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ABSTRACT
DTI is frequently acquired in clinical practice during the preoperative evaluation and clinical
work-up of patients; however, many radiology practices still do not routinely provide post-
processed 3-dimensional images of the white matter tracts to the clinical services that
ordered these studies. With standardized imaging and postprocessing techniques and a
basic understanding of white matter anatomy, tractography can be performed quickly and
reliably in clinical practice, often using postprocessing software that is already available for
use by the radiologist. This article outlined the DTI protocol used at our institution, dis-
cussed the preferred locations of ROIs, addressed the optimal tractography parameters,
and detailed the anatomy and function of the major white matter tracts.

Learning Objectives: 1) To describe the general physics principles behind DTI; 2) describe
the proper locations for ROI placement when performing tractography of the major white
matter tracts; 3) name white matter tracts based on shape, configuration, and position in the
brain; and 4) describe functions of each of the major white matter tracts.

INTRODUCTION
DTI is an advanced MR imaging technique
that has become valuable in a variety of
clinical scenarios, including in patients
with brain tumors, epilepsy, and traumatic
brain injury. In patients with brain tumors,
tractography is often performed before
surgical intervention to evaluate the rela-
tionship between the important white mat-
ter tracts and the lesion. The possible ef-
fects of tumor on the white matter tracts
include distortion from mass effect, infil-

tration, disruption, or reorganization. DTI
has also been used to differentiate tumor
infiltration from edema in the peritumoral
region as well as help distinguish primary
from metastatic brain tumors.1,2

DTI is also commonly used in localiza-
tion and presurgical planning in patients
with epilepsy. Specifically, DTI can be use-
ful for defining the location of the Meyer
loop of the optic radiations in temporal
lobe epilepsy, which has variable anterior
extension into the temporal region.2,3 DTI
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is also useful for localization of the seizure focus because
white matter changes can be present adjacent to an epilep-
togenic cortical lesion. In traumatic brain injury, there can
be microscopic disruption of the white matter, despite the
lack of a macroscopic brain injury. In these settings, DTI
has been useful for helping to diagnose the presence of
traumatic brain injury as well as in guiding conversations
about prognosis.4 DTI has also been used to guide treat-
ment for vascular lesions, particularly those located in the
deep structures of the brain, and to localize ideal placement
for deep brain stimulation.2

THEORY OF TRACTOGRAPHY
DTI is an MR imaging technique that uses direction-specific
diffusion sensitizing gradients to generate images based on
the random, thermally driven motion of water molecules in
vivo. When there are no barriers to diffusion and the prob-
ability of diffusion is equal in all directions, the probability
of diffusion can be represented as a sphere and can be de-
scribed as isotropic (Fig 1A). However, when barriers to
diffusion exist, such as those created by the cell membranes
of axons, diffusion of water is more likely to occur along the
long axis of the axon (Fig 1B). In this scenario, the proba-
bility of diffusion can be represented with an ellipse and can
be described as anisotropic (Fig 1C). In either instance, the
probability of diffusion in 3 dimensions can be represented
mathematically using a 3 � 3 matrix. This 3 � 3 diffusion
tensor matrix contains 6 unique values that constitute the
minimum number of diffusion-encoded measurements (di-
rections) that must be acquired in vivo with MR imaging to
determine directionality (Fig 2A). In this matrix, subscripts
are used (eg, xx or yy) to denote the unique direction in
3-dimensional space that a particular value is representing.
Additional directions may be obtained and yield the benefit
of improved accuracy of the tensor measurement.5-7

Diagonalization is a mathematical process that can be
applied to the 3 � 3 matrix to generate 3 orthogonal eigen-
vectors (�1, �2, and �3) whose respective magnitudes are
represented by eigenvalues (�1, �2, and �3) (Fig 2B). These
vectors represent the 3 orthogonal axes for an ellipsoid,
which depicts the likelihood of water diffusion in 3 dimen-
sions in the voxel being modeled. By convention, the direc-
tion of principle diffusion is represented by the largest of the
eigenvalues and is denoted by �1. The second and third
largest eigenvalues, �2 and �3, respectively, denote the rate
of diffusion orthogonal to the direction of principle diffu-
sion. An average of these 2 values will generate the param-
eter “radial diffusivity.”

Alternatively, all 3 eigenvalues can be averaged to yield
the “mean diffusivity,” which denotes the diffusivity of wa-
ter within a voxel that has been directionally averaged. The
degree of anisotropy can be represented using fractional
anisotropy (FA), which is represented by a number that
ranges between 0 (completely isotropic) and 1 (maximally
anisotropic), and is calculated from the 3 eigenvalues on a
voxel-by-voxel basis (Fig 3). The direction of principle dif-
fusion can be depicted on a color FA map using a red-green-
blue color scale, with the FA value conveyed through color
brightness (Table 1).5-7 Color coding is typically standard-
ized across scanner manufacturers.

