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ABSTRACT: The state of the art of reconstruction of the axonal tracts in the central nervous system (CNS) using
diffusion tensor imaging (DTI) is reviewed. This relatively new technique has generated much enthusiasm and high
expectations because it presently is the only approach available to non-invasively study the three-dimensional
architecture of white matter tracts. While there is no doubt that DTI fiber tracking is providing exciting new
opportunities to study CNS anatomy, it is very important to understand its limitations. In this review we therefore
assess the basic principles and the assumptions that need to be made for each step of the study, including both data
acquisition and the elaborate fiber reconstruction algorithms. Special attention is paid to situations where
complications may arise, and possible solutions are reviewed. Validation issues and potential future directions and
improvements are also discussed. Copyright  2002 John Wiley & Sons, Ltd.
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Experimental evidence has shown that water diffusion is
anisotropic in organized tissues such as muscles1,2 or
brain white matter.3 In the last decade, the quantitative
description of this anisotropy with diffusion tensor
imaging (DTI) has become well established in the
research environment and its first applications in the
clinic are now being reported. These applications employ
both the directional anisotropy that can be measured by
DTI4,5 as well as removal of this anisotropy through the
use of the tensor trace.6–8 For example, DTI is presently
being explored as a research tool to study brain
development,9,10 multiple sclerosis,11,12 amyotrophic
lateral sclerosis (ALS),13 stroke,14,15, schizophrenia16,17

and reading disability,18 while trace imaging has become
an essential part of clinical acute stroke assessment.19–22

As first shown by Basser et al,4 the diffusion ellipsoid
obtained from DTI can not only provide a quantitative

orientation-independent measure of diffusion anisotro-
py,23,24 but also the predominant direction of water
diffusion in image voxels.25–27 However, it was not until
the end of the decade and the beginning of the new
millenium that the first successful in vivo fiber tracking
results were published.28–42 The reason for this time lag
between the availability of the tensor diagonalization
techniques that provide the vector information and the
actual mapping of the fibers is due to the inherent
complexity of connecting these macroscopic voxel-based
vectors in a reproducible three-dimensional manner. At
present, new tracking algorithms are being developed
rapidly, and in this review we will provide an overview of
the current state-of-the-art approaches. In order to better
utilize this promising technology, it is important to
understand the basis of the anisotropy contrast in DTI and
the limitations imposed by using a macroscopic tech-
nique to visualize microscopic restrictions. These basics
are briefly reviewed, while a more comprehensive
overview is presented by Beaulieu et al.43 Recent
technologies that have been demonstrated to allow the
visualization of three-dimensional (3D) fiber tracts are
reviewed and discussed with respect to their potential and
limitations regarding the determination of propagation,
termination, branching and editing of tracts. Limitations
and several techniques that may minimize them are
described. Recent work related to the validation of using
DTI-based fiber tracts to describe white matter connec-
tions is also discussed.
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DTI essentially provides two types of information about
the property of water diffusion; the extent of diffusion
anisotropy and its orientation. By assuming that the
largest principal axis of the diffusion tensor aligns with
the predominant fiber orientation in an MRI voxel, we
can obtain 2D or 3D vector fields that represent the fiber
orientation at each voxel. The 3D reconstruction of tract
trajectories, or tractography, is a natural extension of
such vector fields. Before further describing tractogra-
phy, it is important to discuss what exactly DTI measures
and how the data relate to the tract trajectories we are
trying to derive from the measurement.

In typical DTI measurements, the voxel dimensions are
on the order of 1–5 mm and DTI measures the averaged

