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Full cervical cord tractography:
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Despite recent improvements in diffusion-weighted imaging, spinal cord
tractography is not used in routine clinical practice because of difficulties
in reconstructing tractograms, with a pertinent tri-dimensional-rendering, in
a long post-processing time. We propose a new full tractography approach
to the cervical spinal cord without extensive manual filtering or multiple
regions of interest seeding that could help neurosurgeons manage various
spinal cord disorders. Four healthy volunteers and two patients with either
cervical intramedullary tumors or spinal cord injuries were included. Diffusion-
weighted images of the cervical spinal cord were acquired using a Philips 3
Tesla machine, 32 diffusion directions, 1,000 s/mm? b-value, 2 x 2 x 2mm
voxel size, reduced field-of-view (ZOOM), with two opposing phase-encoding
directions. Distortion corrections were then achieved using the FSL software
package, and tracking of the full cervical spinal cord was performed using the
DSI Studio software (quantitative anisotropy-based deterministic algorithm).
A unique region of avoidance was used to exclude everything that is not
of the nervous system. Fiber tracking parameters used adaptative fractional
anisotropy from 0.015 to 0.045, fiber length from 10 to 1,000 mm, and angular
threshold of 90°. In all participants, a full cervical cord tractography was
performed from the medulla to the C7 spine level. On a ventral view, the
junction between the medulla and spinal cord was identified with its pyramidal
bulging, and by an invagination corresponding to the median ventral sulcus.
On a dorsal view, the fourth ventricle—superior, middle, and inferior cerebellar
peduncles—was seen, as well as its floor and the obex; and gracile and cuneate
tracts were recognized on each side of the dorsal median sulcus. In the
case of the intramedullary tumor or spinal cord injury, the spinal tracts were
seen to be displaced, and this helped to adjust the neurosurgical strategy.
This new full tractography approach simplifies the tractography pipeline and
provides a reliable 3D-rendering of the spinal cord that could help to adjust
the neurosurgical strategy.

KEYWORDS

spinal cord, tractography, fiber orientation distribution, fiber tracking, diffusion tensor
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Introduction

Advances in magnetic resonance (MR) imaging and the
introduction of diffusion tensor imaging (DTI) associated with
tractography have allowed the description of the white matter
fibers of the brain in vivo (Chao et al., 2007; Catani and
Thiebaut de Schotten, 2008; Fernandez-Miranda et al., 2008;
Maier-Hein et al., 2017; Jacquesson et al., 2018). Tractography
uses the preferential diffusion orientation of water molecules
constrained by tissues to reconstruct their architecture using
a mathematical algorithm (O’Donnell and Westin, 2011).
However, tractography of the spinal cord remains challenging
due to its specific anatomy: a long, thin tube composed of
billions of fibers condensed in a very small volume, and
surrounded by many structures (cerebrospinal fluid [CSF],
vertebral disc, thoracic and abdominal content, etc.) that induce
artifacts on diffusion-weighted images (Jezzard et al., 1998;
Ruthotto et al., 2012; David et al., 2017).

Developments in both imaging acquisition and post-
processing have improved the accuracy and reliability of
tractography (Andersson and Sotiropoulos, 2016; Cohen-Adad
et al, 2021a; Dauleac et al., 2021), and have highlighted
the potential key role of tractography, compared to classical
anatomical MR sequences, for a wide range of spinal cord
diseases [intramedullary tumors (Choudhri et al., 2014; Egger
et al.,, 2016), vascular malformations (Dauleac et al., 2019a),
spinal cord injury (Chang et al, 2010; Rao et al, 2013),
syringomyela (Dauleac et al., 2019b), multiple sclerosis (Cruz
et al, 2009; van Hecke et al, 2009), cervical myelopathy
(Lee et al,, 2011)]. Spinal cord tractography is not currently
possible in routine clinical practice because of the difficulties
in producing tractograms in an accessible way, but more
importantly, tridimensional renderings are not yet consistent
with the anatomical truth (Dauleac et al., 2020, 2021). Also,
tractography results are strongly dependent upon the user who
defines the parameters in all the steps of the imaging pipeline,
from imaging acquisition to post-processing; this is of particular
importance for the design of regions of interest (ROIs) and the
elimination of spurious fibers (Roundy et al., 2012). The classical
ROI-based method for tractography has many limitations: the
manual delineation of multiple ROIs is a time-consuming
and fastidious process with a slow learning curve, the ROI
placement requires prior anatomical knowledge, ROIs have to
be designed on a dedicated software, and the diffusion images
on which the ROI are drawn can be affected by artifacts and
distortions (De Leener et al,, 2017). Moreover, mathematical
algorithms can fail to reconstruct spinal cord fibers because
of their specific anatomy (lordosis, emergence of spinal roots,
and small volume). Therefore, a simple pipeline that would