Once generated, the color FA maps contain enough in-
formation on a voxel-by-voxel basis (principle direction of
diffusion and FA magnitude) to allow for tractography to

Fig 1. Isotropic versus anisotropic diffusion. A, Figure depicts a condition in which the likelihood of diffusion is equal in all directions (isotropic). B,
Figure depicts that water is more likely to diffuse along the long axis of the axon (long arrows) rather than across its walls in the short axis (short
arrows). C, Figure depicts a condition wherein the water is more likely to diffuse in one direction along �1 (anisotropic; long arrow).

Fig 2. Diffusion tensor matrix. A, Image depicts the standard 3 � 3 diffu-
sion tensor matrix and the 6 unique directions that are contained in this
9-component matrix; it is for this reason that a minimum of 6 directions
must be acquired to generate a DTI image. B, Image depicts the matrix
that results after diagonalization, which yields 3 eigenvalues (�1, �2, and
�3).

Fig 3. FA calculation. Generation of an FA value can be performed with
the knowledge of all 3 eigenvalues (�1, �2, and �3).

Table 1: White matter fiber orientation and corresponding color
representation

Left-right Red

Superior-inferior Blue

Anterior-posterior Green
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extract information regarding white matter fiber orienta-
tion on a macroscopic scale. Deterministic tractography is
currently the most commonly used method in the clinical
setting. This method makes the assumption that fiber ori-
entation is uniform throughout a voxel and only changes
direction at the boundary with the adjacent voxel(s). In this
technique, a user can place an ROI on a set of color FA
images. This ROI serves as a seed point for the generation of
1 or more white matter tracts. Tract generation terminates
when certain user-defined criteria are met, such as a mini-
mum FA value or excessive turning angle. Additional ROIs
may be placed and serve to restrict the output to only the
tract(s) that pass through all ROIs. In contrast, probabilistic
tractography is a more complex method that depicts a prob-
ability map (on a voxel-by-voxel basis) that a particular
voxel is included on a path that connects with a user-defined
ROI. Minimum FA values are typically not specified with
this technique because the technique itself is useful for per-
forming tractography in low FA regions, for example, gray
matter. An excessive turning angle, however, may be used
as a criterion for stopping the propagation of a tract. With
either of these techniques, many of the major white matter
tracts in the brain can be generated in a reliable fashion.7

Although concordance between tractography acquired
from DTI and intraoperative direct subcortical stimulation
is reported to be high, one should keep in mind some of the
limitations of the former to avoid too heavy a reliance on
the information obtained and generated by these techniques
alone. One of the most frequently cited of these limitations
is that the reproducibility and accuracy of these techniques
are suboptimal due to the absence of a universally accepted,
standardized analysis protocol. A related issue is that the
tractography is very user-dependent, in part due to the dis-
cretionary nature of selection of FA thresholds.8

The major limitation of DTI occurs when white matter
bundles with multiple different fiber orientations exist
within a single imaged voxel. In this instance, the calculated
FA value for a particular voxel will effectively be a weighted
average of all of the fibers that are present within that voxel.
This becomes problematic when trying to perform DTI
tractography on white matter tracts that extend through
regions that contain substantial crossing fibers. For in-
stance, this is often evident when attempting to generate the
corticospinal tract (CST). Although the dominant bulk of
the fiber tract that extends from the region of the hand knob
in the paramedian perirolandic region through the internal
capsule and into the cerebral peduncle and brain stem is
easily generated with an ROI-based approach, the fibers
that extend laterally toward the representation of the face
and tongue within the lateral perirolandic cortex are often
truncated. This occurs due to the positioning of the arcuate
fasciculus (AF) and superior longitudinal fasciculus (SLF)
just lateral to the CST within the centrum semiovale.6

High angular resolution DWI and diffusion spectrum
imaging (DSI) are 2 imaging techniques that attempt to
combat some of the limitations of DTI and yield more ac-

curate information with regard to white matter fiber orien-
tation, though each requires a longer acquisition time than
DTI and more complex postprocessing. Technical advance-
ments, including the use of multiple receiver coils, simulta-
neous multislice echoplanar imaging, and multiband exci-
tation, have sufficiently decreased acquisition times to
allow the clinical use of DSI.8

Diffusion kurtosis imaging, which has a shorter scan
time than DSI, is another technique that has shown poten-
tial to be superior to traditional DTI.8 DWI and DTI are
based on a Gaussian distribution of water molecules, famil-
iar to most people as a bell curve distribution. In vivo dif-
fusion of water molecules is far more complex than this
model implies. Kurtosis is a term from probability theory
and statistics that refers to deviation from a normative dis-
tribution. Diffusion kurtosis imaging attempts to account
for the non-Gaussian characteristics of water diffusion in
the brain.9

In the setting of tumor, distortion of the anatomy, in-
cluding the white matter structure, may cause DTI to un-
derestimate the amount of remaining functional white mat-
ter. There also is the related issue of brain shift during
surgery, which results in a loss of congruence between the
intraoperative findings and the preoperative imaging. To
account for this, several investigators have recommended
using a “buffer” of at least 5–10 mm when operating in
proximity to eloquent structures. The current consensus is
that the neurosurgeon best minimizes the risk of unintended
injury to the patient by relying on a combination of imag-
ing-based navigational information and intraoperative sub-
cortical mapping.8

After briefly reviewing the fundamental principles of DTI
and tractography and some of the limitations thereof,
herein, we outlined the DTI protocol used at our institution,
discussed the preferred ROI locations and tractography pa-
rameters, and detailed the anatomy and function of the
major white matter tracts, including the CST, inferior fron-
to-occipital fasciculus (IFOF), AF and SLF, optic radiations,
uncinate fasciculus (UF), inferior longitudinal fasciculus
(ILF), and the cingulum.