diffusion properties of water molecules inside it. This
voxel size is usually small enough to distinguish white
and gray matter [Fig. 1(A)]. The white matter consists of
tracts that are running along various directions and are
large enough to discern visually [Fig. 1(B) and (C)]. Very
often, image resolution is sufficiently high for the white
matter tracts to contain several voxels. The white matter
tracts, in turn, consist of densely packed axons (neuronal
projections) in addition to various types of neuroglia and
other small populations of cells [Fig. 1(D)]. Inside the
voxel, water molecules are distributed between these cell
types and the extracellular space (80–85% are intracel-
lular). Thus, even a voxel within a single white matter
tract consists of very inhomogeneous environment, and
water molecules are likely to experience high anisotropy
as judged from the cytoarchitecture of the axon [Fig. 1(D)
and (E)]. Inside an axon, water molecules are surrounded
by high concentration of neuronal filaments, which are
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polymers of protein molecules. Each monomer protein
has a molecular weight of 50–150 kDa. The neuronal
filament is far larger than that, and multiple filament
bundles are densely packed in the axon. The axonal
membrane as well as the well-aligned protein fibers
within an axon restrict water diffusion perpendicular to
the fiber orientation, leading to anisotropic diffusion.
Myelin sheaths that surround the axons may also
contribute to the anisotropy for both intra- and extra-
cellular water. These contributions have been studied in
detail by Beaulieu43 using non-myelinated axons, show-
ing that the contribution of myelin may be significant, but
that the axonal contribution dominates. In addition to the
inhomogeneity in terms of the cellular environment of
water molecules, inhomogeneity of axonal orientation
within one voxel is also an important factor to be
considered. Despite this multi-directional environment,
previous DTI studies have shown that water diffusion in
many regions of the white matter is highly anisotropic
[see Fig. 1(A)] and that the orientation of the largest
principal axis aligns to the predominant axonal orienta-
tion.3,44–47 However, when studying axonal architecture
using DTI, it is very important to understand the
limitations arising from the inhomogeneity of the water
environment. First, the conventional DTI data acquisition
and processing methods may not be able to properly
handle a voxel containing more than one population of
axonal tracts with different orientations. This issue will
be discussed in more detail below. Second, DTI cannot
provide information on cellular-level axonal connectiv-
ity. Multiple axons from individual cells may merge into
or branch out from one voxel. Within a voxel, cellular-
level axonal information of multiple compartments is
averaged. The third important limitation is that afferent
and efferent pathways of axonal tracts cannot be judged
from the direction of water diffusion.

Without resorting to DTI, there is a fair amount of
anatomical knowledge on the human white matter
structure based on classical anatomical studies (see for
example,47–50) and the question that often arises is what
tractography will be able to provide in addition to this.
Based on the relative size of the voxel and the human
brain, it should be safe to say that it can reveal
macroscopic 3D architectures of the white matter and
constituent white matter tracts [Fig. 1(A)–(B)]. Thus,
DTI and tractography provide us with a new opportunity
to investigate such structures in living humans and to
assess changes due to brain disease. Bearing the basic
limitations in mind, we will now discuss recent 3D tract
reconstruction techniques that employ 3D vector fields
obtained from DTI measurements.

�"-(� �(�%#�$�'�$"%# $(�*#".'(�

Assuming that the orientation of the largest component of
the diagonalized diffusion tensor represents the orienta-

tion of dominant axonal tracts, DTI can provide a 3D
vector field, in which each vector presents the fiber
orientation. Currently, there are several different ap-
proaches to reconstruct white matter tracts, which can be
roughly divided into two types. Techniques classified in
the first category are based on line propagation
algorithms that use local tensor information for each
step of the propagation. The main differences among
techniques in this class stem from the way information
from neighboring pixels is incorporated to define smooth
trajectories or to minimize noise contributions. The
second type of approach is based on global energy
minimization to find the energetically most favorable
path between two predetermined pixels.

)��� ��������� ��	���/���

��������� ����	���� The most intuitive way to
reconstruct a 3D trajectory from a 3D vector field is to
propagate a line from a seed point by following the local
vector orientation. However, if a line is propagated
simply by connecting pixels, which are discrete entities,
the vector information contained at each pixel may not be
fully reflected in the propagation. In the simple example
illustrated in Fig. 2(A), axonal tracts are running along
30° from the vertical line. When applying the discrete
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‘pixel connection’ approach, a judgment has to be made
about which pixel should be connected (for instance, is
the 30° vector angle pointing at pixel {1, 2} or {2, 2}?).
No matter what the judgment is, it should be clear that
this simple pixel connection scheme cannot represent the
real tract even in such a simple case. The simplest way to
convert the discrete voxel information into a continuous
tracking line is to linearly propagate ‘a line’, in a
continuous number field. This conversion from the
discrete to continuous number field is shown in Fig.
2(B). In this example, the seed point is {1.50, 1.50} and a
line propagates from this point following the vector
orientation of the pixel with discrete coordinate {1, 1}.
This line exits the pixel (discrete coordinate {1, 1}) to the
next pixel (discrete coordinate {1, 2}) at the location
{1.79, 2.00} in the continuous coordinate. By repeating
this process, it is easy to see that the line can follow the
actual tract (or pixels can be connected) more precisely.
This linear propagation approach, which was dubbed
FACT (fiber assignment by continuous tracking), was
used for the first successful tract reconstruction, which
was accomplished for a fixed rat brain and showed good
agreement with histological knowledge.28,30,31