Abbreviations: CSF, cerebrospinal fluid; DTI, diffusion tensor imaging; MR,

magnetic resonance; ROI, region of interest.
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allow an accurate high-resolution spinal cord tractography for
imaging and surgical reproducible routine use would be of
great interest.

On the basis of our previous experience in brain and
cranial nerve tractography (Jacquesson et al, 2018, 2019),
we propose a novel practical full spinal cord tractography
approach, including successively advised MR acquisition
settings, distortion corrections, a unique region of avoidance,
generalized g-sampling reconstruction (Yeh et al, 2010),
quantitative anisotropy-based deterministic fiber tracking (Yeh
et al, 2013), and an attractive tridimensional rendering
of the whole spinal cord volume. We aim to introduce
this method to the public and broaden its use in routine
clinical practice.

Materials, equipment, and methods

Participants

Four healthy volunteers were included in the present
study that was conducted at the university hospital of
Lyon, France between 2020 and 2021. Three patients
were also included: a 51-year-old woman with a left

C3-C4 intramedullary cavernous malformation, a 32-
year-old man with C3-C4 spinal cord injury, and
a 42-year-old man with intramedullary tumor. The

institutional review board approved the study and written
informed consent was obtained from all participants. The
tractography pipeline proposed is composed of seven steps
(Figure 1).

Image acquisition

Diftusion-weighted images were acquired using a 3 Tesla
Ingenia Elition MRI machine (Philips Medical Systems,
Netherlands) with the following parameters: 32 directions (two
acquisitions in opposed phase-encoding directions), b-value: 0,
1,000 s/mmz, TE/TR: 64/3,220 ms, voxel size: 2 x 2 x 2 mm3, no
slice gap, coronal plane (10 slides), with fat suppression (SPIR),
and reduced field-of-view (180 x 56 x 40mm): adaptation
of zonally magnified oblique multi-slice (ZOOM) sequence.
This method exploits the concept of inner volume imaging,
and enables the selective excitation and refocusing of a narrow
field-of-view while avoiding signal originating from outside the
desired field-of-view (Samson et al., 2016). The spinal cord
DTI sequence was first acquired with the right — left phase-
encoding direction in 3 min 45s, and second with the left —
right phase-encoding direction, without in-plane acceleration
(Table 1). Sagittal T2-weighted imaging was added as a reference,
or a contrast-enhanced T1-weighted sequence was used in the
case of spinal cord tumors.
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FIGURE 1

Study diagram. From Philips MRI machine, diffusion tensor imaging associated with T2-weighted imaging (and enhanced T1-weighted imaging
if necessary) were acquired (step 1). The post-processing protocol included distortion correction (step 2), tumor segmentation (step 3), and
region of avoidance design (step 4). The tracking process (step 5) was performed using the DSI-Studio software to visualize a 3D full cervical

spinal cord tractography (step 6) to help neurosurgical management (step 7).

Distortion corrections

Correction for susceptibility artifacts was performed using
the “top-up” tool from FSL (Smith et al, 2004) (Functional
magnetic resonance imaging of the brain [FMRIB] Software
Library) to reduce inhomogeneity distortions (Andersson
2016).
generated by eddy currents produced during diffusion-encoding

and Sotiropoulos, Motion artifacts and artifacts
gradient application were corrected using the FSL “eddy”.
The methodology used herein has been demonstrated to be
an essential step to obtain a good spinal cord tractography

rendering (Dauleac et al., 2021).