IMAGING TECHNIQUE

Scan Parameters
DTI examinations at our institution are obtained on a 3
Tesla system (Verio or Skyra, Siemens Medical Systems,
Erlangen, Germany) using a 12-channel head coil with
the following pulse sequence parameters: TR/TE/excita-
tions, 10700 ms/83 ms/4; EPI factor, 104; 230-mm field
of view; 2-mm sections; 54 sections; matrix, 116 � 116;
voxel size, 2 � 2 � 2 mm; bandwidth, 1596 Hz/Px; echo-
spacing, 0.71 ms; and diffusion encoding in 64 directions.
Typically, the acquisition time is 10–11 minutes per scan using
the aforementioned parameters. DTI postprocessing and trac-
tography are performed with either Prism (Prism Clinical
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Imaging, Elm Grove, Wisconsin) or BrainLab software (Brain-
Lab, Munich, Germany).

ROI Selection
The reproducibility of tractography is difficult to distill into
a simple statement because it depends on a variety of fac-
tors, including the imaging parameters that were used, the
particular tract being interrogated, and the tracking algo-
rithm used. Accurate fiber tracking, though difficult to
achieve at times, can be optimized by reconstructing tracts
whose courses have been well established through previous
anatomic studies. Even when results are reproducible, it is
important to remember that there is always some variability
in reconstruction that arises from data acquisition issues,
such as patient motion and partial volume effects. Wakana
et al10 approached the problem of generating reproducible
tracking protocols by separating it into 2 steps; the first was
to find out which tracts could be reconstructed with consis-
tent results, which depended on the size, curvature, and
discreteness of the tract in question, while the second was to
refine the protocols used to reconstruct the tracts through
iterations of the protocol setup and measurements of
reproducibility.10

With the aforementioned issues of reproducibility in
mind, a systematic approach is recommended when per-
forming ROI-based DTI tractography in clinical practice.
At our institution, this is typically performed after the place-
ment of two 3-dimensional cubic ROIs in the regions of the
brain where the tract of interest is the only major white matter
bundle that passes through both points.

For the CST, the first ROI is placed over the sensorimo-
tor region for the foot, fingers, lip, and tongue areas. A
second ROI can be placed either over the ventral aspect of
the cerebral peduncles or the posterior limb of the internal
capsule, depending on user preference. For the AF, the first
ROI is placed within the lateral aspect of the centrum semi-
ovale over the anteroposterior (represented in green) por-
tion of the dorsal limb of the AF. The second ROI can be
placed over the superior-inferior (represented in blue) por-
tion of the tract, which connects the dorsal and ventral
limbs. For the IFOF, large ROIs are placed overlying the
anterior and posterior portions of the tract within the ante-
rior frontal and occipital lobes, respectively. For the optic
radiations, the first ROI is placed over the lateral geniculate
nucleus of the thalamus, and the second ROI can be placed
over the cortex along the calcarine fissure within the occip-
ital lobe. The lower bank may be specifically selected to
target the fibers of the optic radiations that contribute to the
Meyer loop. For the ILF, the first ROI is placed over the
anterior temporal lobe, whereas the second ROI is placed
overlying the ipsilateral occipital lobe. For the UF, ROIs are
placed overlying the anterior–inferior frontal lobe as well as
the ipsilateral anteromedial temporal lobe. For the cingu-
lum, a single ROI can be placed over the dominant antero-
posterior-oriented component of the tract, which is located
just above the body of the corpus callosum.

In all instances, additional ROIs may be placed after the
generation of a tract to exclude unwanted and/or spurious
fibers. In Figure 4, ROIs in the anterior–inferior frontal lobe
and anterior temporal lobe successfully generated the UF in
addition to spurious fibers, some of which represent the
IFOF. These spurious fibers were excluded by selecting
them with a third ROI and using the postprocessing
software functionality to erase them. When determining
whether a specific tract is accurate or whether the tract
contains erroneously generated fibers or fibers from an ad-
jacent tract(s), it is important to have a working knowledge
of normal white matter anatomy.

In addition, we also find it helpful when the process of
tractography can be guided by information that is present
on other advanced imaging sequences that are typically ac-
quired along with DTI. For instance, the location and course
of the AF can often be inferred from cortical activity that is
seen in the temporal, parietal, and frontal lobes with many
task-based functional MR imaging language paradigms. An
example of this concept is presented in Figure 5. In this figure,
short fibers can be seen connecting activation blobs in the
frontal, parietal, and posterior temporal lobes with the domi-
nant bulk of the AF. In this scenario, identification of a fiber
tract as the AF could be aided by this finding.

