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Abstract
The development of accurate, non-invasive methods for mapping white matter fiber-tracts is of
critical importance. However, fiber-tracking is typically performed on diffusion tensor imaging (DTI)
data obtained with echo-planar-based imaging techniques (EPI), which suffer from susceptibility-
related image artifacts, and image warping due to eddy-currents. Thus, a number of white matter
fiber-bundles mapped using EPI-based DTI data are distorted and/or terminated early. This severely
limits the clinical potential of fiber-tracking. In contrast, Turboprop-MRI provides images with
significantly fewer susceptibility and eddy-current-related artifacts than EPI. The purpose of this
work was to compare fiber-tracking results obtained from DTI data acquired with Turboprop-DTI
and EPI-based DTI. It was shown that, in brain regions near magnetic field inhomogeneities, white
matter fiber-bundles obtained with EPI-based DTI were distorted and/or partially detected, when
magnetic susceptibility-induced distortions were not corrected. After correction, residual distortions
were still present and several fiber-tracts remained partially detected. In contrast, when using
Turboprop-DTI data, all traced fiber-tracts were in agreement with known anatomy. The inter-session
reproducibility of tractography results was higher for Turboprop than EPI-based DTI data in regions
near field inhomogeneities. Thus, Turboprop may be a more appropriate DTI data acquisition
technique for tracing white matter fibers near regions with significant magnetic susceptibility
differences, as well as in longitudinal studies of such fibers. However, the intra-session
reproducibility of tractography results was higher for EPI-based than Turboprop DTI data. Thus,
EPI-based DTI may be more advantageous for tracing fibers minimally affected by field
inhomogeneities.
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Introduction
Estimates of white matter fiber orientation obtained with diffusion tensor imaging (DTI)
(Basser et al., 1994, 1995; Pierpaoli et al., 1996) can be used to construct paths that connect
different brain regions and are interpreted as representations of the underlying white matter
fiber system. This technique is called tractography (Basser et al., 2000) and is currently the
only non-invasive method that can provide estimates of brain structural connectivity. Fiber-
tractography has been used in studies of white matter structure and brain function (Toosy et
al., 2004; Guye et al., 2003), and is gradually becoming an important tool for clinical
applications such as pre-surgical planning. More specifically, fiber-tracking has been used to
map the cortico-spinal tract, subcortical pathways serving cortical language sites, and the
superior longitudinal fasciculus, in patients with brain tumors or other space occupying lesions
located in the vicinity of these fiber-tracts (Berman et al., 2004; Clark et al., 2003; Henry et
al., 2004). In all cases, knowledge of the exact location of the lesion with respect to eloquent
white matter pathways was of great value to the neurosurgeons in planning the appropriate
surgical strategy.

The process of mapping white matter fibers is completed in two steps. The first step involves
the acquisition of DTI data, and the second the extraction of fiber orientation information from
the DTI data and production of white matter connectivity estimates. Several different
tractography algorithms have been proposed for the latter. In general, these algorithms can be
divided into those that define a single path of connection for each voxel being investigated,
(Basser et al., 2000; Le Bihan et al., 2001; Conturo et al., 1999; Jones et al., 1999; Poupon et
al., 2000; Stieltjes et al., 2001; Tench et al., 2002; Mori et al., 1999, 2002; Lori et al., 2002;
Lazar et al., 2003) and those that produce maps of the probability of connectivity between brain
regions (Koch et al., 2002; Behrens et al., 2003; Parker et al., 2003; Jones et al., 2005).
However, independent of the tractography algorithm used, the accuracy and reproducibility of
fiber-tracking results depend heavily on the noise level and amount of artifacts of the DTI data.