Fiber tracking

A unique ROI volume around the whole spinal cord and
enlarged (about 10 mm) to include rootlets in the vertebral
canal (Jacquesson et al., 2019) was drawn on the orientation
of distribution function (ODF) map before being negated to
create a unique region of avoidance. This leads to limiting
exclusively fiber tracking to the spinal cord area. Tumor or
trauma segmentation was performed manually—slice by slice—
on anatomic images. Full tractography was performed out
of the region of avoidance that reduced the manual step of
multiple ROI design. Quantitative anisotropy was obtained from
a generalized q-sampling reconstruction (Yeh et al, 2010).
Tractography was performed using the DSI Studio software
(Yeh et al,, 2013) and a deterministic fiber-tracking algorithm
based on quantitative anisotropy to improve accuracy (Yeh
et al,, 2013). The tractography algorithm used the following
parameters: step size = 0.1 mm, fiber length = 10 (min) to
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1,000 (max) mm, angular threshold = 90° (to not miss any
fibers exiting orthogonally from the spinal cord), and adaptative
fractional anisotropy threshold that varied from 0.015 to 0.045
(Dauleac et al., 2020). This fractional anisotropy threshold
was selected using a compromise value between maximum
anatomical details and minimum “noise”. A total of 50,000 tracts
were calculated. Fibers were displayed as 0.15-mm-diameter
tubes (Figure 2). Manual filtering of spurious fibers and false
continuations was then performed for a maximum of 15 min
(Table 1).

Results

Cervical spinal cord

Full tractography depicting the cervical spinal cord was
obtained in all participants. The tridimensional view allowed
rotation and magnification on demand and displayed the details
of the spinal cord anatomy. Because of the directional color
code, the fibers of the spinal cord that are ascending and
descending appeared in blue (Figure 3). Some roots were seen
(Figures 3A,B,D). The cervical lordosis was visualized, and the
tractogram mostly ended at the C7 spine level (Figure 3B). At the
top of the acquisition box, the brainstem (mesencephalon, pons,
and medulla) fibers were tracked. On a ventral view, the junction
between the medulla and spinal cord was identified with its
pyramidal bulging, and by an invagination corresponding to
the median ventral sulcus (Figure 3A). The corticospinal tract
midline crossing was recognized just inferiorly. Most cranial
nerves, from optic to lower nerves, were also visible (Figure 3C).
On a dorsal view, the fourth ventricle—superior, middle, and
inferior cerebellar peduncles—was seen, as well as its floor
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TABLE 1 Diffusion acquisition and tracking parameters.

Parameter Value
MRI Acquisition MRI Machine Philips
Magnetic field 3T
Diffusion directions 32
b value 1,000 s/mm?*
Slice thickness 2 mm
Voxel size 2 X 2 X 2mm isotropic
Diffusion slice gap 0
Field of view Tailored to spinal cord —
ZOOM DTI
Acquisition plane Coronal
Phase encoding direction ~ Right — left and left —
right
TE/TR Lower as possible
Tracking Distortion correction Eddy FSL tool
Software package DSI Studio

FA threshold

Curvature threshold
Min-max length

Step size

Reconstruction algorithm

ROA design

Filtering

“default” 0.015-0.045
90°

10 - 1000 mm

0.1 mm

Deterministic

One ROA including the
whole spinal cord.
Manual elimination of
spurious fibers and false

continuation (<15min)

FA, fractional anisotropy; ROA, region of avoidance.

and the obex (Supplementary Video 1). The gracile and cuneate
tracts were seen on each side of the dorsal median sulcus. The

same aspect was found for all healthy subjects.

Illustrative case 1

This 51-year-old woman presented paresthesias associated
with motor weakness of the left upper limb. The MR images
revealed a left C3-C4 intramedullary cavernous malformation,
with a hemosiderin crown. However, on axial T2-weighted
images, there is uncertainty about the passage of fibers in
the latter region. Full tractography demonstrated that there
is no fiber within the malformation, so fiber tracts were
pushed medially at the exact edge of the hemosiderin crown
(Figure 4). This information, in addition to intraoperative
neurophysiological monitoring and perioperative findings, led
to displacing the myelotomy laterally thus limiting damage to
posterior white tracts.
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Illustrative case 2

This 32-year-old man had a “whiplash-like” cervical trauma
followed by a left Brown-Séquard syndrome. Cervical CT
and MRI scans revealed a C3-C4 spinal cord injury, disc
herniation, and vertebral ligament damage. An emergency C3-
C4 anterior cervical discectomy with decompression and fusion
was performed. Six months postoperatively, after intensive
rehabilitation, the patient was able to walk but presented
important proprioceptive ataxia associated with the motor
weakness of the left upper limb. Full tractography found fiber
interruption of posterior columns of the spinal cord mainly to
the left side (Figure 5). This information was used to focus on
the rehabilitation program of the patient.

