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Abstract

Purpose The aim of this study was to discuss the advantages of GQI reconstruction in the imaging of nerve fibers at crossing
regions. Compared with DTI, the paper also discussed the advantages of GQI in imaging principles.

Methods 3-T MRI data from five normal participants were reconstructed using GQI and DTI. After adjusting the parameters,
we compared the differences in reconstructed nerve fibers at the crossing regions between the two methods. To complete this
study, we chose four obvious examples (the optic nerve, the Superior cerebellar peduncles, the intersection of the pyramidal
tract, the corpus callosum and the arcuate fibers and the intersection of the supplementary motor area (SMA) and the anterior
part of arcuate fasciculus) to illustrate.

Results By reconstructing nerve fibers in three regions, we can find that crossing-area images of nerve fibers significantly
differed between DTI and GQI reconstruction. Although crossing fibers could be clearly and completely visualized after
GQI reconstruction, they showed artifacts, incompleteness, deletions, and fractures after DTI reconstruction. After GQI
reconstruction, we can find that there were two or more nerve fibers in each voxel. However, only one nerve fiber was present
in each voxel after DTI reconstruction.

Conclusion The imaging of crossing fibers is more complete, consistent, and accurate when they are reconstructed by GQI

than when they are reconstructed by DTI.

Keywords Diffusion tensor imaging - White matter - Optic nerve - Pyramidal tract

Introduction

Thirty years ago, Crick and Jones said, “If you want to clar-
ify the principles of brain activity, you must clearly present
the anatomy of your brain.” [1]. As early as 1994, Basser
et al. conducted a detailed study of the structure and integrity
of neurons in the brain using diffusion tensor imaging (DTI)
[2]. DTI can non-invasively image the structure of the brain,
which is an important step in explaining the principles of
human brain activity and anatomy. Many scholars have con-
firmed that DTI plays an important role in the medical field
[3, 4], such as preoperative localization of the pyramidal
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tract, the visual radiations [5], functional language areas [6],
preservation of functional areas during surgery, and evalu-
ation of prognosis. Through a large number of clinical tri-
als, many scholars have found that DTI reconstruction of
intracranial nerve fibers has several limitations. Although
some axons can be revealed, sections of the brainstem still
fail to achieve satisfactory visualization. Furthermore, after
reconstruction, these areas show missing, incomplete, and
broken fibers [7, 8]. At the same time, DTI cannot visualize
fibers in tumors or regions of edema [9, 10]. To make up for
these shortcomings and overcome the limitations of DTT in
clinical practice, scholars have experimented with and per-
fected a variety of reconstruction methods. These methods
can be broadly divided into model-based and model-free
methods [11]. Model-based methods, such as the multiple
Gaussian model, spherical harmonic decomposition model,
diffusion-kurtosis model, and spherical harmonic deconvo-
lution model, rely on a complex model to express diffuse MR
signals obtained by high angular resolution diffusion imag-
ing (HARDI) and sample data in a diffusion-encoding space
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called Q-space [12]. The model-free methods, also known as
Q-space imaging methods, are based on the Fourier trans-
form relationship between the diffuse MR signal and the
potential diffusion displacement. They express diffuse MR
signals by obtaining the orientation distribution function
(ODF) of the diffusion displacement [13, 14]. Although
many acquisitions and reconstruction methods have been
proposed to replace DTI, such as spherical imaging (g-ball
imaging, QBI) [15] and diffusion spectrum imaging (DSI)
[16-18], they are insufficient to certain extents. In the pro-
cess of QBI tracing, the diffused MR signal is only displaced
perpendicular to the diffusion gradient vector, but the ideal
diffusion displacement is in all directions [19]. Moreover,
DSI requires spatial Fourier transform of the MR signal,
which creates a shadow of truncated artifacts [20-22]. Juan
et al. [23] have used HARDI methods such as generalized
g-sampling imaging (GQI) to improve the visualization
accuracy of complex nerve fibers. In this experiment, we
conducted a clinical study of 5 normal participants and com-
pare the differences between GQI and DTI reconstruction
methods in displaying regions in which axons cross (cross-
ing areas).

Materials and methods
Patient selection

From September 2017 to September 2018, we openly
recruited 5 adult volunteers from the public (3 males, 2
females; all right-handed; age range: 30-55 years) who had
no relevant clinical disease, no history of genetic diseases
in related family members. Volunteers underwent nuclear
magnetic scanning at the First Affiliated Hospital of China
Medical University.

Nerve fiber selection

There are thousands of nerve fibers in a person’s brain.
Although some nerve fibers intersect with other nerve fibers’
ending and a lot of fibers occupy this area, artifacts and other
factors will affect the imaging of nerve fibers. All nerve fib-
ers we have chosen have a clear anatomy, which make it less
controversial and convincing (Table 1). In this article, the
nerve fibers we used all have intersections on the trunk of

Table 1 Composition of crossing regions

the nerve fibers, which will reduce the impact of errors and
artifacts on results.