The simple linear approach demonstrated in Fig. 2(A,
B) can be modified to create a smooth (curved) path,
which should be more accurate when the curvature of a
reconstructed line is steep with respect to imaging
resolution. A schematic diagram of a simple interpolation
approach that can achieve such a smooth path is shown in
Fig. 2(C). In this example, the line is propagated with a
small, predefined step size. Whenever it moves to a new
coordinate, a distance-averaged vector orientation is
calculated. In this most simple example, the average
between two pixels closest to the new coordinate was
used to draw a smooth line between pixels. In more
rigorous approaches, diffusion tensors, rather than the
vector of the largest principle axis, are interpolated at
each coordinate as a line is being propagated.32,35

The choice between using the simple continuous
approach or an interpolation technique depends on the
degree of curvature of the tract of interest with respect to
the imaging resolution. If resolution is low and kinks in
the reconstructed path are evident, interpolation tech-
niques should provide an advantage in accuracy. On the
other hand, if the resolution is sufficiently high, the non-
interpolating techniques offer faster calculation. For
example, when using DTI images with 1 � 1 � 3 mm
resolution, the stretch of the corticospinal tract between
the pons and the motor cortex has a rather small average
angle of 7.8 � 5.8° (SD) between connecting pixels,42 for
which the effect of interpolation should be minimal.
Recently, several interpolation techniques were com-
pared using simulated data,51 which will be discussed in
the next section.

$��������� 	������� Line propagation must be termi-
nated at some point. The most intuitive termination

criterion is the extent of anisotropy. In a low anisotropy
region, such as gray matter, there may not be a coherent
tract orientation within a pixel and the orientation of the
largest principal axis is more sensitive to noise errors (for
isotropic diffusion, the anisotropy information is domi-
nated by noise and becomes purely random). The
fractional anisotropy of the gray matter is typically in
the range 0.1–0.2. Therefore, one simple termination
approach is to set the threshold for tracking termination at
0.2. Another important criterion is the angle change
between pixels. For the linear line propagation model,
large errors occur if the angle transition is large. Even for
the interpolation approach, it should be noted that the
diffusion tensor calculation assumes that there is no
consistent curvature of axonal tracts within a voxel. The
presence of curvature violates the assumption that the
diffusion process along any arbitrary axis is Gaussian,
thereby invalidating the routine tensor calculation. There-
fore, it is preferable to set a threshold that prohibits a
sharp turn during line propagation. The significance of
this angle-transition threshold depends on the particular
trajectories of tracts of interest and the image resolution.
An image resolution of 1–3 mm, for example, is high
enough to smoothly reconstruct the curvature of trajec-
tories of major tracts in the brainstem42 and the cortico-
cortical association fibers connecting the functional
regions of the brain.52 Under such favorable conditions,
the angles between connected vectors are small and the
termination criteria are dominated by the magnitude of
the fractional anisotropy. However, for smaller tracts in
environments that are structurally highly convoluted,
such as sub-cortical U-fibers, the same resolution may be
too coarse to smoothly represent the trajectories and, thus,
analysis for the errors in tensor calculations and fiber
tracking due to the curvature becomes more important.
While at this moment there are no comprehensive
simulation studies in this regard, some preliminary data
on the effect of the turning radius on the tracking results in
particular examples can be found in recent reports.51,53

(11�	� �1 ����� �� ��� 		��	2 �1 ��� ��	����� The
3D vector field obtained from DTI contains noise and, as
a consequence, the calculated vector direction may
deviate from the real fiber orientation. One of the
drawbacks of line propagation methods is that noise
errors accumulate as the propagation becomes longer.
The extent of these errors as a function of signal-to-noise
ratio (SNR) has been evaluated for linear and interpolated
models.35,51,53 The results show a dependence on the
shape of the trajectory, anisotropy, resolution and the
particular interpolation method used. For example, in a
helical trajectory model, the mean errors after 10 mm of
tracking using non-interpolation and linear interpolation
method were 0.19 vs 0.002 mm for infinite SNR and 0.55
vs 0.40 for a SNR of 30.51 The noise effect can be
reduced using smoothing or interpolation techniques,
which averages vector or tensor information among
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neighboring pixels with a cost in the reduction in
effective resolution. Several approaches to minimize
the noise effects have also been suggested, such as
approximation of a tensor field based on B-spline fitting35

or ‘regularization’ of the tensor field based on a ‘low
curvature hypothesis’.34 A detailed description of the
latter approach has been given by Mangin et al.54 While
the tracking errors mentioned above might sound small,
there is always a possibility that the errors in the line
propagation by several pixels results in picking up
adjacent and unrelated white matter tracts. Thus,
tractography results should always be interpreted with
caution. Limitations and errors of the tracking techniques
and possible solutions will be further discussed below.