DTI Parameters
In addition to ROI selection when performing DTI tractog-
raphy, many software platforms also allow the user to ad-
just other parameters during the tractography process.
Some of these parameters include fiber length, minimum FA
value, and fiber turning angle. In the case of fiber tract

Fig 4. Exclusion of spurious fibers. A, A volume-rendered image that
demonstrates ROIs within the anterior–inferior frontal lobe as well as the
anterior temporal lobe; tractography performed with these ROIs re-
turned the desired tract, the UF (black arrow), in addition to other spuri-
ous fibers, some of which include the IFOF (white arrow). B and C, Axial
MPRAGE images with overlaid tracts; the white arrow in both images
depicts the desired tract, the UF; the white arrowheads in both images
depict a manually placed ROI before and after the exclusion of unwanted
fibers B and C, respectively. D, Depicts a volume-rendered image that
demonstrates the final result, the UF.
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length, this parameter serves to eliminate fiber tracts that
are shorter than the tract that is being targeted. It is for this
reason that we choose a longer length (eg, 75 mm) for
longer tracts such as the CST and IFOF. Minimum FA value
is a parameter that provides an FA floor below which a tract
will not propagate. In practice, we believe that FA values be-
tween 0.25 and 0.30 are ideal starting values; however, it is
often necessary to reduce this value (0.15–0.25) to generate a
desired tract, particularly when targeting tracts that are in
close proximity to a pathologic process. Generally, FA values
�0.15 generate spurious fibers, which should be scrutinized
closely before accepting as accurate. Finally, turning angle is a
parameter that attempts to prevent the generation of tracts
that take “nonphysiologic” angles (eg, �90°). In general, a
turning angle between 40° and 70° is often appropriate. Al-
though definitive starting FA, turning angle, and tract length
values are impossible to enumerate for each tract covered in
this article, general guidelines for starting values are listed in
Table 2. These values are based on a review of the literature as
well as our own clinical experience.11-17

ANALYSIS OF MAJOR DIFFUSION TRACTS

CST
White matter tracts are divided into association fibers
(which connect different ipsilateral cortical regions), com-
missural fibers (which connect the hemispheres across the
midline), and projection fibers (which connect the cortex
with deep gray matter, the brain stem, and the spinal cord).
The CST is a projection tract that originates in the primary
motor cortex, the primary somatosensory cortex, the sup-
plementary motor area, and the premotor cortex (Fig
6).5,18-20 A recent study showed that nearly 70% of CST
fibers originate from the primary motor and somatosensory
cortices, 20% arise from the supplementary motor area,
and 10% arise from the dorsal premotor cortex.19 Addi-
tional projections arise from the posterior parietal cortex,
parietal operculum, and cingulate gyrus.18,21,22

The fibers of the CST then run through the centrum
semiovale and corona radiata to the posterior limb of the
internal capsule and the cerebral peduncle, at which point
the CST is located within the middle third of the crus cere-
bri. The CST fibers traverse the basis pontis, enter the ven-
tral medulla, forming the medullary pyramids. At the level
of the caudal medulla, near the cervicomedullary junction,
most of the CST (75%–90%) decussates and crosses into
the contralateral spinal cord to form the lateral CST.18,20

These fibers synapse on the anterior horn cells at their re-
spective spinal levels. The remaining CST fibers descend
into the ipsilateral spinal cord and form the anterior CST
(approximately half of the uncrossed fibers) and also join
contralateral crossed fibers within the lateral CST (remain-
ing fibers). These fibers remain ipsilateral to the side of
origin and do not cross to the contralateral anterior horn
cells until they reach their designated spinal level.18,20 Of
note, the corticobulbar and corticopontine tracts travel

Fig 5. Blood oxygen level-dependent (BOLD) fMRI guiding tractography.
A, A volume-rendered image that contains language activation blobs as
derived from multiple task-based fMRI language paradigms as well as
the AF. B, C, and D, Sagittal, coronal, and axial MPRAGE images, respec-
tively, with the same activation blobs and AF as depicted in (A). Please
note the short AF fibers (white arrowheads) that connect the dominant
fiber tract bundle (black arrow in B) with the adjacent activation blobs
(white arrows).

Table 2: Suggested DTI tractography starting parameters

FA Length (mm) Angle (degrees)

AF and SLF 0.15–0.25 50–60 60

Cingulum 0.15–0.20 30 60

CST 0.20–0.25 70–80 60

IFOF 0.15–0.25 70–80 60

ILF 0.20–0.25 50 40–50

Optic radiations 0.15–0.25 40 60

UF 0.15–0.25 20–30 30

Fig 6. CST. Volume-rendered image (A) as well as coronal (B) and axial
(C, D) MPRAGE images that demonstrate the CST (black arrows) in addi-
tion to 2 ROIs: the first is placed over the sensorimotor cortex (white
arrows) and the second is placed over the posterior limb of the internal
capsule (white arrowheads).
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with the CST to the level of the brain stem, but it is difficult
to distinguish these tracts on DTI.