MRI acquisition

MRI data were acquired with a 3.0 T whole-body MRI scan-
ner (General Electric Medical System, GE Signa HDxt). Par-
ticipants were required to remain in a fixed position in the
scanner and were not allowed to move. We placed a foam
pad on either side of the head to reduce head movement and
used a cotton plug to reduce noise. The three-dimensional
T1-weighted image obtained from the brain volume imag-
ing (Bravo) sequence had the following imaging parameters:
repetition time =8.5 ms, echo time =3.332 ms, inversion
time =450 ms, layer thickness=1 mm, flip angle =13°,
excitation time = 1 ms, field of view =240 x 240 mm?, voxel
size=0.5%0.5x 1.0 mm>, and acquisition time =215 s.

Diffusion imaging was obtained with a single-shot spin-
echo planar imaging sequence with a 25-direction scan, a
layer thickness of 2.4 mm, and no interlaminar gap. The
coverage of the brain regions were as follows: repeti-
tion time = 8000 ms, echo time =108 ms, flip angle =90°,
b-value = 1000 s/m?, field of view = 240 x 240 mm?, voxel
size=1x1x2.4 mm>, number of excitations= 1, 42 con-
secutive slices, and acquisition time =216 s.

Diffusion postprocessing

DSI-STUDIO software (http://dsistudio.labsolver.org/) was
used to reconstruct diffusion imaging data using the DTI
and GQI methods. TRACKVIS software (http://trackvis.
org/) was used to track the fibers, in which the commissural
tracts are shown in red and the associated fibers are shown
in green. The super-to-inferior projection fibers are shown
in blue.

Image processing and analysis

We have customized a fiber-tracking diffusion-imaging
tractography method that sets FA values and QA values, as
well as the number of tracking fibers, before tracking. This
eliminates some of the uncertainties in the tracking results,
including the location and size of the seed regions of interest
(ROIs). Taking these factors into account and to make our
comparison more convincing, we first used the two recon-
struction methods to track non-intersecting pyramidal tract

Crossing region 1 Crossing region 2

Crossing region 3 Crossing region 4

Selection of nerve fibers Optic nerve

Superior cerebellar peduncles

Arcuate fasciculus, corpus cal-
losum, pyramidal tract

Arcuate fasciculus, supple-
mentary motor area
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fibers on one side of the brain. Knowing the performance
in uncrossed areas allowed us to better explain the tracking
differences in crossed areas.

We chose the pyramidal tract as the region of interest
(ROI) and selected it by hand. Because the final shape, fiber
number, and other aspects of the tract analysis are affected
by factors such as ROI placement, DTTI index, FA threshold,
GQI index, QA threshold, and total number of fibers in the
brain, to objectively compare DTI and GQI for crossing-fiber
tracking, we use the “non-cross-fiber correction” approach
to rule out the effects of other unrelated factors.

First, we loaded the Digital Imaging and Communica-
tions in Medicine DICOM data from each of the five patients
into DSI Studio, renamed them, and opened them to create
the “.src” file. Then we open the “.src” file to rebuild using
either DTI or GQI to get the “.fib” data files. Finally, we
opened the “.fib” files to track the fibers and get the DTI
and GQI reconstructions. We fixed multiple parameters such
as maximum angle (50°) and step size (1.2) for both DTI
and GQI tracking. The pyramidal tract ROI was placed in
the anterior third of the posterior limb of the internal cap-
sule and in 3 out of the 5 mid-lateral bases of the cerebral
pedunculus. The remaining factors that can affect the com-
parison between DTT and GQI fiber tracking are the FA and
QA thresholds. We continuously adjusted the FA and QA
thresholds when obtaining the DTI and GQI data so that the
number of pyramidal fibers on the side of the trace was the
same, the shapes were consistent, and the outcome matched
the known anatomy. We found that when the FA threshold
was 0.040 and the QA threshold was 0.025, the total num-
ber of fibers reconstructed by each group was 1500, and the
groups had the same shape and conformed to the known

Fig.1 a ROI placed in the
region of the optic chiasma is
shown in green. ROI placed in
the lateral geniculate body is
shown in blue. b ROI placed

in the lateral geniculate body

is shown in blue. ROI placed
within the occipital lobe is
shown in pink. ¢ ROI placed in
the intersecting region of the
superior cerebellar peduncles

is shown in orange. d, e Green
represent the Superior temporal
gyrus, blue represents the
Middle temporal gyrus, red
represents the Inferior temporal
gyrus. They were all selected as
SEED. ROI placed on the coro-
nal view at the central posterior
position is shown in yellow. f
ROI placed in the posterior limb
of the internal capsule is shown
in green (color figure online)

Middle

gyrus

Inferior
temporal
gyrus

anatomy. Then, under these same thresholds, we used DTI
and GQI to track and reconstruct the fibers in the intracranial
intersection, such as the optic chiasm, etc.

ROl selection
Optic nerve

One ROl is placed at the region of the optic chiasm, and the
other is placed in the lateral geniculate body (Fig. 1a). ROIs
for the optic radiation: one is placed in the lateral genicu-
late body and another is placed within the occipital lobe
(Fig. 1b).