-��	����� White matter tracts often have extensive
branching, which renders tracking computationally com-
plex. For example, bifurcation of a line during propaga-
tion is already a mathematically involved issue. From a
programming point of view, this problem can be much
more easily handled by merging two lines rather than
splitting a line into two, for instance by using the brute
force approach shown in Fig. 3.32,42 In this approach,
tracking is initiated from all pixels within the brain and
tracking results that penetrate the pixel of interest are
kept. In other words, instead of using the pixel of interest
as a seed pixel, all pixels in the brain are used as seed
pixels. When using the linear propagation model for a

data size of 256 � 256 � 60, this exhaustive search takes
about 15–30 min on a 900 MHz Pentium III processor.

$�	� ������� �� ����� ����� ��	�

���� ����
�� ��	������2� Results of the line propagation tech-
niques depend heavily on the initial placement of
reference pixels of interest. Suppose one is interested in
the optic radiation, there are many choices to place a
reference pixel of interest (POI) or a group of pixels (a
region of interest, ROI). For instance, one can use the
white matter close to the lateral geniculate nucleus (LGN),
close to the visual cortex (VC), or anywhere in between
the two areas. A powerful technique that can effectively
search all seed pixels potentially containing the tracts of
interest is the so-called multiple-ROI or tracking-editing
technique.32,42,52,55 In this approach, relatively large
reference ROIs are drawn that contain the white matter
close to the target gray matter. Examples are shown in Fig.
4, in which the anterior and posterior thalamic radiations
are identified by using a two-ROI approach.53 For
example, the posterior thalamic radiation that contains
the optic radiation was defined by one ROI at the pulvinor
and another at the occipital lobe. Then, an exhaustive
search, such as described above, was performed to identify
all tracts that penetrate both ROIs. In this way, the
reconstruction results for specific white matter tracts
become less dependent on the locations of the initial POI
or ROI. This technique is knowledge-based and existing
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gross anatomical knowledge of the tract trajectory is
required. It also does not allow the elucidation of
branching patterns in between the multiple ROIs.

By extending this approach, the technique sometimes
allows one to distinguish multiple tracts that are running
parallel at one point but have different destinations.42 An
example is shown in Fig. 4(C–E), where the cerebral
peduncle is parcellated in vivo using tract tracing. It has
been long postulated from anatomical studies that the
cerebral peduncle should consist of three classes of
axonal tracts. These are the corticospinal tract (CST) and
projections from the pons to the frontal lobe (frontopon-
tine tract, FPT), and from the pons to the parieto-,
occipito- and temporal lobes (TPOPT), as shown in Fig.
4(D). If an initial ROI is placed on the entire cerebral
peduncle, the reconstruction result contains all of these
tracts. By using the information that only the CST
reaches the lower pons and medulla, a second reference
ROI can be placed in this region, which selects only the
CST components from the initial result [Fig. 4(C)]. The
resulting parcellation of the cerebral peduncle agrees
very well with the postulated anatomy, as shown in Fig.
4(E). It should be stressed that such parcellation cannot
be achieved using classical DTI, because the fibers run
parallel and are not contrasted on anisotropy maps and
color-coded maps. This parcellation by DTI can therefore
only be done by the tracking technique, which can
incorporate information distal to the ROI.

(����2 ������5���� ��	���/���

��� ��	���� ��	���/���36 Assume that ink is dropped
on a cloth and a vector field can be visualized that
indicates which way the ink is spreading. The speed for
the spreading front propagation is defined by;

F�r� � A��1�r� � n�r��
where A is the anisotropy, �1 is the eigenvector and n the
orientation normal to the front.37 This equation reflects
that the spreading speed is largest when the propagating
front line is co-linear with the eigenvector and minimal
when it is perpendicular. Using this equation, the shape of
the stain can be calculated from the vector field, which is
equivalent to a contour line showing the distance from the
origin traveled by the ink within the same amount of time.
Multiple contour lines can be calculated, each represent-
ing the stain shape at a different time point. These
multiple contours represent a likelihood-of-connection
map. The most likely path between an arbitrary point to
the seed pixel (origin of the stain) can be found by
following the gradient of steepest path, similar to water
flowing to a sink hole from arbitrary point in the sink.

