrocytes make up the
myelin sheaths that envelop the axons and ensure fast and
efficient transmission of electrical signals through them.
The question is to which cellular component the DTI signal
is most sensitive. Do changes in the cellular arrangement
around the axons change the motional anisotropy? Is
myelin a crucial factor for obtaining motional anisotropy?
The answers to these questions remain largely unknown,
but since the diffusion MRI signal measured in DTI
averages contributions from all compartments, it can be
assumed that they all contribute to the observed anisotropy.
Indeed, experimental observations in various pathological
conditions support this assumption. We describe here the
findings of DTI in three pathological conditions – demy-
elination, edema, and inflammation – that will help clarify
the origins of the DTI signal.

Myelin is unique to white matter and is therefore
believed to be one of the main effectors of the DTI signal.
However, Beaulieu and Allen showed in 1994 that
anisotropy in myelinated nerves and nonmyelinated nerves
are similar. While it was true that myelin is not a
prerequisite for obtaining diffusion anisotropy in neuronal
tissue (Beaulieu and Allen 1994), subsequent experiments
showed that anisotropy measures do indeed change signif-
icantly when myelin is damaged or absent (either in a
demyelinating disease such as multiple sclerosis or in a
premyelination condition at different stages of neuronal
development) (Horsfield et al. 1998; Werring et al. 1999;
Mukherjee et al. 2001; Huppi et al. 1998). In all these
diseases and conditions, the absence of myelin paralleled
reduced diffusion anisotropy. The exact contribution of
myelin to the DTI signal and anisotropy measures is hard to
estimate because other factors in demyelinating diseases
and premyelination conditions may contribute to the
observed signal (e.g., large volume of free diffusing water).
Directly comparing two nerve types, one myelinated and
the other nonmyelinated, as performed by Beaulieu and
Allen (1994), is also limited because these tissues differ in
many other factors such as axon diameter, extracellular
matrix volume, and composition. Although the exact
contribution of myelin to DTI could not be determined, it is
reasonable to assume that it plays only a partial role. Indeed,
FA measures in multiple sclerosis-diseased brains reveal
significant anisotropy reduction in areas of lesions (see
Fig. 2) (which may be attributed to increased water content,
see below), but less dramatic effects in areas of normal-
appearing white matter (NAWM) where demyelination is
known to occur (Horsfield et al. 1998; Werring et al. 1999;
Bammer et al. 2000; Assaf et al. 2002; Filippi et al. 2001;
Ciccarelli et al. 2001). In addition, when DTI was used to
characterize different lesion types (enhancing/nonenhancing)
and different types of multiple sclerosis (primary progres-
sive/relapsing remitting), the groups differed in diffusion
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anisotropy (Griffin et al. 2001; Filippi et al. 2001; Ciccarelli
et al. 2001; Werring et al. 1999; Bammer et al. 2000).

Elevation in water content (edema) of a tissue changes the
diffusion anisotropy. Edema does not necessarily affect the
myelin or the axon itself, but it does change the weighted
contribution of the cellular components in a pixel. Edema
can be categorized into cellular edema, cytotoxic edema, as
happens immediately following ischemia, and vasogenic
edema, a typical reaction to inflammation (Ito et al. 1979;
Betz et al. 1989). In cytotoxic edema, the intracellular
volume (in white matter: glial cells) increases at the expense
of the extracellular space and axons, whose cell bodies are
most probably far from the site of infarction. This might lead
to a reduction in axonal density. The DTI findings in
cytotoxic edema are not uniform. Several DTI studies of
acute stroke reported reduced anisotropy at the lesion site
(Sorensen et al. 1999; Sotak 2002; Zelaya et al. 1999),
while other studies reported increased anisotropy at the
lesion site in some patients (Carano et al. 2000; Yang et al.
1999; Kafri et al. 2005). This contradictory behavior of DTI
in cytotoxic edema remains to be evaluated (Green et al.
2002). In contrast, vasogenic edema (subacute stroke
edema) is characterized only by marked reduction of FA
values (Sotak 2002; Zelaya et al. 1999). A significant
increase in extracellular volume most probably causes the
reduction of axonal density per pixel and, hence, reduced
anisotropy. Is it the reduction in axonal density (axonal loss)
that leads to reduced anisotropy? Another explanation could
be that axons within edema are loose and the geometrical
arrangement of the tissue is less organized, leading to overall
reduced anisotropy. On the other hand, it is likely to assume
that some areas in the brain where fiber arrangement is
denser do show increased anisotropy (e.g., corpus callosum).
Again, we have here two distinct cellular processes that may
lead to the same observation.