Superior cerebellar peduncles

The ROI was placed at the level between the midbrain
peduncles and the superior cerebellar peduncles in the axial
phase. Specifically, the ROI included the junction of the two
superior cerebellar peduncles at the level of the lower part
of the midbrain, at the level of the cerebral peduncle, in
the midbrain, and in front of the mesencephalic aqueduct
(Fig. 1c).

Arcuate fasciculus

We placed the seeding area on the superior temporal gyrus,
middle temporal gyrus, and Inferior temporal gyrus, and
then placed a mask ROI on the coronal view at the central
posterior position (Fig. 1d, e).
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Pyramidal tract

We placed the ROI in the posterior limb of the internal cap-
sule and tracked the fibers (Fig. 1f).

Corpus callosum

Using the ‘Select” command on the median sagittal plane,
we selected the entire corpus callosum as the ROI.

Supplementary motor area

ROI was placed in the Broca area, we selected nerve fibers
on the path of the supplementary motor area manually.

Results

DSI-STUDIO software was used to perform GQI and DTI
reconstruction on each patient’s raw data then we compared
the results of the reconstructions. In general, the fiber struc-
ture based on DTI imaging of the crossing areas was miss-
ing, broken, incomplete, and had artifacts. However, the fib-
ers visualized by GQI were relatively complete, accurate,
and conformed to the anatomical structure. Additionally, the
GQI imaging was relatively smooth. Here, we describe our

most significant findings when applying DTI and GQI to
reconstruct the nerve fibers (Table 2).

We performed the FA maps at the level of the superior
cerebellar peduncles. It can be seen that although only a
single bundle of fibers can be traced in a voxel after DTI
reconstruction (Fig. 2a), two or more bundles of fibers can
be imaged in one voxel after GQI reconstruction (Fig. 2b).
This confirms that GQI is superior to DTI in displaying
intracranial intersections.

Nerve fiber crossing region 1

Reconstructions of the optic chiasm fibers can be seen in
Fig. 3. The left and right optic nerve fibers are represented
by red and blue, respectively. In this way, the fiber struc-
ture in the intersecting region can be observed more clearly
(Fig. 3). It can be seen from the figure that after reconstruc-
tion using DTI (Fig. 3f), the nerve fibers in the intersecting
region appear incomplete, missing, and broken, and there is
a decrease in the number of nerve fibers around the chiasm
and an incomplete number of tracing fibers. After tracking,
we marked the different colors of the nerve fibers on both
sides and found that the intersection was a pseudo-crossing
and did not conform to the anatomy. In contrast, after the
reconstruction by GQI, it can be seen that the fibers in the
optic chiasm area show the normal crossing shape (Fig. 3h),

Table 2 Comparison of data

. Number of tracking fibers
between two reconstruction

Whether there is an obvious intersection

methods Crossing region 1~ Crossing  Crossing  Crossing Crossing Crossing Crossing  Crossing
region 2 region3 region4 regionl region2 region3 region 4

GQI 16,220 1907 5503 6691 Y Y Y Y

DTI 15,907 2256 5324 6559 N N N N

QA threshold: 0.025, FA threshold: 0.040

Fig.2 a, b The FA maps
selected at the level of the supe-
rior cerebellar peduncle after
DTT and GQI reconstruction of
the raw data. a The FA maps
reconstructed by DTL. b The
FA maps reconstructed by GQL
Fibers in a and b, respectively,
are color coded by direction
(eigenvector orientation): red,
left to right; green, anterior to
posterior; and blue, inferior to
superior. Intermediate colors
reflect intermediate (“oblique™)
directions (color figure online)
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Fig.3 a Image of the optic nerve reconstructed by DTI. The circle is
the optic chiasm. b A close-up view of the circled section in a. ¢ The
left and right sides of the optic nerve are marked with different colors
according to the anatomy. The right optic nerve is shown in blue and
the left optic nerve is shown in red. The circle is the optic chiasm. d
A close-up view of the circled section in c. e Image of the optic nerve

the left side is red, and the right side is blue, which is con-
sistent with anatomical knowledge.

Nerve fiber crossing region 2

After reconstruction, according to the anatomy of the supe-
rior cerebellar peduncle, we labeled the left and right axons
in different colors to observe the fibers in the crossing area.
The nerve fibers running on the right side are shown in blue

reconstructed by GQI. The circle is the optic chiasm. f A close-up
view of the circled section in e. g The left and right sides of the optic
nerve are marked with different colors according to the anatomy. The
right optic nerve is shown in blue and the left optic nerve is shown in
red. The circle is the optic chiasm. h A close-up view of the circled
section in g (color figure online)

and those on the left side are shown in red (Fig. 4). We
present the results of the two reconstruction methods on
an image for easy comparison analysis. As it can be seen
(Fig. 4c, d), the fibers that should have been crossed appear
in an approximately parallel shape after DTI reconstruction,
and obviously do not conform to the anatomy due to arti-
facts. Moreover, the number of fibers in the crossing area
is small after DTI reconstruction, and there are cases of
incomplete tracking and fracture. In contrast, the number of