Conventional tractography is performed based on DTI data acquired using spin-echo sequences
with diffusion-weighting (DW) gradients and echo-planar signal readout (SE-EPI-DTI) (Lazar
et al., 2003). However, these acquisitions suffer from image distortions, signal loss and signal
hyperintensities, near regions with magnetic susceptibility differences, such as those at tissue-
air and tissue-bone interfaces (Zeng et al., 2002). Furthermore, in DTI when a strong DW
gradient is turned on or off, significant eddy currents are induced in conductive parts of the
magnet bore and its surroundings, causing geometric distortions in the DW images (Alexander
et al., 1997). These geometric distortions produce misalignments between the individual DW
images of the DTI dataset, which eventually lead to artifacts in the estimated diffusion tensors.
In contrast, PROPELLER imaging (Periodically Rotated Overlapping ParallEL Lines with
Enhanced Reconstruction) is an MRI data acquisition and reconstruction technique with greatly
reduced sensitivity to various sources of image artifacts (Pipe et al., 1999, 2002). PROPELLER
acquisitions follow a multiple-shot fast spin-echo (FSE) approach in which several k-space
lines are acquired in each excitation, forming a blade that is then rotated around its center and
acquisition is repeated to cover k-space (Pipe et al., 1999, 2002). Since PROPELLER MRI is
based on FSE techniques, the images produced contain significantly fewer B0-related artifacts
than those in EPI, and are immune to image warping due to eddy currents (Pipe et al., 2002).
Also, in each blade, a central disc of k-space is acquired that can be used as a 2D navigator to
correct data between shots without requiring additional echoes (Butts et al., 1996). Comparison
of this central k-space disc between blades allows correction of the subject’s rotation and
translation, as well as identification of blades with corrupted data and exclusion of such blades
from the final reconstruction. Hence, PROPELLER MRI is less sensitive to motion than
conventional multiple-shot FSE. Furthermore, PROPELLER acquisitions are radial in nature
and thus uncorrected errors are expressed in a benign fashion, similar to projection
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reconstruction methods (Peters et al., 2000). For these reasons, PROPELLER MRI was
originally used to compensate for head motion (Forbes et al., 2001) and motion of the heart in
cardiac imaging with free-breathing (Pipe, 1999). Recently, DW gradients were incorporated
in the PROPELLER pulse-sequence and it was shown in studies of the brain (Pipe et al.,
2002; Forbes et al., 2002; Gui et al., 2004), spinal cord (Wu et al., 2003), prostate gland
(Roberts et al., 2004) and cartilage (Sussman et al., 2004), that the results in regions with
significant magnetic susceptibility differences and in objects undergoing motion were superior
when using the new acquisition technique compared to conventional diffusion imaging
methods. However, the imaging time in PROPELLER MRI is considerably longer than in EPI,
since PROPELLER is based on multiple-shot FSE. In the most recent form of PROPELLER
imaging, named Turboprop (Pipe, 2006), data acquisition is accelerated by reading out multiple
lines of k-space during the spin-echo produced after each 180° pulse, similar to the gradient
and spin-echo (GRASE) sequence (Oshio et al., 1991). In addition to the shorter imaging time,
Turboprop also allows acquisition of more lines per blade, which leads to more robust motion
correction.

The purpose of this work was to compare the tractography results obtained using DTI data
acquired with SE-EPI-DTI and Turboprop-DTI. Our hypothesis was that, in regions near
significant magnetic field inhomogeneities, fiber-bundles mapped from data acquired with SE-
EPI-DTI would be distorted and/or prematurely terminated, while the same fibers mapped from
Turboprop-DTI data would be in agreement with known anatomy. In addition, we hypothesized
that the inter-session reproducibility of tractography results would be lower for fibers near
significant magnetic susceptibility differences when using SE-EPI-DTI than Turboprop-DTI
data, due to the dependence of the artifacts in SE-EPI-DTI on head positioning. Finally, we
hypothesized that the intra-session reproducibility would be higher for SE-EPI-DTI than
Turboprop-DTI, due to the higher signal to noise ratio per unit time in the former compared to
the latter.

Methods
MRI scans

Scans on three normal subjects were performed on a clinical 3T GE Signa MRI scanner
(Waukesha, WI) with high-speed gradients (40mT/m, 150T/m/s) and the standard GE head
coil. All subjects signed a consent in accordance with institutional policy. All subjects were
scanned twice, on two different days. High-resolution anatomical data were acquired in both
scan sessions. The 3D magnetization-prepared rapid acquisition gradient echo (MP-RAGE)
sequence was used for this purpose with the following parameters: TE=3.2ms, TR=8ms,
preparation time=725ms, flip angle 6°, field of view 24cm × 24cm, 124 slices, 1.5mm slice
thickness, 192×256 k-space matrix reconstructed to 256×256. The scan time for this sequence
was 9 minutes and 58 seconds.

In addition to the high-resolution anatomical images, two types of SE-EPI-DTI datasets were
acquired in each scan session: SE-EPI-DTI12 with 12 diffusion directions and 11 repetitions
of all DW images, and SE-EPI-DTI138 with 138 diffusion directions acquired once. Both the
12 and the 138 sets of diffusion directions belong to the “minimum energy” family of DTI
acquisition schemes (Hasan et al., 2001). The other scan parameters were: TR = 5400ms, TE
= 71.8ms, field of view = 24cm × 24cm, 36 contiguous axial slices (same slice locations for
both SE-EPI-DTI12 and SE-EPI-DTI138), 3mm slice thickness, 128×128 k-space matrix
reconstructed to 256×256 after zero-filling, the phase encoding direction was anterior-
posterior, and b=900 sec/mm2. Images with no diffusion weighting (b=0 sec/mm2) were also
acquired at the beginning of each SE-EPI-DTI scan. For SE-EPI-DTI12 and SE-EPI-DTI138,
22 and 23 b=0 sec/mm2 images were acquired respectively. High-order shimming was used in
both SE-EPI-DTI12 and SE-EPI-DTI138 to reduce magnetic field inhomogeneities and the
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corresponding EPI artifacts. The duration of the SE-EPI-DTI12 scan was 13 minutes and 52
seconds, and that of the SE-EPI-DTI138 scan was 14 minutes and 29 seconds. The calibration
process that was required for high-order shimming lasted less than 2 minutes and was
performed only once in each scan session.