Leukoaraiosis refers to areas of nonspecific increased
signal in T2 weighted MRI. Leukoaraiosis is often found in
the elderly population that suffers from hypertension or

other vascular diseases (Kobari et al. 1990). Demyelinating
disease such adrenoleukodystrophy (ALD) also display
hyperintense areas on T2 weighted MRI in widespread
areas of white matter (Ito et al. 2001; Aubourg and Mandel
1996). The biochemical basis and pathological appearance
of the two diseases differ, however: the main pathology in
ALD is demyelination and affects mainly young children,
while the origin of leukoaraiosis is largely unknown and
probably represents vascular disease manifested by ische-
mic lesions affecting mainly the elderly. Both diseases
show significant reduction in FA values in the areas of T2

hyperintensity (Jones et al. 1999; Eichler et al. 2002), as
well as diffusion changes in the NAWM. Similar FA
changes are also observed in other pathologies character-
ized by T2 hyperintensity, such as tumor-related edema
(Cruz and Sorensen 2005; Wick and Kuker 2004) and
encephalopathy (Kealey and Provenzale 2002).

Changes in MRI signal can be attributed to a number of
physiological factors including edema, demyelination,
gliosis, and inflammation. Typically, FAwill show a similar
trend of reduction in all these pathologies and is therefore
nonspecific. The fact that in DTI the observed signal is
averaged over the entire pixel masks the ability to
distinguish between the different pathologies affecting
different cellular components. The vast majority of patho-
logical processes in the brain will appear similar on FA
maps. Perhaps the different processes can be teared apart by
examining the different diffusivities and not their summa-
tion index, the FA.

DTI as a Radiological Tool (or What Is It Good For?)

Diffusion tensor imaging provides a new contrast mecha-
nism. As noted above, FA maps exhibit a high signal in
areas of significant anisotropic motion (as in white matter)
and a low signal in areas of isotropic motion (as in gray
matter and CSF). In the previous section, it was shown that

Figure 2 Diffusion tensor imaging of multiple sclerosis diseased
patient. a FLAIR anatomical images showing few periventricular
lesions (hyperintense spots marked by yellow frame). b trace ADC
maps of the same slice shown in a. The mean diffusivity in the lesion

is increased compared to the NAWM (see hyperintensity in the
lesions). c Fractional anisotropy map of the same patient shows
significantly reduced anisotropy within the lesions. d Color-coded FA
maps showing the same observation as in c

54 J Mol Neurosci (2008) 34:51–61



FA changes are generally not specific and many factors can
contribute to reduced anisotropy. In this section we ask
what is the benefit of DTI from the standpoint of radiology?

Diffusion tensor imaging provides anatomical informa-
tion with high specificity. In view of the ability of color-
coded FA maps to distinguish between different fiber
bundles based on their direction (see Fig. 1), it is not
surprising that DTI is widely used today to delineate white
matter around brain tumors (Witwer et al. 2002; Assaf et al.
2003; Clark et al. 2003; Sinha et al. 2002). Brain tumors
can affect white matter fibers by either infiltrating or

displacing the tissue. Studies have shown the utility of
DTI in identifying the condition of white matter tracts
within and surrounding the lesion using color-coded FA
maps as well as tractography (Witwer et al. 2002; Assaf
et al. 2003; Clark et al. 2003; Sinha et al. 2002). Figure 3
presents tumor-related brain lesions in two patients: in the
first the tumor seems to displace the fibers, while in the
other it seems to infiltrate them. These cases demonstrate
the enormous impact of information provided by DTI on
patient management and presurgical planning. A word of
caution about the viability of the fibers: it is hard to