Fig.4 a Image of the superior cerebellar peduncle reconstructed
by DTI. The circle is the crossing region of the superior cerebellar
peduncle. b A close-up view of the circle section in a. ¢ The left and
right sides of the superior cerebellar peduncle are marked with dif-
ferent colors according to the anatomy. The right superior cerebellar
peduncle is shown in blue and the left superior cerebellar peduncle is
shown in red. The circle is the optic chiasm. d A close-up view of the
circle section in c¢. e Image of the superior cerebellar peduncle recon-

structed by GQI. The circle is the crossing region of the superior cer-
ebellar peduncle. f A close-up view of the circled section in e. g The
left and right sides of the superior cerebellar peduncle are marked
with different colors according to the anatomy. The right superior
cerebellar peduncle is shown in blue and the left superior cerebellar
peduncle is shown in red. The circle is the optic chiasm. h A close-up
view of the circled section in g (color figure online)
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fibers in the crossing area after GQI reconstruction is higher
(Fig. 4g, h) and the fibers travel continuously with few
occurrences of fracture, loss, or incompleteness. Moreover,
after GQI reconstruction, it can be seen that the fibers in the
lower part of the mesencephalon cross to the opposite side
and are distributed in the mesencephalon and diencephalon.

Nerve fiber crossing region 3

We performed GQI and DTI reconstruction on the pyramidal
tract, arcuate bundle, and corpus callosum of the five par-
ticipants. The corpus callosum is shown in blue, the pyrami-
dal tract is shown in green, and the arcuate fasciculus is
shown in red (Fig. 5). We focused on the imaging of three
fiber bundles in the crossing area. It can be seen that in the
DTI reconstruction, the three bundles have only a few fibers
crossing in the crossing area (Fig. 5c, d). Meanwhile, the
arcuate fasciculus is clearly separated from the pyramidal
tract and the corpus callosum. Moreover, there is no case in
which three fibers cross at the same time. Meanwhile, the
fibers in the crossing area are also broken, incomplete, and
missing. After looking at the visualization rebuilt through
DTI, one would think that the three bundles do not cross.
However, the story is quite different after GQI reconstruc-
tion. It can be clearly seen that the paths of these three fiber
bundles obviously intersect and that there are not only two
fiber bundles in the intersection but all three. The fiber cross
together, and the distribution of crossed fibers is relatively
tight, and the number is large. Compared with DTI, GQI
reconstruction shows that the fibers in the intersecting area

are numerous, intact, and smooth (Fig. 5g, h). Thus, this
method compensates for the shortcomings of DTI imaging
in fiber-crossing areas.

Nerve fiber crossing region 4

After reconstruction, we can get two different results in two
reconstruction methods. Red shows the movement of the
anterior part of arcuate fasciculus, blue shows the move-
ment of the supplementary motor area (SMA) (Fig. 6). We
present the results of the two reconstruction methods on an
image for easy comparison analysis. After reconstruction by
DTI, these two kinds of nerve fibers go in a parallel way and
there is no obvious intersection in the path of the two nerve
fibers (Fig. 6¢c, d). However, we can observe that there are a
lot of intersecting areas between the two nerve fibers after
reconstructed by GQI (Fig. 6g, h).

Discussion

There are thousands of nerve fibers in the human brain,
which can be divided into two groups based on whether they
cross other fibers or not. This paper focuses on the crossing
fibers present in the brain. There are five major fiber inter-
sections in the brain, including the optic nerve, the superior
cerebellar peduncle, the pyramidal tract, the corpus callo-
sum, and the arcuate fasciculus. In clinical cases, patient
data is often reconstructed using DTI. However, our results
clearly show that DTT imaging at fiber intersections is far

Fig.5 a Image of pyramidal tract, the corpus callosum, and the
arcuate fasciculus reconstructed by DTI. The circle is the crossing
region for the pyramidal tract, the corpus callosum, and the arcuate
fasciculus. b A close-up view of the circled section in a. ¢ Different
tracts are marked with different colors: the pyramidal tract is shown
in green, the corpus callosum is shown in blue, and the arcuate fas-
ciculus is shown in red. The position of the circle is the area where
the three tracts of fibers intersect. d A close-up view of the circled
section in c. e Image of pyramidal tract, the corpus callosum and the

@ Springer

arcuate fasciculus reconstructed by GQI. The circle is the crossing
region for the pyramidal tract, the corpus callosum and the arcuate
fasciculus. f A close-up view of the circled section in e. g Different
fiber tracts are marked with different colors: the pyramidal tract is
shown in green, the corpus callosum is shown in blue, and the arcuate
fasciculus is shown in red. The position of the circle is the area where
the three tracts intersect. h A close-up view of the circle section in g
(color figure online)
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Fig.6 a Image of arcuate fasciculus and the supplementary motor
area (SMA) reconstructed by DTI. The circle is the crossing region
for the SMA and the anterior part of arcuate fasciculus. b A close-up
view of the circled section in a. ¢ Different tracts are marked with dif-
ferent colors: the anterior part of arcuate fasciculus is shown in red,
the SMA is shown in blue. The position of the circle is the area where
the two tracts of fibers intersect. d A close-up view of the circled sec-
tion in C. e Image of arcuate fasciculus and the SMA reconstructed