A 2D gradient-echo sequence with two echoes, which provided the necessary output to produce
maps of the phase accumulated from field inhomogeneities (Jenkinson, 2003) in SE-EPI- DTI
(see data analysis section), was also included in each session. The acquisition parameters for
this scan were: TE1=5ms, TE2=11.8ms, TR=2000ms, field of view=24cm × 24cm, 36
contiguous axial slices (same slice locations as the SE-EPI-DTI scans), 3mm slice thickness,
128×128 image matrix, and a total scan time of 4 minutes and 24 seconds. The real and
imaginary components of each image were reconstructed instead of the magnitude.

Finally, a Turboprop-DTI scan was performed in each scan session. The imaging parameters
for Turboprop-DTI were: TR=5000ms, TE=94ms, 8 spin-echoes per TR (ETL=8), 5 k-space
lines per spin-echo (turbo-factor=5), 128 samples per line, 16 k-space blades per image, field
of view=24cm × 24cm, 256×256 image matrix, 36 contiguous axial slices (same slice locations
as the SE-EPI-DTI scans), and 3mm slice thickness. DW images with b=900 sec/mm2 were
acquired for the same set of 12 diffusion directions as in SE-EPI-DTI12, only rotated around
the z axis. Two b=0 sec/mm2 images were also acquired. The duration of the Turboprop-DTI
scan was 18 minutes and 55 seconds. This was similar to the total acquisition time for the 2D
gradient-echo and SE-EPI-DTI12 sequences combined (18 minutes and 16 seconds), and to the
total acquisition time for the 2D gradient-echo and SE-EPI-DTI138 sequences combined (18
minutes and 53 seconds).

In the first scan session, all subjects were asked to keep their head in the conventional position
for head scanning (supine) and to maintain the same position throughout the examination. The
SE-EPI-DTI12, SE-EPI-DTI138, and the Turboprop-DTI scans were performed twice. In the
second scan session, all subjects were asked to rotate their head around the inferior-superior
axis of their body, by approximately 45° to the left relative to the supine position, and maintain
the same position throughout the examination. Each DTI sequence was used only once in the
second scan session.

Data analysis
Pre-processing—All b=0 sec/mm2 and b=900 sec/mm2 image-volumes from the DTI
acquisitions were first interpolated to cubic voxels with all dimensions equal to 0.9375mm,
using tri-linear interpolation. Then, eddy-current-induced distortions and motion were
corrected in each SE-EPI-DTI dataset separately, by registering all DW volumes to the mean
DW volume, using a three-dimensional (3D), affine, 12-parameter registration algorithm (AIR
5.25, Roger Woods, UCLA, CA) (Woods et al., 1998). The mean DW volume was used as a
reference in the registration due to the similarity of its contrast with that of individual DW
volumes, and due to the fact that the uniformly distributed diffusion directions lead to eddy-
current distortions that are relatively uniformly distributed around the original object, in the
phase-encoding direction.

The real and imaginary images produced for each slice with the 2D gradient-echo sequence
were used to construct maps of the phase accumulated from field inhomogeneities in the SE-
EPI-DTI acquisitions. The phase-maps were also interpolated to cubic voxels similar to the
SE-EPI-DTI data, using tri-linear interpolation. Then, the interpolated phase-maps were used
to correct susceptibility-related distortions in the SE-EPI-DTI images (Jenkinson, 2003).

Three-dimensional rigid body registration was performed on Turboprop-DTI datasets by
registering each individual DW volume to the mean DW volume to correct motion between
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different volumes. Following all pre-processing, five 10×10 white matter regions were selected
in the b=0 sec/mm2 images from all DTI datasets of a single subject. The mean SNR was
calculated for each dataset.