Figure 4 Coronal color-coded
FA maps depicting a few fiber
systems that can be identified
(see abbreviation on the right).
On the top left of each coronal
slice are the T1 and FA maps for
comparison. It is possible to
value the additional information
embedded in the color-coded FA
maps that help identifying the
distinct fiber system. For more
detailed information regarding
which fiber systems can be
viewed with DTI, please refer
to Mori et al. (2005)

Figure 3 (a, T2 weighted image)
Brain-tumor-related edema (hy-
perintense area) characterized by
increased diffusivity (b, trace
ADC map) and reduced anisotro-
py (c, FA map). White matter of
fiber directionality is not apparent
within the edematous region (c,
FA map, and d, color-coded FA
map). After treatment, the edema
was resolved (e, T2 weighted
image) and the trace ADC, FA,
and color-coded FA shows normal
appearance of the diffusion indi-
ces. In the acute phase of the
edema, one could suspect that
neuronal fibers might be damaged
within the edematous region.
However, the follow-up examina-
tion shows that the reduced an-
isotropy in the acute phase only
represents in-direct effect of the
edema and not the condition of the
white matter fibers
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estimate the pathological state of the tissue, especially in
areas of tumor infiltration into the white matter where FA
values are extremely low. Reduced FA might be related to
disintegration of the fibers, but a significant increase in
water content (edema) without any effect on the fibers
themselves can give the same FA reading.

The radiological use of DTI in other neurological
disorders is ambiguous. As described previously, FA has a
tendency to be low in pathological conditions. Table 1
summarizes several publications on FA changes in a few
neurological disorders. We divided the pathologies into
those with signal changes in T2 weighted MRI (abnormal
white mater, AWM) and those in which the white matter
appears normal by conventional imaging (NAWM). Frac-
tional anisotropy changes for AWM are highly significant
(−39±8%) and, therefore, visible to the radiologist’s eye;
FA changes in NAWM are more subtle (−11±7%) and
cannot be identified, visibly or quantitatively, on a single
subject in the typical FA images standard deviations (ranges
from 10–20%). Although impressive FA changes were found
in focal regions (e.g., frontal areas in aging and cingulum in
dementia) for some of the disorders presented in Table 1, in
most cases significant changes were found only when
relatively large samples (n>10 subjects) were analyzed.
Unsurprisingly, as important as such information is for
research, it cannot be used for radiological assessment.

Psychiatric disorders are one field in which MRI-based
radiology has not been able to identify specific patterns of
brain abnormalities. In recent years the hypothesis of
disconnection syndrome as a crucial contributor to psychi-
atric disorders has become increasingly popular, pointing to
white matter involvement in such diseases (Catani and
Ffytche 2005; Magaro and Page 1983). The most studied
psychiatric disease is schizophrenia, where the major
finding is reduced FA in widespread brain regions including
the corpus callosum, uncinate fascicules, frontal white
matter, and others (Kanaan et al. 2005; Kubicki et al.
2005; Jones et al. 2005; Kumra et al. 2004; Ardekani et al.
2003; Lim and Helpern 2002; Price et al. 2005). Other
studies on psychiatric disorders and diseases include
dementia of Alzheimer’s type, mild cognitive impairment
(Fellgiebel et al. 2004, 2005; Bozzali et al. 2002; Moseley
et al. 2002; Medina et al. 2005), and obsessive compulsive
disorder (Szeszko et al. 2005), all of which reported reduced
FA in various brain regions. These studies indicate a role for
white matter changes in psychiatric disorders but do not
identify a specific pattern of brain changes for a particular
disease. Moreover, the subtle changes that most likely occur in
the white matter of psychiatric subjects could be detected only
following group analysis. In a recent paper, Jones et al. (2005)
raised the problem of voxel-based morphometry, which is a
preferred approach for group comparisons; they concluded
that the identification of subtle FA changes might be

dependent on the analysis procedure (smoothing kernel) and
may not be reporting real pathophysiological changes.