The CST has somatotopic organization similar to the
primary motor and somatosensory cortices. In both the co-
rona radiata and posterior limb of the internal capsule, the
anterior fibers represent the face, the middle fibers represent
the arm, and the posterior fibers represent the leg.23,24

Within the cerebral peduncle, there is an oblique orienta-
tion with the anteromedial fibers representing the face, the
middle fibers representing the arm, and the posterolateral fi-
bers representing the leg.18,25 The fibers for the arm and hand
remain anteromedial and medial to the fibers for the leg and
foot in the pons and medulla, respectively.18,26-28 The fibers
that represent the face (corticobulbar) project to the cranial
nerve nuclei in the brain stem.

The CST is considered to be a multifunctional white
matter tract that has roles in movement execution (primary
motor cortex), visual and sensory direction for movement
(premotor cortex), design and coordination of movement
(supplementary motor area), management of afferent sen-
sory input related to movement (somatosensory cortex),
and, potentially, an emotional component of movement
(cingulate cortex).29,30 With regard to the execution of
movement, it is thought that the lateral CST controls distal,
fine motor skills, whereas the anterior CST regulates prox-
imal movement of the upper extremities, the body, and the
trunk.29,31

IFOF
The IFOF is an association fiber tract that connects the
occipital, posterior parietal, temporal, and frontal lobes
(Fig 7). Posteriorly, the IFOF extends from the cortex
through the sagittal stratum, which is located in the white

matter lateral to the posterior horn and atrium of the lateral
ventricle. The sagittal stratum is formed by the IFOF, the
ILF, a portion of the AF and SLF, and a portion of the optic
radiations.5,20,32 After traversing the sagittal stratum, the
tract extends along the inferolateral margin of the claus-
trum and joins the external and extreme capsules. In this
area, it is located superior to the UF within the temporal
stem. The fibers then project into various locations in the
frontal lobe. Of note, the posterior portion of the IFOF is
parallel to the ILF, and these 2 tracts can be difficult to
differentiate in the occipital region on DTI.

The IFOF is composed of a superficial layer, a dorsal
layer, and a deep, ventral layer.33-37 The superficial layer
connects the extrastriate cortex of the occipital lobe (supe-
rior and middle occipital gyri), the superior parietal lobule,
and the superior temporal gyrus to the inferior frontal
gyrus. The deep layer can be subdivided into 3 parts: pos-
terior, middle, and anterior. The deep layer connects the
inferior occipital gyrus, the inferior temporo-occipital re-
gion, and the middle temporal gyrus to the 1) middle frontal
gyrus and dorsolateral prefrontal cortex (posterior fibers),
2) middle frontal gyrus and lateral orbitofrontal gyrus
(middle fibers), and 3) basal orbitofrontal cortex (anterior
fibers).

In 2016, Wu et al38 published the results of their work to
further define the anatomy of the IFOF using a higher-
resolution DSI technique. Specifically, they used an attenu-
ated sampling of angular space and reconstructed the trac-
tography using generalized q-sampling imaging with a high
angular resolution-based approach.38 Although many stan-
dard descriptions of the IFOF have described 2 major seg-
ments, the approach taken by Wu et al38 helped reveal 5
constituent components of this tract. The investigators also
found a fair amount of variability among individuals with
regard to connectivity of the IFOF, with the highest degree
of overlap (40%) in the central portion of the tract.38

One of the roles of the IFOF is to function as part of the
ventral language stream. The current concept of language
processing is a dual-stream model composed of ventral and
dorsal streams. The ventral stream is predominantly bilat-
eral and involved in semantic processing (verbal and non-
verbal), speech recognition, and lexical processing. The
dorsal stream is often strongly lateralized to the left hemi-
sphere and involved in phonologic processing as well as
auditory-motor integration.39-41 The major white matter
tracts associated with the ventral language stream are the
IFOF, the ILF, the UF, and the middle longitudinal fascicu-
lus. It has been proposed that these white matter tracts
comprise both direct and indirect pathways for the ventral
language stream.35,37,42

The direct pathway is represented by the IFOF and is
considered to be essential because the other white matter
tracts do not compensate for IFOF deficits. The indirect
pathway is via the ILF and the UF. Deficits of the indirect
pathway have been compensated for by the IFOF, which
supports the idea of plasticity. The different layers of the

Fig 7. IFOF. Volume-rendered image (A) as well as sagittal (B) and axial
(C and D) MPRAGE images, demonstrating the IFOF (black arrows) in
addition to 2 ROIs: the first is placed over the anterior-inferior frontal
lobe (white arrows), and the second is placed over the occipital lobe
(white arrowheads). B, The black arrowheads depict the IFOF as it
courses through the inferior aspect of the external capsule. The black
arrowheads in (D) depict the IFOF within the sagittal stratum.
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IFOF are suggested to support different functions.34,35,37,43

For example, the superficial layer and the posterior fibers of
the deep layer likely represent semantic processing, whereas
the middle fibers of the deep layer function in sensory-mo-
tor integration, and the anterior fibers of the deep layer may
have a role in the emotion-speech interface.