����
��� ���
��� ����	��78 If two arbitrary
points are chosen in a 2D vector field, what is the most
favorable way to connect the two points? Although the

simplest way is via a linear line, such a solution is most
likely energetically unfavorable, because this line is
probably not aligned with the true vector field. If the
connection is allowed to be extremely flexible, there
might be numerous lines that can connect the points with
minimal energy. A path generated by this technique is
based on the balance between the stiffness of the line and
the energy minimization process (the more the line aligns
to the vector field, the lower the energy). With an
appropriate amount of allowed stiffness, the path should
be able to find a way that can reproduce the correct tract
trajectories. The best pathway is searched using simu-
lated annealing, a technique that can minimize the effect
of noise in a global fashion. Two initial POIs or ROIs are
selected based on anatomical knowledge. Alternatively,
the amount of the lowest energy can be used to estimate
the ‘likeliness’ of the connection. For example, if two
selected POIs are not connected by the real tract, the
energy to force a connection between them must be large
even for the energy minimized path. This approach can
be extended to create a ‘connectivity map’. More details
of this approach have been given by Wedeen.57

)"�"$�$"%#� �#& �%)'$"%#�

The techniques discussed in the previous chapter are all
based on the principle that a clear principal axis can be
defined inside an MRI voxel, that this voxel occupies a
single tissue, and that the vector can be connected to a
neighboring voxel. In practice, voxels are more likely to
consist of contributions from multiple tissues (different
white matter tracts, some CSF and gray matter, etc.) and
signal-to-noise may be limited. In addition, there may not
be a single predominant direction of water diffusion. In
this chapter we deal with these issues and review some of
the solutions and approaches that were recently suggested
to address them.

&������� 1��� 	���9���� ��������27:

The assumption that the direction of the largest principal
axis aligns with a single local fiber orientation may not
always be true. The most obvious case is when the data
reveal two large eigenvalues and one small eigenvalue
(�1 = �2 � �3) or, in other words, when a diffusion
ellipsoid has a pancake shape rather than a cigar shape. In
this case, the fiber orientation information about the
largest and middle axes degenerates within a plane and
the orientation of the largest principal axis is extremely
sensitive to noise. As a consequence, it does not make
sense to follow its orientation for the subsequent
propagation. Until recently, this problem necessitated
termination of tracking. To better quantify this judgment,
indices for the cigar- (Cc) and planar- (Cp) shaped
ellipsoids have been defined that allow the use of
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computer-based analysis of criteria such as Cc � thres-
hold, or Cp � threshold:

Cc � �1 � �2

�1 	 �2 	 �3

Cp � 2��2 � �3�
�1 	 �2 	 �3

�1�

For example, these parameters can be used as a threshold
to prevent tracking in brain regions with low Cc or high
Cp. Several new approaches to perform tracking in these
areas with higher reproducibility have now been

postulated, which are discussed in the following para-
graphs.

$�� ������ 
��� ��	���/���3:;7: In this approach, called
‘tensorline’, the incoming line orientation (vin) is
modulated according to the orientation of the diffusion
ellipsoid, and the outgoing vector vout is calculated
according to the equation,

vout � Dvin �2�
Figure 5(A) shows how this equation behaves in different
situations. When D is spherical or the incoming line is

������ 7� 2/������ �� ��� !����	� �� ��� ������	�� ������� �� �	������ ������ �� ���
�	����	�� ���	���	� ,(- �����	�� ,�	�- ��� �����	�� ,����- ������ �� 	��	����� >	�����
)�� ���	��� !� ������� �� � (��/����� 
�	���	�� �� ?	�����	� <@ *�� 	���� 	� ,#-
���)� �/������ �� �������!� ,��- ��� ����������� ,����- �	����	1��	�� �� ��� �����
.��� '5 �� ,"-� ����	�� �� ��� �������!� )�� ������ �� ����� 	������ �������� 
A���	���� �� ���)� 	� !��� �� ������	��� ��	����� ������ )�� ���	��� ������� �� �
:�	���)� #�)� 
�	���	��
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parallel to the flat plane of the pancake-shaped ellipsoid,
vin = vout. In other words, the line extrapolates the
incoming direction, vin and passes through the pixel
without changing its orientation. If the incoming line hits
the planar-shape ellipsoid from an oblique angle, it is
deflected closer the plane of the flat surface of the
ellipsoid. Recent studies have demonstrated that this
approach can successfully reconstruct major fiber
bundles and the results are more robust and reproducible
under conditions of high noise.38,53

$�� ���1	� 
��� ��	���/���7< Assuming that the
pancake shape of diffusion anisotropy is caused by a
sheet-like structure of fibers, it may make more sense to
propagate a sheet rather than a line. Such an approach,
called streamsurfaces, was recently suggested by Laidlaw
et al.,59 who connected the diffusion ellipsoids with the
pancake structure if neighboring pixels had the same
characteristic shapes. The results could successfully
locate and visualize white matter architectures with the
cigar- and planar-type diffusion separately. Figure 5(B)
and 5(C) shows examples of this approach.