The radiological benefits of DTI seem to be limited. In
the vast majority of diseases, AWM (typically defined so by
T2 weighted MRI) is characterized also by reduced FA. In
areas of NAWM, FA measurement reports significant
changes not apparent on conventional MRI, but those
changes are typically small and may be less apparent on a
single subject level. One of DTI’s major advantages is its
ability to discriminate between different white matter
structures, thus having great radiological value in diseases
where fibers are distorted (as in brain tumors).

DTI as an Anatomical Tool (or To Track
or Not To Track?)

Figure 4 shows color-coded FA maps in coronal sections of
a healthy volunteer depicting distinct white matter struc-
tures that look as if they were taken from an anatomy
textbook. Indeed, the information embedded in the color-
coded FA maps, if produced at high spatial resolution, can
show even small fiber systems (e.g., the anterior com-
issure). Such high-resolution data were the basis of a recent
DTI-based white matter atlas identifying as many as 42
white matter systems (Mori et al. 2005).

Color-coded FA maps are only one way to show the
directional information embedded in DTI. Three-dimensional
tractography, proposed by researchers around the year 2000,
reconstructs fiber systems based on DTI’s eigenvector fields
(Basser et al. 2000; Conturo et al. 1999; Mori et al. 1999;
Catani et al. 2002). The possibility to track a fiber system
pushed MRI to the field of anatomical connectivity—
locating the trajectory of a distinct fiber system. Anatomical
connectivity was previously limited to tracer histological
methods, which obviously could not be applied on a
human brain noninvasively. Tractography is prone to error,
some subjective and some inherent in the DTI model, and
since its advent, considerable effort has been devoted to
validating its results.

The key step in DTI-based tractography is selecting a
seed region of interest (ROI) from which virtual fibers will
be launched. To select a specific fiber system, one has to
know a priory the anatomy of white matter. For instance, to
show the coritco-spinal tract, one would choose seed ROI at
the level of the internal capsule where these fibers are
known to pass. This might be a problem when dealing with
smaller fiber systems where partial volume occurs and the
identification of the location of the fiber system is difficult.
To track such systems, defining the seed ROI requires
numerous trial and error attempts. The identification of a
fiber system becomes even more complicated for patients
whose brain structure is distorted (e.g., by a lesion). A few
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groups suggested using constrain on the tracking to help
identify the start and end points of a track (usually by
functional MRI) (Hendler et al. 2003; Parmar et al. 2004;
Guye et al. 2003; Schonberg et al. 2005).

Seed ROI selection is only one of several problems
inherent in the DTI model. The DTI model consists of two
assumptions that are not necessarily true for brain white
matter tissue. The first is that the diffusion in white matter
is Gaussian (i.e., the displacement probability of water
molecules is Gaussian) (Basser 1995). Compartmentaliza-
tion and restricted diffusion certainly lead to non-Gaussian
diffusion (Assaf and Cohen 2000; Beaulieu 2002; Assaf
and Basser 2005; Alexander et al. 2002; Jensen et al. 2005).
Experimental evidence points to non-Gaussian diffusion in
white matter, although this becomes apparent only at
nonconventional experimental conditions (b value>
2,500 s/mm2) (Assaf and Cohen 2000; Beaulieu 2002;
Assaf and Cohen 1998; Cohen and Assaf 2002). It should
be noted that so far modeling the non-Gaussian diffusion in
brain is ill-posed. The second assumption of DTI is that it is
sufficient to use a single diffusion tensor to characterize
each pixel. A typical pixel in DTI experiments with a
volume of 2.5×2.5×2.5 mm3 includes tens of thousands of

axons and glial cells surrounded by extracellular matrix. It
is unlikely that those compartments are represented by a
single diffusion tensor. Thus, the measured diffusion tensor
is an average of these compartments. Areas of tissue partial
volume (where white/gray matter or white matter/CSF
reside in the same pixel) or of white matter partial volume
(where two fiber systems cross the same pixel often in
different orientations) are examples of where the DTI
model will fail (Papadakis et al. 2002; Tuch et al. 2002;
Jansons and Alexander 2003). Indeed, areas of white matter
where two or more fiber systems pass within the same pixel
will appear hypointense; the DTI model cannot account for
the two systems and will interpret them as low anisotropy.