Another important function of the IFOF involves the
ventral visual stream. There is a dual-stream model for vi-
sion, with a ventral visual stream that is responsible for
object recognition and a dorsal visual stream that recog-
nizes spatial relationships and guides movement.44-47 The
ventral pathway involves the occipitotemporal cortex, infe-
rior parietal lobule, and dorsolateral prefrontal cortex. The
major white matter tracts associated with the ventral visual
stream are the IFOF, ILF, and the UF. These tracts are
thought to be involved in ventral stream functions, such as
face recognition, color processing, object identification, and
text semantics as well as visual memory, visual emotion, read-
ing, and attention.44,48-51 Given the role of the IFOF in many
high-order functions, it is of interest that the IFOF has no
equivalent tract in the monkey brain, which led some investi-
gators to believe that this unique human tract may be neces-
sary for the development of higher cognitive skills.35,52,53

AF and SLF
The AF and SLF are association fiber tracts that connect the
temporal, parietal, and occipital lobes to the frontal lobe via
an arc around the sylvian fissure (Fig 8). Earlier literature
considered these tracts to be part of the same fasciculus, and
the terms have been used interchangeably. More recent
work has defined these tracts as being more distinct from
one another. Many recent models consider the SLF to be
subdivided into 4 separate components: the SLF-I, SLF-II,

SLF-III, and AF.18,20,37,43,54,55 That said, it is important to
note that there is no universal agreement on the subcompo-
nents of the SLF. This controversy likely results in part from
continued refinements of tractography techniques, such as
the improved resolution afforded by the more recent use of
DSI compared with earlier studies based on DTI. In their
study of the SLF, Wang et al56 noted that, even when the
same imaging technique (eg, DSI) is used, there is variation
in the subcomponents of the tract among healthy individu-
als. Furthermore, there are differences in these tracts be-
tween the 2 cerebral hemispheres.56

As noted above, the initial model of the AF and SLF that
connects the Wernicke area (superior temporal cortex) to
the Broca area (inferior frontal cortex) is too simplistic. The
recent models of the SLF have determined a specific course
for each of its subcomponents. The SLF-I connects the su-
perior parietal lobe–precuneus with the supplementary mo-
tor area, premotor areas, and, likely, the anterior cingulate
region. The SLF-II connects the inferior parietal lobe–
parieto-occipital region with the angular gyrus and middle
frontal gyrus. The SLF-III connects the supramarginal gyrus
with the pars opercularis of the inferior frontal gyrus. The
AF connects the superior and middle temporal gyri with
fronto-opercular locations.

Results of several studies have indicated that the AF is
composed of different components, including a recent study
that identified ventral and dorsal segments of the AF.55 The
ventral AF segment coursed deep to the supramarginal
gyrus and continued with the SLF-III to the pars opercularis
as well as the pars triangularis and ventral premotor cortex,
and the dorsal AF segment coursed deep to the angular
gyrus and continued with the SLF-II to the middle frontal
gyrus as well as the pars opercularis and ventral premotor
cortex.55 However, it should be noted that there is variabil-
ity in the descriptions of the subcomponents of the AF
among different investigators.

The AF and SLF are the major white matter tracts of the
dorsal language stream but also have roles in the dorsal
visual stream. As noted above, the dorsal language stream is
involved in phonologic processing as well as auditory-mo-
tor integration and is often left-hemisphere dominant.39-41

The dorsal visual stream recognizes spatial relationships
and guides movement. The functions of the AF and SLF can
vary, depending on whether they are located in the domi-
nant or nondominant hemisphere. In the dominant hemi-
sphere, the SLF-III and AF have roles in the articulation of
speech, phonologic processing, and lexical semantics,
whereas, in the nondominant hemisphere, the SLF-III and
AF have roles in visuospatial attention and prosody of lan-
guage.48,55,57,58

The bilateral SLF-I and SLF-II fibers have similar func-
tions in both the dominant and nondominant hemispheres.
The SLF-I is thought to help regulate higher motor function,
whereas the SLF-II has roles in spatial working memory and
visual spatial awareness. It is interesting to note that com-
parative studies between humans and lower primates have

Fig 8. AF and SLF. Volume-rendered image (A) and sagittal (B) and axial
(C, D) MPRAGE images, demonstrating the AF and SLF (black arrows) in
addition to 2 ROIs, the first of which is placed in the lateral aspect of the
centrum semiovale over the anteroposterior portion of the dorsal limb of
the AF and SLF (white arrows), and the second of which is placed over the
superior-inferior portion of the tract that connects the dorsal and ventral
limbs (white arrowheads).
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shown a difference in the connections between the left fron-
tal cortex and the left middle and inferior temporal
gyri.59,60 Although these connections are robust in humans,
they are either diminutive or absent in the lower primates,
which suggests that the connections support the higher cog-
nitive and language functions in humans.59,60