from perfect. Because DTI was developed from diffusion-
weighted imaging (DWI) [24], it uses anisotropic imaging
of water molecule diffusion motion along with processing
technology to track white matter fibers and reflect the direc-
tion of their anatomical connectivity, as well as to detect
tissue microstructure, all to study human brain function.
DTI is similar to DWI, but has a longer acquisition time and
provides more accurate quantitative information [24]. How-
ever, DTI can only distinguish the direction of individual
fibers within each voxel. Meanwhile, the traced images can
have artifacts that arise from averaging the volume of com-
plex neural structures. Additionally, partially averaging the
volume of complex nerve structures fails to solve complex
structures such as fiber intersections and branching fiber
patterns [11], and the origin and destination of fibers can-
not be accurately determined [20, 25, 26]. Therefore, it is
impossible to visualize the intersection of nerve fibers and
the complex multi-branch structure of axons in the brain.
At the same time, because DTI algorithms are primarily
energy-minimum methods combined with linear extension
data algorithm, the algorithms also have various limitations
and obvious artifacts in the processing of crossing fibers
and complex intracranial fibers. To a certain extent, it limits
the ability of DTI and its corresponding parameters to be
an effective guide in clinical setting. The GQI technique we
examined here is a new way to reconstruct fiber tracts in the
brain. Yeh et al. [19] derived a new relationship between
spin distribution function (SDF) and MR based on the Fou-
rier transform the relationship between the diffuse MR sig-
nal and the spin diffusion displacement. The SDF can be

by GQIL The circle is the crossing region for the SMA and the ante-
rior part of arcuate fasciculus. f A close-up view of the circled section
in e. g Different tracts are marked with different colors: the anterior
part of arcuate fasciculus is shown in red, the SMA is shown in blue.
The position of the circle is the area where the two tracts of fibers
intersect. h A close-up view of the circle section in g (color figure
online)

obtained in a shell sampling scheme in QBI or in a grid
sampling scheme such as is found in DSI. The SDF value
is calculated by scaling the average propagation medium
and unifying the SDF size between different voxels using
a density function. Because SDF defines the proportion of
different voxels, the SDF obtained by GQI contains a certain
meaning for all voxels [20]. Due to these factors, voxels are
comparable [19]. Because the traditional ODF is the prob-
ability distribution of displacement, the newly developed
SDF represents the distribution of spins in the diffusion
process [19]. This principle makes SDF more advantageous
in tracking nerve fibers. GQI is the result of mathematical
simplification that combines Fourier transform with ODF
calculation, thus deducing the direct relationship between
the spread signal and SDF. This method avoids the Fou-
rier transform and subsequent interpolation on the grid data
points [27]. Meanwhile, Yeh et al. defined an indicator called
quantitative anisotropy (QA) to recalculate the population of
spins in a particular direction. Compared with the FA value,
the biggest advantage of QA is that it not only distinguishes
one fiber in the voxel, but the fiber group in the voxel can be
marked so that the reconstructed image is more accurate [19,
28]. Therefore, in addition to data acquisition schemes like
QBI and DSI, such as single-shell, multi-shell, or grid sam-
pling schemes, GQI can also provide crossing-fiber orienta-
tion and quantitative information to perfectly solve complex
crossing-fiber imaging problems [19, 29]. In the process of
tracking reconstruction, the ideal diffuse MR signal is not
simply the displacement of the diffusion gradient vector as
QBI, but the diffusion displacement in all directions [19].
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To form a diffusion density function (PDF), DSI requires
not only spatial Fourier transform of the MR signal, but also
numerical estimation. Because truncation artifacts are often
encountered in Fourier variations [20-22], a Hannning filter
is often required to smooth the probability density function,
which results in a bias in the reconstructed information to
some extent [30, 31]. The GQI introduced in this paper not
only has the advantages of these reconstruction methods but
to some extent also solves the problems caused by these
methods.

We present our results applying GQI to investigate the
structure of the normal human brain. GQI represents a sig-
nificant improvement in MR-based fiber tracking techniques.
The resolution of the crossing problems is illustrated here
with the accurate replication of known neuroanatomical
features such as the optic chiasm, the superior cerebellar
peduncles, the pyramidal tract, the corpus callosum, and the
arcuate fasciculus.

Wang et al. used GQI and DTI reconstruction in 5 patients
with brain tumors [14]. The patients were scanned, and tracts
were reconstructed by the two methods before operation.
They found that DTI failed to meet the ideal standard for
fibers within edema, and in fact could not image any fibers
within them. GQI clearly showed the location and number of
fibers within areas of edema. After the operation, the edema
subsided and GQI and DTI reconstruction were performed
again. At this time, the nerve fibers in the original preopera-
tive edema area were visualized after DTI reconstruction.
Studies have shown that GQI can also better display nerve
fibers in areas of cerebral edema [14].