Tractography—Wild bootstrap (Chung et al., 2006) was performed for each of the 9 DTI
datasets acquired on each subject, (two sets of SE-EPI-DTI12, SE-EPI-DTI138, and Turboprop-
DTI data from the first scan session, and one set of SE-EPI-DTI12, SE-EPI-DTI138, and
Turboprop-DTI data from the second scan session). Twenty wild bootstrap samples were
produced for each DTI dataset of each subject. The diffusion tensors, eigenvalues and
eigenvectors of the tensors, were estimated for each DTI bootstrap-sampled dataset. Trace and
fractional anisotropy (FA) maps were produced (Basser, 1995). Regions of interest (ROI) were
selected in all subjects, which functioned as seeds for the fiber-tracking algorithm. The
streamline tracking (ST) algorithm with fiber assignment by continuous tracking (FACT)
(Mori et al., 1999), and the multi-ROI seeding approach (Mori et al., 2002) were used in this
study. The following fiber-bundles were traced for each of the 20 bootstrap samples of the 9
originally acquired DTI datasets of each subject: left fornix, corpus-callosum (CC), forceps
minor (FM), left corticospinal tract (CST), left inferior and superior longitudinal fasciculi (ILF,
SLF), left inferior fronto-occipital fasciculus (IFO), and left uncinate fasciculus (UF). For each
fiber-bundle of interest, two ROIs were drawn at anatomical landmarks where the fibers were
expected to be present (see Mori et al., 2002). Only fibers that passed through both ROIs were
retained. The ROIs were drawn on high-resolution T1-weighted data that were first coregistered
to each original DTI dataset from the first scan session (6 DTI datasets were included in the
first scan session, therefore 6 coregistered T1-weighted datasets were produced, and 6 sets of
ROIs were drawn for each tract of each subject). To eliminate the dependence of the tracking
results on the ROI selection, the size of all ROIs was rather large, and in several cases as large
as the cross-section of a whole brain lobe with a certain plane (see Mori et al., 2002).
Furthermore, the ROIs used on the DTI data from the second scan session were obtained by
spatial transformation of the ROIs selected on the data from the first session, according to
transformation parameters obtained by registering DTI data of the same type (i.e. SE-EPI-DTI
or Turboprop-DTI) between sessions. In the SLF, only one seed region was selected similar to
previously published work (Mori et al., 2002). Tracts were terminated when a voxel with FA
lower than 0.2 was reached, or when the change in orientation of the primary eigenvector
between two steps of the tracking algorithm was larger than 45°.

All fiber-bundles produced using the tractography algorithm originally consisted of thin lines
with width equal to that of a single voxel from the interpolated DTI data. For the rest of the
analysis, 3D volumetric representations of the bundles were used instead. These were created
as follows. First, planes almost perpendicular to a fiber-bundle were selected (Lazar et al.,
2005). The cross-section of the fiber-lines with each plane defined “fiber-points” (Fig. 1A).
Same-plane “fiber-points” separated by less than 3 voxels from each other were assigned to
the same cluster (Fig. 1B). The vertices of the minimum perimeter polygon that contained all
the “fiber-points” in each cluster were identified (Fig. 1C). Then, 100 points were selected
uniformly along each side of the minimum perimeter polygon, and the “fiber-points” closer to
each one of the 100 points were identified. Subsequently, these “fiber-points” were connected
to each other in the same plane, and the original side of the polygon was substituted with a
more complex line (Fig. 1D). The same process was repeated for the whole length of the fiber-
bundle, therefore creating a volumetric representation of the tract. All the voxels enclosed in
this structure were considered part of that fiber-bundle for the rest of the analysis (Fig. 1E).

Reproducibility of tractography results—The intra-session reproducibility of
tractography results was assessed for SE-EPI-DTI12, SE-EPI-DTI138, and Turboprop-DTI. In
the first scan session, two original datasets were acquired with each sequence, and for each
original dataset 20 bootstrap-sampled datasets and 20 copies of each fiber-bundle were
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produced. Intra-session reproducibility was assessed by comparing the 20 copies of a tract
produced from one original DTI dataset to the 20 copies of the same tract produced from the
second dataset of the same type. For that purpose, the b=0 sec/mm2 image volume from the
first SE-EPI-DTI12 dataset of the first scan session, was registered to the b=0 sec/mm2 image
volume from the second SE-EPI-DTI12 dataset of the first session, using 3D rigid body
registration (AFNI, Robert Cox, NIH, Bethesda, MD). The same procedure was followed for
the SE-EPI-DTI138 and Turboprop-DTI data. The registration parameters were then applied to
the tracts produced from one copy of each dataset in order to match the tracts produced from
the second dataset of the same type. The ratio of the number of common voxels between two
homologous fiber-pathways produced from two datasets of the same type, over the total number
of voxels that belong to at least one of the two fiber-pathways, was estimated for all three types
of DTI acquisitions and all fiber-tracts under study. Finally, the inter-session reproducibility
of tractography results was assessed following similar procedures as for the intra-session
reproducibility, with the only difference that comparisons were made using bootstrap-sampled
data produced from two original datasets acquired with the same method in two different scan
sessions. Twenty estimates of intra-session and inter-session reproducibility were obtained for
all three data acquisition schemes (SE-EPI-DTI12, SE-EPI-DTI138, Turboprop-DTI). A paired
t-test was employed to assess statistically significant differences in reproducibility between
the three acquisition schemes, for all fiber-tracts. Statistical significance was determined at
p<0.05.

