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Reconstruction of the Human Visual System Based

on DTI Fiber Tracking

Philipp Staempfli, PhD,*-** Anna Rienmueller, MD,! Carolin Reischauer, MSc,*

Anton Valavanis, MD,? Peter Boesiger, PhD,!

Purpose: To apply and to evaluate the newly developed
advanced fast marching algorithm (aFM) in vivo by recon-
structing the human visual pathway, which is character-
ized by areas of extensive fiber crossing and branching, i.e.,
the optic chiasm and the lateral geniculate nucleus (LGN).

Materials and Methods: Diffusion tensor images were ac-
quired in 10 healthy volunteers. Due to the proximity to
bony structures and air-filled spaces of the optic chiasm, a
high sensitivity encoding (SENSE) reduction factor was ap-
plied to reduce image distortions in this area. To recon-
struct the visual system, three different seed areas were
chosen separately. The results obtained by the aFM track-
ing algorithm were compared and validated with known
anatomy.

Results: The visual system could be reconstructed repro-
ducibly in all subjects and the reconstructed fiber path-
ways are in good agreement with known anatomy.

Conclusion: The present work shows that the advanced
aFM, which is especially designed for overcoming tracking
limitations within areas of extensive fiber crossing, handles
the fiber crossing and branching within the optic chiasm
and the LGN correctly, thus allowing the reconstruction of
the entire human visual fiber pathway, from the intraor-
bital segment of the optic nerves to the visual cortex.

Key Words: diffusion tensor tractography; resolving fiber
crossing; visual system; DTI; fast marching

J. Magn. Reson. Imaging 2007;26:886-893.

© 2007 Wiley-Liss, Inc.

DIFFUSION TENSOR IMAGING (DTJ) (1,2) and its ap-
plication, DTI fiber tractography (3-5), has become a
prominent tool for mapping white matter axonal struc-
tures and investigating their structural integrity in the
human brain since its introduction a decade ago. For
fiber tracking, a variety of different tracking algorithms
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has been proposed so far (for review articles, see Refs. 6
and 7). Despite the promising applications of DTI fiber
tracking in brain research and clinical studies, this
technique is still constricted by several limitations. A
severe drawback is the tensor’s voxel-averaged nature,
i.e., the principal eigenvector does not necessarily cor-
respond to the main fiber direction, particularly when
bundles intersect, branch, or merge. For whole-brain
DTI fiber tracking, the voxel size of the data that can be
achieved in a clinically feasible acquisition time is ap-
proximately 1.5 mm?>. This is orders of magnitudes
larger than the diameter of a single axon, which lies in
the range of a few microns. Therefore, only major fiber
bundles can be resolved, and it is not possible to trace
the course of single axons with DTI. But even when
main fiber systems are investigated, trajectories may be
compromised by missing or wrong directional informa-
tion in the main diffusion eigenvector due to noise,
partial volume effects, or, likewise, fiber crossing,
branching, or kissing situations (8-14). Sophisticated
tracking algorithms have been developed recently to
overcome these limitations and to improve the tracking
results, e.g., by allowing fiber branching or by resolving
fiber crossing situations (15-20).

Another limitation in the field of DTI fiber tracking is
the lack of standardized procedures for verifying or
quantifying DTI revealed connections, which makes it
difficult to compare tracking results of different algo-
rithms with each other. Anatomical variations between
subjects (21-24) and missing knowledge of the exact
course of fiber connections beyond the gross fiber path-
ways further complicate in vivo fiber tracking evalua-
tions. Several bundles of these main fiber connections,
such as, e.g., the corpus callosum, superior, anterior,
and posterior thalamic radiations, inferior and superior
longitudinal fasciculi, inferior frontooccipital tract, and
sagittal stratum, were reconstructed in the last few
years. A summary can be found in a 3D in vivo atlas by
Mori et al (25) and a publication by Wakana et al (26).