$�� ��11����� ���	���� ��	���/��� 4,;8= One possibi-
lity leading to coincidental occurrence of a pancake shape
for the diffusion ellipsoid is the presence of a mixture of
two or more populations of axonal tracts with different
orientations. If there are more than three populations, the
diffusion may seem even isotropic. Conventional DTI
data acquisition and processing techniques cannot resolve
such systems into the individual tract components. One
technique to obtain more information on such a multi-
component system was postulated by Wedeen et al.41,61

In this so-called diffusion spectrum approach, signal
intensity decay due to diffusion weighting is measured
along more than 100 axes evenly spaced in the 3D space
to directly define the extent of water diffusion along each
axis. Similarly, it was demonstrated by Frank60 that the
degree of anisotropy can be directly estimated from the
high angular resolution acquisition (43 orientations)
without using tensor calculation. In this analysis, the
deviations of the apparent diffusion constants along
multiple orientations with respect to the average diffusion
constant were used as an index of anisotropy. This
quantity is called the spherical diffusion variance,
V � 
D2

app� � 
Dapp�2, in which Dapp is the apparent
diffusion constant along multiple orientations that are
equally distributed in 3D space. In the future, the direct
determination of water diffusion properties in 3D space
by the high angular resolution acquisition may provide a
way to perform non-tensor-based fiber reconstruction, in
which the tracking follows the orientation of the maxi-
mum diffusivity.

%���� ����	��� �� 	��	������ 
��������� ��9
����� �2 ��
���
� ��	� ����
������ When there are
multiple populations of tracts within a pixel, the

techniques discussed above can improve tractography
results by detecting and visualizing such pixels (stream-
surface technique), providing more robust tracking
(tensorline technique), and better describing tract archi-
tecture within a pixel through an increased number of
measurements (diffusion spectrum technique). However,
as demonstrated by Basser et al.35 simple unconstrained
DTI tract tracing cannot distinguish whether two tracts
are crossing or kissing within a pixel. In this situation,
there are three options for researchers to choose. First, the
tracking can be terminated when it hits a pixel with non-
cigar-shape anisotropy. Second, anatomical knowledge
can be used so that the tracking can penetrate the
ambiguous pixels and connect pixels anterior and
posterior to the ambiguous regions by finding a path
with minimum energy.34,56 Third, one should take into
consideration the existence of consistent artifacts in the
tracking results that go through particular anatomical
regions. These artifacts may include missing branches
and/or systematic mislabeling of adjacent tracts.

(�������� ����
�� ��� �� ����� �� ����
�����

���������

Assuming that there is no error in the DTI measurement
process, there are still two major factors that may
complicate the tractography. One is noise, and the other is
the effect of partial voluming between different tissue
types or fiber types. These errors are likely to be more
significant for smaller tracts or for tracts close to the
target gray matter (such as sub-cortical white matter),
where white matter tracts tends to be more dispersed and
narrower, with concomitant smaller anisotropies. Due to
these problems, tracking results may deviate from the real
tract trajectories.

Earlier, several tract reconstruction techniques were
introduced, ranging from the simple linear line propaga-
tion model to the more sophisticated energy minimization
approaches. The effect of noise is largest for the linear
line propagation models and smaller for other techniques
that use fitting, regularization and/or energy minimiza-
tion processes. Partial volume effects (PVE) are directly
related to the noise situation because image resolution
must be increased to reduce PVE, leading to lower SNR.
Post-processing enhancement of SNR will result in the
reduction of resolution and, hence, increase PVE.
Therefore, no matter which tracking technique is
employed, the 3D reconstruction results are likely to
always contain some data errors. In order to minimize
these, the following two approaches have been proposed.

>���
����9���� ��
���
�9�%" ����	�� Above, an
editing technique based on multiple reference ROIs was
explained. This approach imposes a significant con-
straint in the tract reconstruction, thereby effectively
reducing the likelihood of the occurrence of erroneous
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results. For example, if only one instead of two ROIs
were to be used, the result could be more likely to
contain not only the tract of interest but also many other
tracts. Some may be erroneous due to noise and/or PVE,
and some may be real trajectories of tracts that share the
same ROI. These unwanted contributions can be
effectively reduced by placing a second, or even third,
reference ROI if the general trajectory of the tract of
interest is known. The reason for using knowledge-based
approaches is that once the tracking deviates from the
real trajectory due to noise or PVE, it is highly unlikely
that the real trajectory can be returned to by chance. A
drawback of this approach is that it can, in many cases,
be applied only to anatomically well-documented tracts,
imposing limitations on the discovery of new tracts.
However, the approach has a significant advantage in
that the location of many tracts can be identified in living
humans non-invasively.32,39,42,52 In addition, in some
cases even tracts that have large deviations, e.g. due to

the presence of tissue deformations, can still be
reconstructed, as was recently demonstrated for a patient
in which the cortical spinal tract was displaced by a
meningeoma in the brain stem42 and for patients with
anaplastic astrocytomas.61