Results
Pre-processing

Eddy-current-induced distortions in the SE-EPI-DTI data were significantly reduced following
3D registration of all DW volumes to the mean DW volume. However, these images and the
corresponding DTI maps contained significant magnetic-susceptibility-related distortions,
signal loss and signal hyperintensities, in the frontal and temporal lobes and the brainstem (Fig.
2). After correction using the phase maps, the susceptibility artifacts were reduced but remained
significant (Fig. 2). In contrast, raw images acquired with Turboprop-DTI, and the
corresponding DTI maps, were free of eddy-current and susceptibility-related artifacts. The
mean SNR in white matter, as estimated from the b=0 sec/mm2 images of a single subject
following all pre-processing, was 57±12 for SE-EPI-DTI12, 50±7 for SE-EPI-DTI138, and 24
±10 for Turboprop-DTI.

Tractography
Fiber-tracking using the SE-EPI-DTI data prior to magnetic susceptibility-related distortion
correction was problematic. For example, when tracking the anterior commissure (AC) in a
normal subject using uncorrected SE-EPI-DTI12 data and seed regions near the middle sagittal
slice, only a small portion of the fiber-bundle was mapped (Fig. 3A). After rearranging the
seeds and restarting the fiber-tracking algorithm, the result remained relatively unchanged. In
contrast, the pathway obtained from the Turboprop-DTI data was a more complete
representation of the AC (Fig. 3B). Careful inspection of the FA maps from the two datasets
revealed that the most superior part of the AC was significantly distorted in the SE-EPI-
DTI12 dataset. More specifically, the part of the AC that is contained in the axial slice shown
in Figure 3C was characterized by significantly increased curvature (Fig. 3C, D). However,
although the shape of the fiber-bundle was modified, the diffusion information in the voxels
inside the AC remained approximately the same. Thus, after distortion, the orientation of the
primary eigenvectors within the AC did not correspond to the increased curvature of the fiber-
bundle. As a result, the estimated pathway was not curved enough during the fiber-tracking
procedure, reached the walls of the bundle, and was terminated prematurely. A more complete
tract was obtained after distortion correction. Similar effects may occur in any tract that is near
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significant field inhomogeneities. Therefore, in this study, SE-EPI-DTI data were used only
after correction of magnetic susceptibility-related distortions.

Fibers produced from SE-EPI-DTI12, SE-EPI-DTI138 and Turboprop-DTI data are displayed
in Figure 4, using FA maps from each acquisition method as background. Overlays of fibers
produced from SE-EPI-DTI and Turboprop-DTI datasets showed that in brain regions distant
from B0 inhomogeneities, fibers from the two DTI data types appeared similar. In contrast,
tracts located near magnetic-susceptibility differences appeared distorted and in some subjects
incomplete when using SE-EPI-DTI data (depending on the amount of residual image
distortions and artifacts). These effects were visible in fibers such as the FM, ILF, IFO, UF,
and the inferior part of the CST. Similar results were obtained for tracts in both hemispheres
and in all subjects. Subject motion between sequences was minimal and was corrected before
performing any comparisons, as described in the methods section.

Reproducibility of tractography results
The intra-session reproducibility of tracking results was generally higher for SE-EPI-DTI138
than Turboprop-DTI, and comparable for SE-EPI-DTI12 and Turboprop-DTI, in all subjects
(Table 1, Table 2, Table 3) (Fig. 5). The inter-session reproducibility of tracking results was
in general higher for Turboprop-DTI than SE-EPI-DTI12 and SE-EPI-DTI138 in fiber-bundles
near field inhomogeneities, such as the ILF, FM, UF and part of the CST, in all subjects (Table
4, Table 5, Table 6) (Fig. 5, Fig. 6). In the fornix, the inter-session reproducibility was
significantly lower in Turboprop-DTI compared to SE-EPI-DTI12 in subject 1 (Table 4), and
significantly lower compared to SE-EPI-DTI138 for subject 2 (Table 5). However, in these
subjects, the crus of the fornix reconstructed from SE-EPI-DTI data was characterized by
distorted and early-terminated fibers (Fig. 6). No consistent difference was identified in the
inter-session reproducibility of the IFO between Turboprop-DTI, SE-EPI-DTI12, and SE-EPI-
DTI138, for the group of subjects studied (Table 5). The intra and inter-session reproducibility
of tracking results were not estimated for the CC and SLF due to significant fanning which
may introduce errors.

Discussion
The development of accurate, non-invasive methods to map white matter fiber-tracts is of
critical importance. Knowledge of the exact location of eloquent white matter pathways with
respect to a lesion is of great value to neurosurgeons in planning the appropriate surgical
strategy. Accurate and reproducible mapping of white matter fiber-tracts is also crucial when
comparing patients with neurological abnormalities to healthy controls, when monitoring the
progression of disease longitudinally, or when studying normal neuronal networks. For these
reasons, several tractography algorithms have been developed to optimize the tracking
procedure. However, the accuracy and reproducibility of tractography results also depend on
the noise level and amount of artifacts of the DTI data. Therefore, this study focused on
comparing tracking results obtained from distortion-corrected SE-EPI-DTI and Turboprop-
DTI datasets.