Illustrative case 3

This with
neuropathic pain in the lower limbs. Spinal cord MRI

42-year-old man presented paresthesia
demonstrated an intramedullary lesion in Th2-Th3, without
cyst or gadolinium enhancement. The patient underwent
extensive investigations that confirmed the absence of any
inflammatory, infectious, or neurodegenerative disorders.
Full spinal cord tractography showed warped fibers within
the tumor, without fiber compression (Figure 6). This added
arguments in favor of the diagnosis of astrocytoma. In addition
to a low clinical impact, full tractography helped to orient the
strategy to surveillance.

Discussion

This study presents an original full cervical cord
tractography approach without extensive manual filtering
or multiple ROI seeding. Furthermore, we propose a complete
pipeline from MR acquisition to tracking settings that has
shown interest in illustrative cases and could be hence used in
routine neurosurgical practice.

ROI-based vs. full tractography

Only a few studies have focused on spinal cord tractography
with clinical applications (Ducreux et al., 2006; Ozanne et al.,
2007; Granata et al., 2017; Dauleac et al., 2019a), probably due
to its complex and time-consuming pipeline, including data
acquisition, post-processing, and filtering. In recent studies,
investigating spinal cord tractography, either an ROI was placed
on the whole spinal cord on an axial section (“single ROI
design”) (Ducreux et al., 2006; Ozanne et al., 2007; Granata
etal, 2017; Dauleac et al,, 2019a), or multiple ROIs were placed
on a spinal cord axial plane to exclude gray matter (“multiple
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FIGURE 2

Fiber tracking process using DSI Studio software package: step-by-step. Step 1: Open source images. Step 1a: Insert DICOM. Step 1b: use no
upsampling (or upsampling 2). Step 2: Reconstruction. Step 2a: Artifacts correction (motion correction +/- topup). Step 2b: Swap images
according to the Y—Z axis because of coronal MR acquisition. Step 2c: Dilatation of the working mask to include all the spinal cord and nerve
roots. Step 2d: GQI (generalized Q-sampling imaging) reconstruction. Step 2e: check the b-table (necessary because of the image swap
performed above). Step 3: Fiber tracking and visualization. Step 3a: Use tracking parameters defined in Step 3b: Perform fiber tracking
Step 3c: Superimpose T2-weighted images.

A Anterior Lateral Brainstem T2-Tracts Merge

Cervical
Roots

FIGURE 3

Full cervical cord tractography (healthy subject). (A) Ventral and (B) lateral views of the cervical spinal cord and brainstem tractography showing
the ascending/descending pathways with cervical rootlets. The emergence of the rootlets from the spinal cord can be seen laterally (turquoise)
Spinal cord fibers (blue) are well reconstructed on the whole length of the spinal cord in a subject who had an important cervical lordosis. (C)
From this enlargement of panel A on the brainstem, pontocerebellar fibers are seen (red), cranial nerves (from optic tracts [OT] to lower nerves
[LN]), including acoustic-facial bundle [VII-VIII] are highlighted (yellow). The junction between the medulla and spinal cord was identified by its
pyramidal bulging (*), and by an invagination that corresponds to the median ventral sulcus (dotted line). (D) The spinal cord tractography is
superimposed on the sagittal T2-weighted images.