������
����	 ����	��70 Assuming that errors due to
noise and PVE are random, they are expected to have low
reproducibility if the same subject is repeatedly scanned
and the results are superimposed. If the shapes of
individual brains can be normalized into one standard
brain coordinate, they can be superimposed on each other
to study the probability of having a tract of interest for
each standard coordinate. An example of such an
approach is shown in Fig. 6 where the superior
longitudinal fasciculi of 10 healthy volunteers are
reconstructed in Talairach coordinates. The data show
excellent reproducibility for the large central bundles
(probability as high as 100%), while smaller structures
are often different between volunteers. While this is a
promising approach to quantify and compare tracking
results between populations, it should be noted that it is
based on two techniques that are still under active
development, namely the tract reconstruction itself and
the brain normalization technique. Poor brain normal-
ization quality may lead to obscure definition of smaller
tracts of interest and, thus, lowering the power to detect
abnormalities. These limitations become especially
apparent for the smaller fiber structures near the cortical
areas of the brain. Further improvements in both
technical areas are therefore much needed.

$*( "��'( %� ?�)"&�$"%#

There is no doubt that validation is of central importance
for the development of tractography. For this purpose, we
first have to evaluate what tractography provides us with
and what the gold standard is to validate the results. As
explained earlier, tractography can provide macroscopic
neuroanatomical information of white matter structure.
Specifically, it can parcellate the white matter into fiber
structures that contain bundles of axonal tracts that are
running largely in the same orientation. Given the current
resolution of DTI, on the order of 1–5 mm per dimension,
it is presently not possible to resolve white matter tracts
into individual axons whose diameter is typically less
than 10 �m.

There is accumulated knowledge about white matter
anatomy based on slice-by-slice examination using
histology.48–50 Using a proper preparation, the tract
structure can be appreciated and, for some fibers, the
trajectory can be visually followed over many slices.
More direct information about axonal connectivity can be
obtained from animal lesion studies, in which degenerat-
ing axons with specific stains are visualized after placing
lesions. The most elaborated information is obtained

������ 8� (���	���	�� �� ��� ��!�!	�	��	� ������� �� ���
����	� ����	���	��� ����	����� ,�:�- �� %& ����� ��������� 
*�� ���������	�� ����� ��� ���� 	��	�	���� )�� ������+
�	1�� 	��� *���	��� ����	����� ,(� #- *�� ����������� �:�
,(- ��� ��� ��!�!	�	�� �� �������� ��� %& ��������� ,#-
�� ���)� �� ��� !� ���� ���� ���� ����� !������ ���� ���
��)��� ��!�!	�	�� �� %&B� 	��	���	�� ���� ����� �	/��� ���
��� �:� ���� % 	� ��� %& ��!9���� ;��� !������� ���� ��
����� 	� #���C� ��� ��� ��� ������� ��!�� ���� �	��
������	!	�	�� ,�'&B- *�� .��� )�� �������� ���
��	 �� �� '$ )	�� ���	��	��
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using tract-tracing methods based on chemical tracers, in
which chemicals such as radioactively labeled amino
acids are injected and their destinations confirmed
histologically. Obviously, these tract-tracing techniques
cannot be applied to humans, where, most information
has come from postmortem data on stroke patients. For
connectivity studies, the chemical tracer techniques are
considered one of the gold standards. Although it is in

principle possible to compare the results of this technique
with the DTI-based tractography in animal models, there
are several difficulties in such a validation approach.
First, the chemical tracer techniques reveal connectivity
at the cellular level. The axon of interest may merge into
a white matter tract and again leave it from some points.
The result of chemical tracing therefore represents only a
tiny portion of axons in a white matter tract and, thus, it
would not be surprising if the two results would not
match. Second, the real advantage of the DTI-based
tractography is its ability to quickly characterize the
macroscopic white matter structures. It is virtually
impossible to generate similar datasets (there are 1011

neurons inside a brain) using the single-cell level
chemical tracer techniques. Considering these factors,
one possible way to validate the results is to observe only
the core of major white matter tracts using the
tractography and compare them with anatomical knowl-
edge, because trajectories and locations of the body of
these tracts are fairly well known. Once the tracking data
leaves the core and approaches the target gray matter
regions, we do not have information to validate the
results, especially for humans. Therefore, great care has
to be taken. The statistical approach introduced earlier
may prove to be a good technique to validate the results
in terms of reproducibility.