In this study, we confirmed that GQI can visualize nerve
fibers in crossing areas more completely and continuously
than DTI by comparing reconstructions of four intersections
in five healthy volunteers. Moreover, GQI can better deter-
mine the location of intracranial nerve-fiber intersections. It
is particularly important to determine the anatomical struc-
ture of some nerve fibers by defining the structure of nerve
fibers in the cross region. When the anatomical structure
of the nerve fibers is clear, we can judge the severity of
the disease and the choice of surgical methods by preopera-
tively identifying the relationship between the tumor and
brain structure. Looking at the optic chiasm and the crossing
region of the superior cerebellar peduncles, it can be clearly
seen that when DTI is used, there is a pseudo-crossing phe-
nomenon in the crossing region, and there are artifacts of
fiber fracture. In Crossing Region 3, imaging the pyrami-
dal tract, the arcuate fasciculus, and the corpus callosum by
GQI allowed all three intersections to be clearly located. In
contrast, DTI could not determine whether there were any
common intersections between the three fiber bundles in
their respective paths. This study used these four aspects
to confirm the superiority of GQI imaging in fiber-inter-
section regions. Although DTI is widely used in clinic, the

@ Springer

advantages of GQI are clearly shown in this article. There-
fore, we believe that GQI can better display the fibers in
intracranial intersections and is a promising technique for
disease assessment, especially when it occurs in the vicinity
of fiber- crossing regions.

Limitations

Although GQI is better than DTI at quantifying and display-
ing fibers in the crossing areas, there are still some obvious
limitations in this reconstruction method. These limitations
are found in almost all MRI methods. First, the process of
track reconstruction is determined by researchers and the
reconstruction result is closely related to FA value, QA
value, angle threshold, slice thickness, and sample number
[32]. because differences in parameter selection during the
reconstruction process leads to differences in the nerve fib-
ers being tracked, the practicality of the diffusion imaging
methods we use is somewhat controversial. Second, the
number and direction of the fibers we track depend on the
size and location of the ROI. Different ROIs lead us to track
different fibers, which makes the process of selecting ROIs
more complicated and full of uncertainty [15]. Third, if we
meet the balanced needs of the sampling scheme, then the
measured SDF used by GQI does not necessarily guarantee
the correct result [19].

This study was also limited by the type of nerve fibers
being tracked and the location and extent of the intersec-
tions. First, the numbers of some types of fibers were rela-
tively small, which led to an even fewer number of fibers in
the crossing areas. Second, the crossing areas for many nerve
fibers are obviously larger than those of others. Therefore,
in the process of ROI selection, whether the ROI can be
accurately set determines the accuracy of the results. Finally,
fibers different among people to some extent, which leads to
deviations in the tracking process. For further research, more
samples are required to confirm the ability of GQI to image
nerve fibers in all crossing regions of the brain.

Conclusion

The GQI-reconstruction method is still new, and there are
many limitations in its ability to visualize nerve fibers in
crossing areas. However, compared with other reconstruc-
tion methods such as DTI, GQI performs more accurately,
and its advantages are quite obvious. As the fiber paths were
clear, this is a positive sign that further studies should be
made that increase the sample size and definitively show
the advantages of GQI. If this can be achieved, the scope of
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GQI application will increase and GQI will likely become
an auxiliary tool for neurosurgery in the future.

Author contribution ZJ: Project development, data collection, manu-
script writing, definition of intellectual content. YB: Design. YW, ZL,
SL: Data acquisition. XZ: Manuscript editing. YW: Guarantor, project
development, manuscript editing.

Funding This study was supported by grants from the National Natural
Science Foundation of China (No. 31540077 to YiW).

Compliance with ethical standards

Ethical approval Internal review committees, including the Education
Committee and the Ethics Committee of China Medical University
approved all the procedures. We obtained informed consent from all
participants.

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Crick FJE (1993) Backwardness of human neuroanatomy. Nature
361:109-110

2. Basser PJPS, Pierpaoli C, Duda J, Aldroubi A (2000) In vivo fiber
tractography using DT-MRI data. Magn Reson Med 44:625-632

3. Nimsky C, Ganslandt O, Fahlbusch R (2006) Implementation
of fiber tract navigation. Neurosurgery 58(ONS-292):0NS-303.
https://doi.org/10.1227/01.neu.0000204726.00088.6d (discussion
ONS-303-294)

4. Nimsky C, Ganslandt O, Merhof D, Sorensen AG, Fahlbusch R
(2006) Intraoperative visualization of the pyramidal tract by dif-
fusion-tensor-imaging-based fiber tracking. Neuroimage 30:1219-
1229. https://doi.org/10.1016/j.neuroimage.2005.11.001

5. Kamada K, Todo T (2005) Functional monitoring for visual path-
way using real-time visual evoked potentials and optic-radiation
tractography. J Neurosurg 57:121-127 (discussion 121-127)

6. Todo T, Masutani Y, Aoki S, Ino K, Morita A, Saito N (2007)
Visualization of the frontotemporal language fibers by tractogra-
phy combined with functional magnetic resonance imaging and
magnetoencephalography. J Neurosurg 106:90-98