The aforementioned problems are evident on the 2D FA
maps depicted in Fig. 5. Measurement of FA values in
such areas reduces the reliability of the observation, as it
will not represent the real diffusion anisotropy. Moreover,
tractography of the fiber system passing through such a
region may result in premature ending of the virtual fiber or
merging of two fiber systems into one bundle. A typical
artifact of that kind is the fanning of the pyramidal tract into
the primary motor and sensory cortices. When placing a
seed ROI in the internal capsule, one expects the fiber to

Figure 5 Example for partial volume artifact in DTI. a T1 weighted
anatomical image with the right frontal region enlarged at d including
line drawings of the different fiber systems that pass in that region:
one arriving from the genu of the corpus callusm and the other from
the thalamic radiation of the internal capsule, both projecting into the
frontal lobe. b shows the FA maps enlarged at e, showing a low
anisotropy area (marked by yellow circle) in the area of crossing fiber

systems. This is also showing in the color-coded FA maps (c and f )
where one can follow the direction of the fiber (red for the corpus
callosum and green for the thalamic radiation). In the crossing fiber
region the observed color is a mix of the two fiber systems. Because
two crossing fibers reside within the same pixel in that region, the
diffusion is hindered in all measured directions, which artifactually
can be characterized by isotropic diffusion and, thus, reduced FA
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fan into their cortical origin. However, most fibers tend to
end prematurely at the ventricles level, or to reach only the
leg-related motor cortical area. This happens because other
fiber systems cross at the level of the ventricles, signifi-
cantly reducing the anisotropy and changing the eigen
vector to an average between the two systems. Groups have
suggested several analytic and experimental frameworks to
deal with this problem (Tuch et al. 2002; Tuch 2004;
Jansons and Alexander 2003; Pasternak et al. 2004). The
most straightforward method is the multiple tensor (MT)
one (Tuch et al. 2002), in which more than one tensor is
allowed to reside in each pixel; however, the certainty in
estimating these two tensors is low (Assaf and Basser
2005). Other methods try to enhance the MT by adding
additional constrains (MTV), or acquiring the diffusivity at
high angular resolution and allowing the visualization of
multiple fiber orientations (Jansons and Alexander 2003;
Pasternak et al. 2004, 2006). These methodologies are still
being developed and none are used routinely to overcome
the partial volume effect. Moreover, inherently, all the
above assume that diffusion is Gaussian and therefore do
not account for the first false assumption of DTI.

The Future of DTI

Diffusion tensor imaging is a powerful tool for the
visualization of white matter structures. The growing
number of DTI-based studies, applied and methodological,
shows the great potential of the method. The fact that DTI
assumes Gaussian diffusion limits its applications. It
averages information from different compartments and
reduces the certainty of tracking in partial-value pixels.
The problem of non-Gaussian diffusion has been studied
and solved theoretically for defined nonbiologically related
structures (e.g., porous material) in the so-called “q-space”
framework (Callaghan 1991; Callaghan et al. 1991). Cory
and Garroway (1990) used this approach on yeast cells and
showed that one can take advantage of non-Gaussian
diffusion to extract geometrical features on the samples
(Cory and Garroway 1990). In the late 1990s, this approach
was implemented on white matter, and the terms q-space
imaging and diffusion spectrum imaging of the human
brain were coined (Assaf and Cohen 2000; Assaf et al.
2002; Tuch et al. 2003), and later on, the CHARMED
model was formed (Assaf et al. 2005). Although these
methodologies provide a better theoretical basis on which to
address the complicated diffusion of water in white matter,
experimentally, they are time consuming and require strong
computation power. They cannot replace the fast acquisition
and analysis of DTI, but most certainly can yield additional,
complementary information that is hidden from DTI.
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