ROI design”), and both single and multiple ROI designs have balance (i.e., cervical lordosis and thoracic kyphosis) on the
disadvantages (user-dependent and time-consuming). When spinal cord tractography rendering ( ;
using ROIs, some authors described the impact of the sagittal ), and reported that a greater number of artifacts
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FIGURE 4

Full cervical cord tractography in a patient with intramedullary cavernous malformation. (A) Sagittal T2-weighed images showing the cavernous
malformation at the C3-C4 spine level. Cavernous malformation presented an exophytic portion on the left side of the spinal cord, with a
hemosiderin crown in a hyposignal T2-weighted sequence. (B) Axial view of spinal cord tractography at the C3—-C4 level shows that spinal fibers
were pushed back and compressed by the cavernous malformation, without fibers around the cavernous malformation (at its dorso-lateral part).
Left lateral view of cervical spinal cord tractography showing a notch within the spinal cord repressing spinal tracts. (C) Overlay of the spinal
cord tractography on the axial T2-weighted MR images. (D) Overlay of the spinal cord tractography on the sagittal T2-weighted MR images,
with the 3D rendering of the cavernous malformation (in black).

Tracto Lateral ) T2-tracts Merge

Trauma
lesion

Cervical
spinal
cord

FIGURE 5

Full cervical cord tractography in a patient with spinal cord injury. (A) Sagittal and axial T2-weighed images showing intramedullary hypersignal at
the C3-C4 spine level. On an axial image, intramedullary T2-hypersignal is seen on the left dorso lateral part of the spinal cord. (B) Dorsal and (C)
lateral views of spinal cord tractography showing the complete interruption of left dorso-lateral spinal cord fibers. (D) Overlay of the spinal cord
tractography on the sagittal T2-weighted MR images, where the correspondence between T2 hypersignal and fibers loss was perfectly defined
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A

T2 Sagittal Enlargement

FIGURE 6

showing warped fibers at the level of the tumor (in black with *).

T2- Tractography Sag

Full cervical cord tractography in a patient with intramedullary tumor. (A) Sagittal T2-weighed image showing intramedullary isosignal at the
Th2-Th3 spine level, associated with an increase in the volume of the spinal cord. (B) 1-Enlargement of the (A) at the level of intramedullary
lesion, on the T2-weighed image. 2- Enlargement of the (C) on fiber tracking, according to a “line” style rendering performed in DSI Studio, at
the level of the lesion. It shows warped fibers within the tumor, without safe access for spinal cord surgery. (C) Overlay of the spinal cord
tractography on the sagittal T2-weighted image confirmed fiber deformation at the Th2-Th3 level. (D) Ventral view of spinal cord tractography

Coronal tractography

A
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is observed at the C7 level (i.e., where the cervical lordosis is
the most significant) (Barry et al.,, 2018). Moreover, a critical
angle (22°), above which, fibers were not tracked along the entire
length of the spinal cord was defined (Dauleac et al., 2021). With
regards to the placement of ROI(s), difficulties for tractography
of the lower spinal cord, such as the conus medullaris, were
reported because of the high condensation of spinal tract ends
as well as the emergence of many rootlets (van Hecke et al,
2009; Filippi et al., 2010; Antherieu et al., 2018). Some authors
proposed to draw smaller ROIs (Facon et al., 2005; Ducreux
et al., 2006; Xiangshui et al., 2011), but this would lead to a loss
of fibers tracked because of the minimal resolution of the MR
images obtained in routine practice. In addition, ROI placement
should avoid areas where partial volume effects, magnetic
susceptibility effects, and motion artifacts are important (Facon
et al., 2005; Ducreux et al., 2006; Xiangshui et al., 2011; Wang
et al., 2012b). To overcome all these issues related to ROIs,
we chose to use a unique region of avoidance that includes
the whole spinal cord; furthermore, this eliminates both inter-
and intra-individual variability of ROI design (Van Hecke et al.,
2008).