7. Yoshino M, Abhinav K, Yeh FC, Panesar S, Fernandes D, Pathak
S, Gardner PA, Fernandez-Miranda JC (2016) Visualization of
cranial nerves using high-definition fiber tractography. Neurosur-
gery 79:146-165. https://doi.org/10.1227/NEU.000000000000124
1

8. Yoshino M, Kin T, Ito A, Saito T, Nakagawa D, Kamada K, Mori
H, Kunimatsu A, Nakatomi H, Oyama H, Saito N (2015) Diffu-
sion tensor tractography of normal facial and vestibulocochlear
nerves. Int J Comput Assist Radiol Surg 10:383-392. https://doi.
org/10.1007/s11548-014-1129-2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Fernandez-Miranda JCALR, Rhoton AL Jr (2008) Three-dimen-
sional microsurgical and tractographic anatomy of the white mat-
ter of the human brain. Neurosurgery 62:989-1028. https://doi.
org/10.1227/01.Neu.0000297076.98175.67

Provenzale JIMMP, Mhatre P, Guo AC, Delong D (2004) Peritu-
moral brain regions in gliomas and meningiomas: investigation
with isotropic diffusion weighted MR imaging and diffusion-
tensor MR imaging. Radiology 232:451-460

Yeh FC, Wedeen VJ, Tseng WY (2011) Estimation of fiber ori-
entation and spin density distribution by diffusion deconvolution.
Neuroimage 55:1054-1062. https://doi.org/10.1016/j.neuroimage
.2010.11.087

Tuch DS, Reese TG, Wiegell MR, Makris N, Belliveau JW,
Wedeen VJ (2002) High angular resolution diffusion imaging
reveals intravoxel white matter fiber heterogeneity. Magn Reson
Med 48:577-582. https://doi.org/10.1002/mrm.10268

Yeh FC, Tseng WY (2013) Sparse solution of fiber orientation
distribution function by diffusion decomposition. PLoS ONE
8:€75747. https://doi.org/10.1371/journal.pone.0075747

Zhang H, Wang Y, Lu T, Qiu B, Tang Y, Ou S, Tie X, Sun C, Xu
K, Wang Y (2013) Differences between generalized q-sampling
imaging and diffusion tensor imaging in the preoperative visuali-
zation of the nerve fiber tracts within peritumoral edema in brain.
Neurosurgery 73:1044—-1053. https://doi.org/10.1227/neu.00000
00000000146 (discussion 1053)

Tuch DS (2004) Q-ball imaging. Magn Reson Med 52:1358-1372.
https://doi.org/10.1002/mrm.20279

Kober T, Gruetter R, Krueger G (2012) Prospective and retro-
spective motion correction in diffusion magnetic resonance
imaging of the human brain. Neuroimage 59:389-398. https://
doi.org/10.1016/j.neuroimage.2011.07.004

Wedeen VJ, Hagmann P, Tseng WY, Reese TG, Weisskoff RM
(2005) Mapping complex tissue architecture with diffusion spec-
trum magnetic resonance imaging. Magn Reson Med 54:1377-
1386. https://doi.org/10.1002/mrm.20642

Wedeen VJ, Wang RP, Schmahmann JD, Benner T, Tseng WY,
Dai G, Pandya DN, Hagmann P, D’Arceuil H, de Crespigny AJ
(2008) Diffusion spectrum magnetic resonance imaging (DSI)
tractography of crossing fibers. Neuroimage 41:1267—1277. https
://doi.org/10.1016/j.neuroimage.2008.03.036

Yeh FC, Wedeen VJ, Tseng WY (2010) Generalized g-sampling
imaging. IEEE Trans Med Imaging 29:1626—-1635. https://doi.
org/10.1109/TM1.2010.2045126

Le Bihan D, Poupon C, Amadon A, Lethimonnier F (2006)
Artifacts and pitfalls in diffusion MRI. J] Magn Reson Imaging
24:478-488. https://doi.org/10.1002/jmri.20683

Wang X, Pathak S, Stefaneanu L, Yeh FC, Li S, Fernandez-
Miranda JC (2016) Subcomponents and connectivity of the supe-
rior longitudinal fasciculus in the human brain. Brain Struct Funct
221:2075-2092. https://doi.org/10.1007/s00429-015-1028-5
Wang Y, Fernandez-Miranda JC, Verstynen T, Pathak S, Schnei-
der W, Yeh FC (2013) Rethinking the role of the middle longitu-
dinal fascicle in language and auditory pathways. Cereb Cortex
23:2347-2356. https://doi.org/10.1093/cercor/bhs225
Fernandez-Miranda JC, Pathak S, Engh J, Jarbo K, Verstynen T,
Yeh FC, Wang Y, Mintz A, Boada F, Schneider W, Friedlander
R (2012) High-definition fiber tractography of the human brain:
neuroanatomical validation and neurosurgical applications. Neu-
rosurgery 71:430-453. https://doi.org/10.1227/NEU.0b013e3182
592faa

Eriksson SH, Symms MR, Barker GJ, Thom M, Harkness W,
Duncan JS (2002) Diffusion tensor imaging in refractory epilepsy.
J Lancet 359:1748-1751