Image registration successfully removed most of the distortions due to eddy currents in the SE-
EPI-DTI images. However, two additional scans (high order shimming, 2D gradient-echo with
two echoes) and further image-processing were necessary to reduce magnetic susceptibility-
related effects. Although the improvement was significant, residual artifacts were visible when
comparing the corrected SE-EPI-DTI images to high-resolution anatomical data. Several
methods have been proposed that can reduce susceptibility-related artifacts in SE-EPI-DTI
(Young et al., 1988; Wan et al., 1997; Chen et al., 2001; Kadah et al., 1997; Chiou et al.,
2003; Schneider et al., 1991; Jezzard et al., 1995; Reber et al., 1998; Zeng et al., 2002; Robson
et al., 1997; Andersson et al., 2003; Jiang et al., 2002; Bammer et al., 2002; Blaimer et al.,
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2004; Ohliger et al., 2003). The method used here provides significantly improved images, is
simple to implement, and was preferred over techniques that increase the total scan time, or
are computationally intensive, or both. However, although some methods perform better than
others, most of the available techniques do not completely correct susceptibility-induced
artifacts. Segmented EPI can reduce susceptibility artifacts to a great extent, but was not used
here since it is sensitive to motion, even when using navigator echoes (Jiang et al., 2002). Also,
in order to reduce susceptibility artifacts to the same degree as the Turboprop sequence used
here, k-space would have to be divided in multiple segments (approximately 20), which would
significantly increase the total acquisition time (to a time higher than that of Turboprop).
Parallel imaging can also reduce susceptibility artifacts to a great extent (Bammer et al.,
2002; Blaimer et al., 2004; Ohliger et al., 2003). Parallel imaging was not available on the
MRI system at the time the current study was performed. However, in order to reduce
susceptibility artifacts to the same degree as Turboprop-DTI, high acceleration factors (on the
order of 20) would have to be used. The limiting factor in this case is that for clinical 2D brain
imaging applications the acceleration factor is not expected to exceed a factor of 4 or 5 (due
to significant noise amplification for higher acceleration factors) (Blaimer et al., 2004; Ohliger
et al., 2003). Also, the vast majority of investigations that perform SE-EPI-DTI scans with
parallel imaging use an acceleration factor of 2, which slightly limits signal loss, but in general
provides data that are not significantly different than the corrected SE-EPI-DTI data used in
this study. Therefore, the fact that a combination of high-order shimming and distortion
correction using field-maps was used in the present investigation, instead of parallel imaging,
should not significantly affect the fact that, Turboprop-DTI with low turbofactors (and no
additional scans or corrections) provides DTI data that are superior in terms of distortions and
artifacts than SE-EPI-DTI combined with any of the corrections listed above. This
characteristic of Turboprop-DTI is crucial for tractography, since residual distortions and
artifacts in DTI data may introduce errors in tracking results.

The intra-session reproducibility of tracking results was higher when using SE-EPI-DTI138
than Turboprop-DTI data (Table 1, Table 2, Table 3) (Fig. 5). This was due to the significantly
higher SNR in SE-EPI-DTI138 compared to Turboprop-DTI datasets (more than two times
higher SNR for approximately the same total scan time). The shorter TE and the higher amount
of data acquired per unit time in SE-EPI-DTI138 compared to Turboprop-DTI, were the primary
reasons for the severe discrepancy in SNR. In fibers located away from field inhomogeneities,
the higher intra-session reproducibility in SE-EPI-DTI138 compared to Turboprop-DTI means
that, fiber-tracking based on the former provides more reproducible results than the latter.
However, for fibers near field inhomogeneities, higher intra-session reproducibility means that
a tract that is distorted, partially traced, or prematurely terminated will be mapped in a
reproducible manner as long as the positioning of the head remains the same. Finally, the intra-
session reproducibility did not approach 100% for any of the acquisition techniques used in
this study due to the presence of noise in all DTI datasets.