Qualitative validation has been reported in animals30,31

and humans,32–34,37,38,40,42,56 and the results are very
encouraging. One brain structure that is particularly
suitable for the validation of the white matter tracts as
measured by DTI is the brainstem, because of the simpler
architecture and less complicated branching compared to
the cerebral hemisphere. In Fig. 7, the 3D reconstruction
results for five major white matter tracts in this brain
structure are shown.42 For these reconstructions, the
techniques introduced earlier were used, namely tracts of
interest were identified on DTI-based color maps and two
reference ROIs were specified [Fig. 7(C)] based on the

������ 6� *���+�	����	���� ���������	�� �� .�� ��9�
����� 	� ��� !�	����� ,(- ��� �����	��� )	�� ������� ,#- 
:����	��� �� �;�� ���� �� ���� ���� �� ���)� 	� ,"- "���
���	�� ��� �!!��	��	��� ��D ��� ���	����	��� ���� ,"�*-E
!���� ���	�� ����	���� ,�:-E �	��� ����	� ���!���� ���+
����� ,�">-E �����)� �	���� ���!���� �������� ,�">-E ���
����� 	���	� ���!���� �������� ,�">- �� ��� ���� ���� 	�
,"-� !��� �������� ����� �	���	�� ��� �����3������
�	���	��� �� 	���3����� ��� ���� ������3����� ������ 	�
,�- ���) �����	��� !��)��� ��� �*�+!���� ���� ��������+
�	�� ��� ������	��� ������	�� �� .�� ���������	�� ��	��� 
*�� .�� ������ ���)� ���� ����D %� ���	����	��� ����E $�
���	�� ����	����E <� 	���	� ���!���� ��������E 4� �	����
���!���� ��������E ��� '� ����	� ���!���� �������� *��
������ ������ ���)� �����	��� �� ����������� �����
����	������ �� �$+)�	����� 	����� *�� ��	� ������
���)� ������	��� ������	����64 	� )�	�� �����	��� �� ���
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known trajectories of these tracts [Fig. 7(B)]. Subse-
quently, an exhaustive search was performed to identify
all tracts that penetrate the two ROIs. The results of this
approach [Fig. 7(A)] agree well with the known
histology-based anatomy of these tracts [Fig. 7(C)]. The
slice-by-slice comparison between the tractography and
anatomical preparation shown in Fig. 7(D) further
supports the validity of the DTI approach.

Comparison studies between a manganese-based
tracking technique and DTI was also reported recently.62

The study showed that the DTI could correctly determine
the fiber orientation with less than 10% of deviation for a
SNR of 40 or greater. Probably the ideal validation study
may require a phantom, in which such uncertainties as the
effect of motions and partial volume effect structures can
be removed, although such a phantom is currently not
available.

�'����@ �#& �%#�)'�"%#�

In this chapter, several DTI tractography techniques were
discussed that are presently being used for white matter
tract tracing. As the field of tract tracing by DTI is rather
young, it is expected that many new technologies will be
developed in the near future. However, recent results
have shown that even the simple methodologies reviewed
here are already able to visualize major white matter
connections in situ in animals and humans. For instance,
the brainstem fibers and several of the cortico-cortical
association fibers have recently been reported, including
the corpus callosum, thalamic radiations, corticospinal
tracts, association fibers, and cerebellar peduncles.31–42,55

Upon using these exciting data to investigate specific
neuroanatomical questions, it is very important to keep in
mind the limitations of the DTI method used to acquire
them. First of all, this technique can be used only for
macroscopic analysis of white matter architecture, but
not to address connectivity questions at the cellular level.
One particularly limiting problem related to this macro-
scopic character of DTI is the mixing of axonal tracts
with different orientations within a pixel. DTI may be
able to locate where these problematic pixels are, but it is
difficult to decipher axonal information in such pixels.
On the other hand, there are some approaches that
circumvent this issue under favorable conditions, such as
the use of reference ROI placement based on prior
knowledge. The most important conclusion that can be
drawn in this initial phase of the field is that DTI
tractography can indeed delineate the core of large white
matter tracts as judged from the encouraging results from
initial validation studies. At present, there are no other
non-invasive techniques that can provide equivalent
information and, as a consequence, DTI tractography is
expected to be a powerful technique to investigate white
matter anatomy and disease in situ in humans.
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