Alexander DC, Barker GJ (2005) Optimal imaging parameters
for fiber-orientation estimation in diffusion MRI. Neuroimage
27:357-367. https://doi.org/10.1016/j.neuroimage.2005.04.008

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1227/01.neu.0000204726.00088.6d
https://doi.org/10.1016/j.neuroimage.2005.11.001
https://doi.org/10.1227/NEU.0000000000001241
https://doi.org/10.1227/NEU.0000000000001241
https://doi.org/10.1007/s11548-014-1129-2
https://doi.org/10.1007/s11548-014-1129-2
https://doi.org/10.1227/01.Neu.0000297076.98175.67
https://doi.org/10.1227/01.Neu.0000297076.98175.67
https://doi.org/10.1016/j.neuroimage.2010.11.087
https://doi.org/10.1016/j.neuroimage.2010.11.087
https://doi.org/10.1002/mrm.10268
https://doi.org/10.1371/journal.pone.0075747
https://doi.org/10.1227/neu.0000000000000146
https://doi.org/10.1227/neu.0000000000000146
https://doi.org/10.1002/mrm.20279
https://doi.org/10.1016/j.neuroimage.2011.07.004
https://doi.org/10.1016/j.neuroimage.2011.07.004
https://doi.org/10.1002/mrm.20642
https://doi.org/10.1016/j.neuroimage.2008.03.036
https://doi.org/10.1016/j.neuroimage.2008.03.036
https://doi.org/10.1109/TMI.2010.2045126
https://doi.org/10.1109/TMI.2010.2045126
https://doi.org/10.1002/jmri.20683
https://doi.org/10.1007/s00429-015-1028-5
https://doi.org/10.1093/cercor/bhs225
https://doi.org/10.1227/NEU.0b013e3182592faa
https://doi.org/10.1227/NEU.0b013e3182592faa
https://doi.org/10.1016/j.neuroimage.2005.04.008

1028 Surgical and Radiologic Anatomy (2019) 41:1019-1028

26. Mukherjee P, Chung SW, Berman JI, Hess CP, Henry RG (2008) 31. Kuo LW, Chen JH, Wedeen VJ, Tseng WY (2008) Optimization
Diffusion tensor MR imaging and fiber tractography: technical of diffusion spectrum imaging and g-ball imaging on clinical MRI
considerations. AJNR Am J Neuroradiol 29:843-852. https://doi. system. Neuroimage 41:7-18. https://doi.org/10.1016/j.neuro
org/10.3174/ajnr.A1052 image.2008.02.016

27. Wiegell MR, Larsson HB, Wedeen VJ (2000) Fiber crossing in 32. Gao W, Jiao Q, Qi R, Zhong Y, Lu D, Xiao Q, Lu S, Xu C, Zhang

28.

29.

30.

human brain depicted with diffusion tensor MR imaging. Radiol-
ogy 217:897-903

Peled S, Friman O, Jolesz F, Westin CF (2006) Geometrically con-
strained two-tensor model for crossing tracts in DWI. Magn Reson
Imaging 24:1263-1270. https://doi.org/10.1016/j.mri.2006.07.009
Lim SY, Tyan YS, Chao YP, Nien FY, Weng JC (2015) New
insights into the developing rabbit brain using diffusion ten-
sor tractography and generalized q-sampling MRI. PLoS ONE
10:e0119932. https://doi.org/10.1371/journal.pone.0119932
Hagmann P, Jonasson L, Deffieux T, Meuli R, Thiran JP, Wedeen
VJ (2006) Fibertract segmentation in position orientation space
from high angular resolution diffusion MRI. Neuroimage 32:665—
675. https://doi.org/10.1016/j.neuroimage.2006.02.043

@ Springer

Y, Liu X, Yang F, Lu G, Su L (2013) Combined analyses of gray
matter voxel-based morphometry and white matter tract-based
spatial statistics in pediatric bipolar mania. J Affect Disord
150:70-76. https://doi.org/10.1016/j.jad.2013.02.021

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3174/ajnr.A1052
https://doi.org/10.3174/ajnr.A1052
https://doi.org/10.1016/j.mri.2006.07.009
https://doi.org/10.1371/journal.pone.0119932
https://doi.org/10.1016/j.neuroimage.2006.02.043
https://doi.org/10.1016/j.neuroimage.2008.02.016
https://doi.org/10.1016/j.neuroimage.2008.02.016
https://doi.org/10.1016/j.jad.2013.02.021

	Differences between generalized Q-sampling imaging and diffusion tensor imaging in visualization of crossing neural fibers in the brain
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patient selection
	Nerve fiber selection
	MRI acquisition
	Diffusion postprocessing
	Image processing and analysis
	ROI selection
	Optic nerve
	Superior cerebellar peduncles
	Arcuate fasciculus
	Pyramidal tract
	Corpus callosum
	Supplementary motor area


	Results
	Nerve fiber crossing region 1
	Nerve fiber crossing region 2
	Nerve fiber crossing region 3
	Nerve fiber crossing region 4

	Discussion
	Limitations
	Conclusion
	References