An anatomically well known fiber system investigated
with DTI fiber tracking is the human visual pathway.
Trip et al (27) and Iwasawa et al (28) investigated the
optic nerves in patients suffering from optic neuritis. A
study (29) on the same disease showed pathologic
changes in the optic radiation on maps generated with
the fast marching tracking technique (19). Schoth et al
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(30) explored the optic radiation in blind humans and in
healthy volunteers and compared anisotropy values be-
tween the two groups. Different MR techniques to ac-
quire images of the optic nerve, the optic chiasm, and
the optic tract have been investigated by Vinogradov et
al (31). DTI fiber tracking reconstructions of the optic
radiation in healthy volunteers are presented in Parker
et al (19) and Staempfli et al (20). Until now, there exists
no study attempting to reconstruct the entire visual
pathway using DTI data. The main reasons for that are
susceptibility artifacts in the area of the chiasm as well
as the extensive fiber crossing within this area, which is
difficult to resolve by fiber tracking algorithms.

The goal of this study was to reconstruct the entire
human visual pathway, from the optic nerve to the
visual cortex, using a single tracking seed area, which
has not been achieved until now. Therefore, the newly
developed advanced fast marching algorithm (aFM) (20)
was applied and its results were compared and ana-
lyzed to known anatomy. A main focus was to explore
the performance of the algorithm in the area of the optic
chiasm. Particularly, the hypothesis being tested was
whether the aFM algorithm, which was especially de-
signed for resolving fiber crossings, is capable of resolv-
ing this anatomically challenging situation in the hu-
man visual pathway.

The Human Visual System and the Visual
Pathway

In this paragraph, a short summary is provided about
the anatomy of the most important structures of the
human visual system. More detailed anatomical in-
sights can be found, e.g., in Standring (32). The human
visual system is subdivided into several parts (see Fig.
1). The retina (Fig. 1a), the sensory input organ of the
visual system, transmits neural impulses through the
optic nerve (Fig. 1b) to the optic chiasm (Fig. 1c), which
is positioned at the chiasmatic sulcus in the skull base,
at the junction of the anterior wall and the floor of the
third ventricle. From there, fibers of the optic nerves
diverge into medial and lateral hemiparts, where medial
parts are crossing to the contralateral side and lateral
parts continue on the ipsilateral side of the brain within
the optic tract (Fig. 1d). The main part of the fibers of
the optic tract terminates in the lateral geniculate nu-
cleus (LGN) (Fig. le). Only a few fibers pass on to the
superior colliculus (Fig. 1f). A main efferent fiber con-
nection from the LGN passes on via the optic radiation
(Fig. 1g) and terminates in the visual cortex (Fig. 1h).
Thereby, fibers first turn laterally and pass through the
sublenticular part of the internal capsule before run-
ning backward through the external sagittal stratum of
the temporal and occipital lobes, ending within the stri-
ate cortex (32,33).

MATERIALS AND METHODS
Subjects and Data Acquisition

A total of eight healthy volunteers (mean age 24.7 = 5.0
years, five female, three male) were scanned. Four of
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Figure 1. Schematic depiction of the human visual system
and the visual pathway: (a) eyes with eyeball and retina, (b)
optic nerves, (¢) optic chiasm, (d) optic tracts, (e) lateral genic-
ulate nuclei (LGN), (f) superior colliculi, (g) optic radiations,
and (h) visual cortex.

them were scanned twice in different sessions to test
the intrareproducibility of our results. Each subject
gave informed, written consent before the study. All
acquisitions were performed using a 3 T Achieva whole-
body system (Philips Medical Systems, Best, the Neth-
erlands), equipped with 80 mT/m/msec gradient coils
and an eight-element receive head coil array (MRI De-
vices Corp., Waukesha, WI, USA). To minimize head
motion, the subjects were fixed in the head coil by using
foam padding. Additionally, they were asked to close
their eyes during the acquisition to reduce eye move-
ments.