Optic Radiations
The visual pathway begins at the eyes and extends along the
optic nerves to the optic chiasm and optic tracts. The optic
radiation, which is the posterior portion of the visual path-
way, is composed of fibers that originate from the posterior
dorsolateral portion of the lateral geniculate nucleus, the
structure into which fibers from the ipsilateral optic tract
course (Fig 9). A smaller, ventral fiber bundle, known as the
Meyer loop, initially travels anteriorly and laterally, and
then turns sharply posteriorly and medially around the tem-
poral horn of the lateral ventricle, ultimately terminating in
the inferior calcarine cortex of the occipital lobe. A larger,
dorsal fiber bundle (Baum loop) departs the lateral genicu-
late nucleus and becomes more compact, briefly coursing
laterally and then turning posteriorly and medially to ter-
minate in the upper calcarine cortex.61 Additional visual
input fibers travel from either the lateral geniculate nucleus
or the pulvinar nucleus of the thalamus to areas of motion-
specialized cortex along the lateral aspect of the occipital
lobe.61 The optic radiation, along with the ILF, IFOF, and a
portion of the AF and SLF, is considered to be a component
of the sagittal stratum, which is situated lateral to the
atrium of the lateral ventricle.62

The optic radiation is one of the earliest white matter
tracts to mature, and it is fully myelinated by 3 years of

age.63 One portion of the optic radiation is myelinated at
birth and extends from the lateral geniculate nucleus to the
calcarine cortex. The other group of fibers is myelinated
postnatally, and these fibers course from the extracalcarine
cortex to the pulvinar nucleus of the thalamus.61

From a functional standpoint, the role of the optic radiation
is to relay visual impulses received in the lateral geniculate
nucleus to the visual cortex of the occipital lobe. It is important
to note that the visual pathway conserves retinotopic organi-
zation. The visual field on a particular side travels via the optic
radiation of the opposite cerebral hemisphere to the visual
cortex.64 One setting in which preoperative visualization of
the course of the optic radiation when using tractography can
be helpful is epilepsy surgery. It has been noted that a large
number of patients who underwent anterior temporal lobec-
tomy for epilepsy were left with a visual field defect.65

UF
The UF, whose name is derived from the Latin word for
“hook,” which thus reflects its morphology, is a ventrally
located association tract (Fig 10). It travels from the ante-
rior portion of the temporal lobe to the orbitofrontal cor-
tex. Its temporal fibers are located anterior and medial to
the ILF. As the fibers of the UF pass through the anterior
aspect of the external capsule, they are generally positioned
slightly inferior to those of the IFOF.32 Given the location
of the UF, it is susceptible to injury in head trauma. It is also
sometimes injured during epilepsy surgery.66

The UF does not reach its developmental peak until the
third decade of life. Overall, the functions of the UF remain
largely unknown, although, as part of the extended limbic
system, this tract is involved in emotions and language.66 In

Fig 9. Optic radiations. Volume-rendered image (A) and sagittal oblique
(B), axial (C), and coronal (D) MPRAGE images, demonstrating the optic
radiations Baum loop (black arrows) and Meyer loop (black arrowheads).
Both loops can be generated by placing an ROI within the lateral genic-
ulate nucleus of the thalamus (white arrows). The Baum loop can be
generated by placing a second ROI over the cortex along the superior
aspect of the calcarine fissure (white arrowheads). The Meyer loop can
be generated by placing a second ROI over the cortex along the inferior
aspect of the calcarine fissure (white dashed arrows).

Fig 10. UF. A, The entire volume-rendered UF (black arrow) overlaid on a
single axial MPRAGE image. B–D, Sagittal (B) and axial (C and D)
MPRAGE images with the appropriate portion of the UF (black arrows)
overlaid on each image. Two ROIs are depicted in A–C: the first is located
in the anterior-inferior frontal lobe (white arrows), and the second is
located in the temporal lobe (white arrowheads). The black arrow in D
depicts the UF as it travels through the anterior-inferior aspect of the
external capsule.
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addition, studies of patients with lesions that involved the
UF also implicate it in the formation and retrieval of epi-
sodic memories.67-70 As described previously, the UF is a
component of both the ventral language and ventral visual
streams. The ventral language stream contains both direct
(IFOF) and indirect (ILF and UF) pathways and is involved
in semantic processing of verbal and nonverbal lan-
guage.37,39-42,71 The ventral visual stream is also composed
of both direct (IFOF) and indirect (ILF and UF) pathways,
with the ventral stream performing tasks related to object
recognition.44-47 The UF has been implicated in various
developmental and psychiatric disorders.66 Despite its rela-
tively short course, it is clear that the UF plays a role in
many higher-level cognitive processes.

ILF
The ILF, which is part of the lateral group of long associa-
tion fibers, courses laterally and inferiorly cephalad to the
optic radiation and connects the anterior temporal lobe
with the occipital lobe (Fig 11).72 The IFOF overlaps a
portion of the course of the ILF.73 In contrast to the IFOF,
which is a direct pathway that joins the orbitofrontal, pos-
terior temporal, and occipital portions of the hemisphere,
the ILF is considered to be an indirect pathway. It connects
similar portions of the hemisphere and, along with the UF,
communicates with the orbitofrontal region.74

Direct and indirect subdivisions of the ILF have been
described.73 The indirect pathway is formed by U-shaped
fibers that join adjacent gyri in the inferior temporal and
occipital convexities. Longer fibers located medial to the
aforementioned shorter fibers comprise the direct pathway,

and they connect with the superior, middle, and inferior
temporal gyri, fusiform and parahippocampal gyri, amygdala,
and hippocampus.32,49,73,75