The inter-session reproducibility was in general higher in Turboprop-DTI compared to SE-
EPI-DTI12 and SE-EPI-DTI138, in fiber-bundles near field inhomogeneities (Table 4, Table 5,
Table 6) (Fig. 5, Fig. 6). This was due to the fact that susceptibility-related artifacts are
expressed in a unique manner in SE-EPI-DTI images for each positioning of the brain in the
scanner. Altering the positioning between scans, alters the influence of susceptibility variations
on the shape and location of fibers. This is demonstrated in the left two columns of Figure 6,
where CST, ILF, and FM fibers produced from SE-EPI-DTI datasets, acquired in different
sessions with different head positioning, are significantly mismatched. In contrast, in the IFO,
no consistent difference was identified in the inter-session reproducibility of tracking results
between Turboprop-DTI, SE-EPI-DTI12, and SE-EPI-DTI138, for the group of subjects
studied. This was due to the fact that the IFO is relatively removed from susceptibility
variations, and any field inhomogeneity effects on the IFO were corrected. Therefore,
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Turboprop-DTI data acquisitions may be more appropriate for longitudinal studies of white
matter fiber-bundles that are near magnetic field inhomogeneities.

The inter-session reproducibility of tracking results for SE-EPI-DTI12 and SE-EPI-DTI138 was
significantly reduced compared to the intra-session reproducibility, for fibers near
susceptibility-related artifacts (Table 1–Table 6) (Fig. 5). For some fiber-bundles, this
reduction was as high as 50%, demonstrating the magnitude of the errors that could be
introduced in longitudinal studies that use SE-EPI-DTI acquisitions for fiber-tracking near
susceptibility artifacts. In contrast, the inter-session reproducibility of fiber-tracking results for
Turboprop-DTI was slightly lower than, but very similar to, the intra-session reproducibility
(Table 1–Table 6) (Fig. 5). However, the inter and intra-session reproducibilities of tracking
results in Turboprop-DTI are lower than the intra-session reproducibility of fibers in SE-EPI-
DTI due to the higher noise content of the Turboprop-DTI data. Therefore, SE-EPI-DTI may
be more appropriate than Turboprop-DTI for longitudinal or cross-sectional studies performing
tractography in regions distant from susceptibility artifacts, due to the significantly higher SNR
of the former compared to the latter. Further research is necessary in order to reduce the noise
levels of Turboprop-DTI data.

Intra-session and inter-session reproducibility of tracking results based on SE-EPI-DTI138 were
generally higher than for SE-EPI-DTI12 (Table 1–Table 6). This was partly due to the almost
12 times more diffusion directions used in SE-EPI-DTI138 compared to SE-EPI-DTI12.
Furthermore, the 11 repetitions of each DW image in SE-EPI-DTI12 may have contained
motion that remained uncorrected after averaging. In contrast, in SE-EPI-DTI138 acquisitions,
one copy of each diffusion-weighted volume was obtained, and the 3D registration used to
correct the effects of eddy-currents also corrected any motion between diffusion directions.

Wild bootstrap (Chung et al., 2006) was used in this study. When applied to DTI experiments
with a low number of diffusion directions, wild bootstrap can introduce a high overall sampling
bias in the estimation of the primary eigenvector of the diffusion tensor. This may have slightly
increased the reproducibility of tractography results using SE-EPI-DTI138 compared to SE-
EPI-DTI12 or Turboprop-DTI data.

The volumetric representation of fiber-bundles, which was used in the comparisons between
homologous tracts, provided only an approximation of a bundle’s shape and size. Furthermore,
the volumetric representations of bundles may have contained fibers that belonged to different
tracts. However, none of these imperfections could have significantly affected the results of
the investigation on the effects of distortions and artifacts on tracking results. Thus, comparing
the volumetric representations of tracts allows detection of distorted or prematurely terminated
fiber-bundles.

Cardiac gating was not used in any of the DTI data acquisitions performed in this study. Brain
pulsation occurring during the diffusion encoding period causes an increase in signal
attenuation, an overestimation of the diffusivity along different diffusion gradient directions,
and leads to erroneous diffusion tensors and principal eigenvectors. These effects are
independent of the excitation, refocusing, and signal readout periods of a DTI sequence and
have been observed in diffusion imaging studies using EPI (Pierpaoli et al., 2003; Brockstedt
et al., 1999; Skare et al., 2001), segmented EPI (Jiang et al., 2002; Brockstedt et al., 2000),
spin-echo (Wirestam et al., 1996), stimulated echo acquisition mode (STEAM) (Merboldt et
al., 1992), fast low angle shot (FLASH), projection reconstruction, line scanning, FSE (Dietrich
et al., 2000), and recently, Turboprop sequences (Gui et al., 2008). Thus, we do not expect the
lack of cardiac gating to bias the results of this study.

The comparisons presented here were performed based on data acquired from healthy human
subjects. According to our experience, the corrected SE-EPI-DTI datasets in this study
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contained susceptibility-related effects of minor severity. In patients with intracranial
hemorrhage, post-surgical metal plates, valves to control pressure in the case of hydrocephalus,
etc., magnetic susceptibility-related artifacts in SE-EPI-DTI can be significantly enhanced. It
is therefore apparent that, the differences in intra-session and inter-session reproducibility of
tracking results between SE-EPI-DTI and Turboprop-DTI presented in this study are not
representative of all cases. The purpose of the comparisons presented here was to demonstrate
that the decision on the acquisition method to be used for a tractography study should be guided
by an evaluation of the level of field inhomogeneities in the brain region of interest.