All sessions consisted of one high-resolution TI1-
weighted anatomical scan and two DTI scans with dif-
ferent cardiac gating times, to investigate whether fiber
tracking results within the optic system are compro-
mised by pulsation and motion effects. The total scan
time, including survey and sensitivity encoding
(SENSE) reference scan, added up to approximately 55
minutes. The anatomical data were obtained in a T1-
weighted turbo field echo (TFE) scan consisting of 27
contiguous slices (field of view [FOV] = 220 X 220 mm?,
slice thickness = 0.6 mm, acquisition matrix size =
256 X 256 mm?, TR = 20 ms, a = 20°). For the DTI
scans, a diffusion-weighted single-shot spin-echo echo
planar imaging (EPI) sequence was applied (FOV =
220 X 220 mm?, acquisition matrix size = 96 X 96,
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reconstructed to 128 X 128, contiguous slices =9, slice
thickness = 1.8 mm, TE = 45.8 msec, number of signal
averages = 7, partial Fourier acquisition = 60%). Dif-
fusion weighting with a maximal b-factor of 1000 sec-
onds/mm? was carried out along 15 icosahedral direc-
tions (34), complemented by one scan with b = 0. To
reduce susceptibility artifacts and to enhance signal-
to-noise ratio (SNR) and image quality (35-37), SENSE
(38) with a reduction factor R = 5 was applied. To
further reduce pulsation and flow artifacts (39,40) and
improve fiber tracking results (41,42), cardiac gating
was applied for the DTI acquisition using electrocardi-
ography (ECG). Image acquisition was started at two
different time points, namely 200 msec and 300 msec
from the monitored R wave.

Data Preprocessing

Retrospective interscan motion corrections and a de-
crease of eddy current-induced image warping were
achieved using a correlation-based 3D-affine registra-
tion algorithm (43). Moreover, the anatomical T1 im-
ages were coregistered to the DTI data with SPM2
(SPM2; Wellcome Department of Cognitive Neurology,
London, UK), whereas the BO-image was used as target
image. All further calculations, such as determining the
independent elements of the diffusion tensor, deriving
the corresponding eigenvalues and eigenvectors, and
reconstructing fibers, were performed with a dedicated
software package developed in C++.

Fiber Reconstruction

The different seed regions for the fiber tracking algo-
rithm were selected on the coregistered T1 images that
were overlaid on the DTI data. All seed areas were de-
fined on transversal slices. As first start region, an area
consisting of four to eight voxels, depending on the
individual anatomy, was chosen in the center of the
optic chiasm (Fig. 2). Therewith, fibers emerging from
the optic chiasm into the two optic nerves and into the
two optic tracts were investigated. As second and third
seed area, voxels in the intraorbital portion of the left
and right optic nerves, respectively, were defined (Fig.
2). For all fiber reconstructions, the aFM (20) algorithm
was applied. In contrast to conventional line propaga-
tion algorithms, such as, e.g., the well established “fiber
assignment by continuous tracking” (FACT) algorithm
(7), fast marching techniques are based on evolving a
3D wave front through a volume of interest (19,44). The
rate at which the front expands is linked to the local
diffusion tensor and its orientation to adjacent diffu-
sion tensors. Until today, all proposed FM algorithms
incorporate only the principal eigenvector of the diffu-
sion tensor in their calculations. Therefore, these meth-
ods fail to reconstruct fiber tracks in crossing or kissing
areas. The newly developed aFM algorithm proposed an
advanced implementation of FM, combining the advan-
tages of classical FM and the tensor deflection approach
(15). The aFM algorithm takes into account the entire
information contained in the diffusion tensor. Thereby,
every tensor is classified as prolate (linear), oblate (pla-
nar), or spherical ellipsoid (17,45). During the actual
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Figure 2. Selected seed regions on the coregistered T, images
consisting of four to eight voxels, defined on transversal slices.
One start region was chosen in the center of the optic chiasm,
as the second and third seed area, voxels in the center of the
left and right optic nerves, respectively, were defined. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

tracking process, different adapted speed functions are
applied for the front propagation, according to the
shape classification of two adjacent voxels. As a result,
the aFM algorithm features the capability to accurately
evaluate brain areas containing fiber crossings and
branching.