The direct pathway of the ILF has also been subdivided
into dorsal and ventral components. The dorsal ILF is the
more lateral component. The ventral ILF begins in the fusi-
form gyrus and travels along the inferolateral aspect of the
lateral ventricle to the parahippocampal gyrus and inferior
temporal pole. Research has also suggested the existence of
a lingual cortex-to-amygdala bundle.76 It is thought to orig-
inate from the medial aspect of the lingual cortex and
course along the inferolateral wall of the lateral ventricle
medial and deep to the ventral ILF. At the temporal horn,
the lingual cortex-to-amygdala bundle of the ILF travels
medially and terminates in the region of the amygdala.76

As with some of the other major white matter tracts, the
functions of the ILF remain incompletely understood. That
said, results of research have indicated a variety of possible
roles for this major tract.76 Together, the aforementioned
dorsal ILF and ventral ILF connect areas of cortex activated
by various visual inputs, regions involved in multimodal
processing of stimuli (the lateral infero temporal multi-
modal area for language), and the anterior temporal pole,
where the overlapped terminations of the ILF and UF
create a communication with the direct pathway of the
semantic ventral stream for language analysis (IFOF) and
the dorsal visual stream involved in the analysis of the
spatial position of visual cues. The lingual cortex-to-
amygdala bundle of the ILF is thought to be involved in
limbic modulation of visual processing.76

Ortibus et al77 used DTI to assess for differences in the
ILF of children with object recognition deficits compared
with healthy individuals. They found an association be-
tween the loss of integrity of the ILF and impaired object
recognition.77 The ILF has also been implicated in the rec-
ognition of facial emotional expression.78

Some functions of the ILF seem to be lateralized. For
example, results of research indicate that reduced FA in the
right ILF negatively correlates with measures of thought
disorders.79 Reduced FA in several white matter tracts,
including the left ILF, has been associated with impaired
cognitive flexibility.80 A study of adolescents with schizo-
phrenia found evidence of reduced FA in the left ILF, par-
ticularly in patients who had experienced visual hallucina-
tions.15 Language function associated with the ILF also
seems to be lateralized. Work by Mandonnet et al81 indi-
cates that the left ILF is one part of the indirect subdivision
of the ventral semantic stream.

Cingulum
The cingulum, a portion of which runs superior and parallel
to the corpus callosum, is a medially located association
tract with a somewhat C-shaped configuration (Fig 12).
Fibers of the cingulum travel from each temporal lobe, spe-
cifically from the amygdala, uncus, and parahippocampal
gyrus, to the orbitofrontal portion of each frontal lobe in-

Fig 11. ILF. The entire ILF overlaid on a single axial MPRAGE image (black
arrow). Two ROIs were used to generate this tract: the first located in the
anterior temporal lobe (white arrow) and the second is located in the
occipital lobe (white arrowheads).
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ferior to the callosal genu. In addition, there are shorter
fibers traveling to and from the main structure of the cin-
gulum and connecting to various other portions of the ce-
rebral cortex, including each cingulate gyrus, each medial
frontal gyrus and paracentral lobule, the precuneus of each
parietal lobe, the cuneus and lingual gyrus of each occipital
lobe, and each fusiform gyrus.60

Traditionally, the cingulum, a component of the limbic
system, has been divided into anterior, middle, and poste-
rior portions, which were initially defined by their cellular
structure and receptor types. These partitions were later
further defined by functional imaging and electrical stimu-
lation.82 The subdivisions of the cingulum also seem to have
different functional roles. The anterior component is in-
volved in decision-making, emotion, and executive func-
tion.83,84 The middle section of the cingulum helps to carry
out both motor function and attention-related tasks.85 Cog-
nitive function is found in the posterior portion.86,87

Recently, Wu et al82 used DTI and fiber dissection to
identify 5 component segments of the cingulum: segment I
courses from the orbitofrontal cortex to the precuneus and
splenium of the corpus callosum; segment II arises in the
parahippocampal gyrus, travels around the splenium, and
terminates in the medial portion of the superior frontal
gyrus; segment III, the largest of the fiber bundles, originates
in the superior parietal lobule and precuneus, and joins the
medial aspect of the superior frontal gyrus; a smaller com-
ponent, extending from the superior parietal lobule and
precuneus to the supplementary and premotor areas of the
frontal lobe, is designated segment IV; and segment V ex-
tends from the parahippocampal gyrus to the occipital lobe.

The function of segment I has not been determined fully,
though results of studies indicate potential roles, including
modulating affective responses to noxious stimuli and per-
haps in depression, cognitive function, and verbal memory.

Segment II is thought to perhaps play a role in path integra-
tion, which involves updating position and orientation.
Given its multiple interconnections, there is speculation
that, of the subdivisions of the cingulum, segment III may
have the dominant functional role, and among its possible
roles are performance in attention-intensive cognitive tasks
and response conflict. Segment V may have multiple func-
tions, including in cognition, executive function, and
memory.82

CONCLUSIONS
When using these DTI and tractography techniques com-
bined with basic knowledge of the anatomy and function of
the white matter tracts themselves, a radiologist can effec-
tively implement a well-rounded DTI program at his or her
institution.
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