In conclusion, in brain regions near significant field inhomogeneities, fiber-tracts produced
using Turboprop-DTI datasets were in better agreement with the anatomy than tracts produced
from corrected SE-EPI-DTI data. No additional scans or corrections of distortions and artifacts
were necessary for Turboprop-DTI data. The intra-session reproducibility of tracking results
was higher for SE-EPI-DTI138 due to the lower noise content compared to Turboprop-DTI
acquisitions. The inter-session reproducibility of tracking results near magnetic susceptibility
differences was higher for Turboprop-DTI due to the susceptibility-related distortions and
artifacts in SE-EPI-DTI data, which depend on the positioning of the subject’s head. Further
research is necessary in order to reduce the noise content of Turboprop-DTI data.
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Figure 1.
A) Cross-section of the fibers of the forceps-minor with a coronal plane. The white dots
represent voxels that belong to fiber-lines. These voxels are referred to in the text as “fiber-
points”. B) The “fiber-points” of the forceps-minor that belong to the left and right hemispheres
are assigned to different clusters. The cluster corresponding to the right hemisphere is shaded
darker grey and the one corresponding to the left hemisphere is shaded lighter grey. C) The
vertices of the minimum perimeter polygons that enclose all the “fiber-points” in each cluster.
D) The complex lines that connect the “fiber-points” closer to the sides of the minimum
perimeter polygons. E) The voxels that were eventually considered to be part of the volumetric
representation of this fiber-bundle.
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Figure 2.
Each row in this figure corresponds to a different slice of a normal volunteer. The first column
contains FA maps produced from SE-EPI-DTI12 data (after correction of eddy-current
distortions). The second column contains the corresponding unwrapped phase-maps. The third
column contains FA maps produced from SE-EPI-DTI12 data that have been corrected for
susceptibility-related distortions. The last column contains FA maps produced from
Turboprop-DTI data. Distortions, signal loss and signal hyperintensities are visible in the SE-
EPI-DTI12 images near tissue-bone and tissue-air interfaces, even after correction using the
phase maps. In regions distant to significant magnetic field inhomogeneities, the distortions in
SE-EPI-DTI12 images are not as pronounced. Turboprop-DTI images are free of eddy-current
and susceptibility related artifacts.
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Figure 3.
Fibers of the AC, reconstructed from SE-EPI-DTI12 (before distortion correction) (A) and
Turboprop-DTI (B) data from the same subject. Tracking based on SE-EPI-DTI12 data mapped
only part of the AC (A). Tracking based on Turboprop-DTI data produced a more complete
representation of the AC (B). The part of the AC that is included in the axial slice shown in C
and D is characterized by increased curvature in SE-EPI-DTI12 (C), compared to Turboprop-
DTI (D), due to magnetic susceptibility-related distortions. The cross-section of the traced AC
fibers with this axial plane is shown in red. Although the curvature of the AC is increased due
to the distortions, the diffusion orientation information within the AC remains the same. Thus,
the estimated pathway was not curved enough during the fiber-tracking procedure, reached the
walls of the bundle, and was terminated prematurely.
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Figure 4.
Images of the fornix (A), CC (B), FM (C), CST (D), ILF (E), SLF (F), IOF (G), UF (H),
produced using SE-EPI-DTI12 (first column), SE-EPI-DTI138 (second column), and
Turboprop-DTI (third column) datasets. FA maps from the corresponding datasets are
displayed in the background. The projection of all fibers assigned to a bundle is shown,
independent of if the fibers are in front or behind the 2D plane of the background FA map.
Bright colors correspond to fibers with high FA values and dark colors to fibers with low FA
values. All data were acquired in the same scan session and on the same normal subject.
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Figure 5.
Boxplots of the intra-session and inter-session reproducibility for the fibers of the UF, FM,
fornix, CST, IFO, ILF, produced from SE-EPI-DTI12, SE-EPI-DTI138, and Turboprop-DTI
datasets of subject 1.
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Figure 6.
Images of the cross-section of all copies of the CST (A), ILF (B), FM (C), fornix (D), produced
with wild bootstrap for two separate scan sessions, with various slices of a healthy human brain.
The fiber tracts were produced from data acquired with SE-EPI-DTI12 (first column), SE-EPI-
DTI138 (second column), and Turboprop-DTI (third column). MPRAGE images from the
corresponding slices are displayed in the background. Blue fibers were generated from DTI
data acquired in a different position of the head than red/yellow fibers. The overlap of fibers
generated from data acquired in different scan sessions is higher for Turboprop-DTI than SE-
EPI-DTI12, and SE-EPI-DTI138.
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