In this study, the aFM algorithm was executed with
60,000 to 65,000 time steps. For reconstructing the
fibers, an 8% to 12% voxel connectivity was used, de-
pending on the subject’s anatomy and size of the brain
(20). One fiber reconstruction with these parameters
took about 45 seconds on a standard PC.

Anatomical Evaluation

The resulting fiber pathways, reconstructed from the
three above mentioned seed areas, were evaluated
visually, whereas the main quality criteria were the
integrity and the accuracy of the reconstructed fibers.
Therefore, the course of the reconstructed fibers on
the coregistered anatomical T1 data was compared with
the known anatomy of the human visual pathway. Fur-
thermore, the behavior of the algorithm in the region of
the optic chiasm and the ability to resolve the fiber
crossing within this complex structure was an impor-
tant benchmark.



DTI Fiber Tracking in Human Visual System

Figure 3. BO map (a) and cor-
responding FA map (b), which
illustrate that the signal loss
caused by the high sense factor
could be adequately compen-
sated by signal averaging.

RESULTS

Figure 3 shows exemplarily a BO image (Fig. 3a) and the
corresponding fractional anisotropy (FA) image (Fig. 3b)
of one subject. It emphasizes the high data quality that
is not heavily compromised by noise. The SNR drop
provoked by the high SENSE reduction factor (36,37) is
adequately compensated by signal averaging during
data acquisition (number of signal averages = 7). Fig-
ures 4 and 5 exemplify the reconstructed fibers for two
of the eight different subjects for both cardiac trigger
time points. Figure 4a and the first row in Fig. 5 show
the data of one subject, acquired at the first cardiac
trigger time point (200 msec). Figure 4b and the second
row in Fig. 5 illustrate reconstructed fibers in the data-
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set of the second subject. Thereby, the data of the later
cardiac gating time point (300 msec) were used. It is
important to mention that reproducible fiber pathways
were reconstructed in all other six subjects, and similar
results were achieved in every volunteer dataset for
both measured cardiac trigger time points.

In Fig. 4, fibers reconstructed from the center of the
optic chiasm are shown. In both hemispheres of the
brain, the optic nerve, the optic tract, and the connec-
tions to the LGN could be reconstructed bilaterally.
Furthermore, fibers from the posterolateral thalamus
continue to the optic radiation to reach the striate cor-
tex in the occipital lobe. A few fibers emerging from the
chiasm in posterior direction most probably represent

Figure 4. Fibers reconstructed from the center of the optic chiasm are shown. a: Data set of a subject, acquired at the cardiac
trigger time point of 200 msec. b: Data set of a second subject at the cardiac gating time point of 300 msec. Trajectories
calculated with the aFM algorithm are depicted in green. In both hemispheres of the brain, the optic nerve, the optic tract, the
connections to the LGN, and furthermore the optic radiation onto the area striata in the occipital lobe, can be seen. The fibers
emerging from the chiasm in the posterior direction most probably represent connections following the oculomotor nerve to its

nuclei in the brain stem.
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connections following the oculomotor nerve to its nuclei
in the brain stem.

Figure 5 illustrates the trajectories, reconstructed
from seed areas encompassing the optic nerves. Pro-
ceeding from the seed region, the aFM algorithm recon-
structs the optic nerve in both directions, anterior in
the direction of the retina and posterior to the chiasm.
The fibers diverge inside the chiasm into the left and
right part of the optic tract and follow the optic radia-
tions onto the visual cortex. As physiologically ex-
pected, fibers are not deflected into the contralateral
optic nerve and, therefore, this is not reconstructed by
the aFM algorithm. Additional fibers starting from the
chiasm directly in posterior direction and fibers passing
from the optic radiation into posterior lateral parts of
the cerebral cortex are almost congruent, as in Fig. 4a
and b, respectively.

DISCUSSION

The human visual system is a large, well characterized
anatomical structure in the brain that has already been
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Figure 5. Trajectories, recon-
structed from seed areas
within the optic nerves. First
row: data set of a subject, ac-
quired at the cardiac trigger
time point of 200 msec. Second
row: data set of a second sub-
ject at the cardiac gating time
point of 300 msec. The aFM-
reconstructed fibers proceed
from the seed region anterior in
the direction of the retina and
posterior to the chiasm, where
they diverge into the left and
right part of the optic tract and
follow the optic radiations onto
the visual cortex. Fibers are
not deflected into the con-
tralateral optic nerve and
therefore it is not recon-
structed by the aFM algorithm.
Additional fibers starting from
the chiasm directly in the pos-
terior direction and fibers
passing from the optic radia-
tion into the posterior lateral
parts of the cerebral cortex are
almost congruent as in Fig. 4a
and b, respectively.

studied extensively in humans and primates. Perform-
ing fiber tracking based on DTI data within this fiber
system still faces four main challenges:

First, the anatomical location of the optic chiasm is
positioned in close proximity to the bony structures of
the anterior and middle cranial fossa where several air
filled spaces, the sinuses within the sphenoid and eth-
moid bone, are located. These cavities are source of
susceptibility-related artifacts during DTI data acquisi-
tion. A well-established approach to reduce these image
distortions is the application of parallel imaging tech-
niques, such as, e.g., SENSE. In this study, a SENSE
reduction factor of five was consequently applied. Even
though such high reduction factors are suboptimal in
terms of SNR (36,37), smaller factors did not reduce the
artifacts sufficiently in all subjects. The SNR drop was
compensated by signal averaging so that the influence
of the g-factor caused by the high SENSE reduction
factor could be reduced.

Second, another problem interfering with the quality
of data acquisition is the proximity of the supraclinoid
segment of the internal carotid artery, which runs just
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laterally to the optic nerve before dividing into the an-
terior and medial branches. Moreover, the ophthalmic
artery follows the optic nerve through the optic canal.
Pulsation of the carotid artery and its branches may
induce motion artifacts in the anatomical area of the
optic nerve, chiasm, and optic tract. Due to motion
sensitivity of DTI, this may result in wrong directional
diffusion tensor data (41,42), consequently leading to
misdetection or even nondetection of fibers passing
through this area. Therefore, cardiac gating was ap-
plied at two different time points to investigate pulsa-
tion effects. No differences in fiber reconstruction were
detected within the two different cardiac gating time
points used in this study. Additionally, the same results
were achieved in datasets in which other cardiac time
points were tested or in which cardiac gating even was
omitted.

Third, resolving fiber crossing and branching situa-
tions with DTI based fiber tracking, such as, e.g., within
the optic chiasm or the LGN, is a crucial problem. Newly
developed tracking algorithms have to be applied that
are designed especially for coping well with such situ-
ations.

A last important point for reliable fiber reconstruction
was the angulation of the measurement slices. The an-
gulation had to be defined according to the individual
anatomical orientation of the optic chiasm, meaning
that both optic nerves and both optic tracts as well as
the chiasm should be visible in one slice. If they were
not covered within one single slice, the aFM was not
able to handle the fiber crossing correctly in the optic
chiasm. A possible explanation is that an inadequate
angulation augments partial volume effects, meaning
that the data integrity in the area of the optic chiasm is
compromised by surrounding tissues not belonging to
the visual system. To reduce bulk motion for achieving
accurate positioning of the imaging slices, it is impor-
tant that the volunteers are well fixed inside the head
coil with foam padding and do not move during and
between the single scans. Another important point to
reduce bulk motion was to shorten the total scan time
as much as possible. The goal was to limit the overall
time for the scan session to one hour. As a result, only
nine DTI image slices could be acquired with the pa-
rameters defined in the data acquisition paragraph.
Although the volume covered by these nine slices is
relatively small, all parts of the visual system could be
covered by exact angulation in the anterior brain re-
gions (optic nerves, optic chiasm, optic tracts, and lat-
eral geniculate nuclei). In the posterior area of the brain
(optic radiation), where the fibers fan out to reach the
visual cortex, it might be possible that not all parts of
the visual system were covered. But, again, by an exact
angulation, the main parts could be included in the
imaging volume (see Figs. 4 and 5).

Previous publications showed fiber pathways in the
region of the optic radiation (19,20,29) or parts of the
optic nerve (27,28,46). To the authors’ knowledge, until
now, no DTI fiber tracking study was able to recon-
struct the optic pathway in its entire length, and espe-
cially the fiber crossing in the optic chiasm. Regarding
our results, which are all based on a single seed region
approach, fibers reconstructed by the aFM algorithm
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are closely related to the corresponding anatomy. The
aFM algorithm makes it possible to detect the entire
fiber structure of the optic system from each of the
three seed regions separately. Starting in the chiasm, it
reconstructs the nerve fibers of the visual system in all
four directions out of the chiasm, i.e., both optic nerves,
the optic tracts, and the optic radiations up to the
visual cortex. It should be noted that this branching
behavior of the aFM algorithm could lead to wrong re-
sults in other crossing regions in which not all fiber
outcomes are correct. If in such an area, e.g., only one
pathway were correct, the aFM algorithm might proba-
bly fail. Furthermore, the fibers of the optic system
reconstructed from the left or right optic nerve are con-
sistent with physiological anatomical knowledge,
meaning that one optic nerve divides into two hemi-
parts, which join contralateral fibers in the chiasm and
follow the visual pathway on both sides into the visual
cortex. Using the same data, we also tried to achieve
similar results with the FACT algorithm (7), but an
entire reconstruction, from the retina to the visual cor-
tex, was not feasible from any of the three starting seed
areas. Furthermore, it was not possible to resolve the
fiber crossing situation within the optic chiasm.

Investigating the aFM-reconstructed fibers in more
detail, filaments around the optic nerve, which fan out
though the entire orbit in the direction of the eyeball,
can be detected. This might be due to the embedding of
the optic nerve between the eye muscles and the orbital
fat. Other cranial nerves (III, IV, V;, VI), though smaller
in diameter than the optic nerve, are also found within
the orbit. Thus, during the first phase of the aFM algo-
rithm in which a three-dimensional wave front is ex-
panded, the wave front may branch out and may in-
clude also voxels adjacent to the main fiber bundle,
depending on the alignment of the underlying, local
diffusion tensors and the result of the speed function
evaluations. On one hand, this algorithmic feature
gives the power to reconstruct fiber branching; on the
other hand, it may be possible that the reconstructed
fibers fan out in some areas.

Reconstructed fiber bundles emerging from the chi-
asm in straight posterior direction (in direction of the
brain stem) may represent the oculomotor nerves (III.
cranial nerve) to their nuclei in the brain stem. Fila-
ments on both sides that diverge in posterior direction
from the optic radiation may represent connections to
higher order visual fields or fibers of the corticotectal
tract and the posterior thalamic radiation. These fiber
pathways are also described in publications by Parker
(19) and Ciccarelli et al (29), whereas other studies did
not show these interconnections (e.g., (23,47)).

An important point when performing DTI fiber track-
ing is the reproducibility of the reconstructed tracks. In
this study, intersubject and intrasubject reproducibil-
ity (by measuring four subjects at two different days
and reconstructing fibers from the three seed areas in
the different datasets of the same subject) were tested
to approve the anatomically accurate reconstruction of
the specific fiber pathways. The reconstructed fibers
visible in Figs. 4 and 5 for two different subjects and two
different cardiac gating time points, as well as the fibers



892

reconstructed in all other subjects, look very similar to
each other.

In conclusion, the results presented in this study

demonstrate that the choice of an accurate tracking
algorithm is a decisive point for the reconstruction of
fiber tracks in the human brain. The results illustrate
that the aFM algorithm handles the fiber crossing
within the optic chiasm correctly and provides results
that are in good agreement with anatomical knowledge.
Nevertheless, when performing fiber tracking and inter-
preting tracking results, one should be aware of the
limitations of DTI-based fiber tracking itself and the
applied algorithm. A critical verification, such as, e.g.,
comparing the results to known anatomy, is inalien-
able.
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