Frontiersin Neuroanatomy

Toward routine spinal cord tractography

Spinal cord tractography is currently limited to research
applications (Chang et al., 2010; Mohammadi et al, 2013;
Andersson and Sotiropoulos, 2016; Calabrese et al., 2018;
Dauleac et al., 2021). The obstacles are multiple: acquisition
parameters must be optimized to extract the diffusion signal
on a highly selected volume (Dauleac et al., 2020; Cohen-Adad
et al., 2021b); a correction of distortions is required to correct
susceptibility artifacts because of the presence of various tissue
types (e.g., air in the trachea, vertebrae bone, intervertebral discs,
CSE, thoracic and abdominal contents) that distort the field
around the spinal cord (Barry et al., 2018); scan time has to be
acceptable for clinical use. For these reasons, we used a diffusion-
weighted sequence in a coronal plane that allows an acquisition
focused on the spinal cord in only 10 slides that limited
scan time and diffusion artifacts due to thoracic structures. In
addition, the field-of-view was reduced by applying a dedicated
acquisition (ZOOM- Philips or ZOOMit- Siemens, or FOCUS-
General Electrics) to exclude irrelevant components: vertebras,
intervertebral discs, larynx, lungs, etc. Another obstacle is that
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post-processing of images requires specialized training, and to
render this accessible to any user we also propose to reduce
the user-related steps of deterministic tractography (ROI design
and manual elimination of spurious fibers) by using a region of
avoidance to only include the spinal cord. In addition, the whole
post-processing time was limited to 15 min.

Limitations and future directions

In the present study, the clinical application of tractography
for spinal cord disease management is illustrated, providing
additional information that standard anatomical MR sequences
did not: supraselective site of fiber destruction, spinal cord
deformation, tumor location within the spinal cord segment, etc.
In cases reported here, we are able to demonstrate the interest
of tractography for intramedullary cavernous malformation by
identifying hematoma from spinal cord fibers, and therefore
adapting the spinal cord approach. We also obtained a readable
tractography in a patient with titanium for intervertebral fusion
after spinal cord injury, thus reporting an efficient method of
spinal cord tractography even if native DTI images contained
many artifacts. Moreover, recent studies on spinal cord injury
showed that tractography can be a helpful tool in the assessment
of the severity of the damage, and to predict patient prognostic
(Zhu et al,, 2021; Costanzo et al., 2022). Finally, as proposed by
other authors, tractography helped physicians in the diagnosis
of intramedullary tumors, according to the fiber’s location
(Ducreux et al., 2006). However, only three cases were reported
herein. These are in addition to the few cases reported (Filippi
et al., 2010; Choudbhri et al., 2014; Dauleac et al., 2019a), but the
added value of tractography in terms of prognosis after injury
but also the safety of intramedullary surgery should be assessed
in alarge prospective cohort of subjects, which we have initiated.
In addition, this full tractography method should be applied
further to the thoracic spinal cord and conus medullaris.

The software used herein—DSI Studio—was preferred
for its simplicity and the combination of all tractography
steps in one tool but there remains a learning curve. With
advances in computer science, post-processing could be fully
automated, including machine learning for tumor segmentation
and region of avoidance design; stitching of acquisition boxes for
cervical/thoracic/lumbar tractograms (Wang et al., 2012a); and
multiband MR acquisition in reversed-phase encoding to double
the spatial and angular resolution (Idiyatullin et al., 2015).

Full cervical cord tractography currently appears as a
condensation of tracts without differentiation from one another.
The output of the described pipeline demonstrates streamlines
coursing through all of the gray matter in a cranio-caudal
direction, indistinguishable from the adjacent white matter
tracts. One of the next challenges is therefore the differentiation
of spinal tracts within the spinal cord. In this way, the
“Spinal Cord Toolbox” (De Leener et al, 2017) appears to
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be an interesting tool. This software package proposes a
segmentation of the white and gray matter, and a probabilistic
atlas of the spinal tracts (De Leener et al., 2017). This
atlas could be superimposed on an axial view of a full
spinal cord tractography to depict gray central “butterfly”
matter and peripheral white fibers. However, this atlas was
built at the cervical level, with extrapolation to the entire
spinal cord. Since the exact location of the tracts might
change across levels and subjects (especially in patients with
intramedullary lesion), a “tailored” atlas of each spinal cord
level should be built. Our team is currently working on
this (NCT05079945).

This simplified spinal cord tractography protocol is
aimed to enable its use in routine practice. As for brain
tractography, which can be incorporated into a neuronavigation
system, it could be helpful for neurosurgeons to see the
spinal cord tractograms merged with anatomical images
(T2-weighted imaging) into an image guidance platform.
However, it would require translating images obtained
with DSI  Studio back
Implementing

into neuronavigation systems.

spinal cord tractography in navigation
systems could also promote neuroanatomy teaching and
addition,

tractography rendering into augmented reality and virtual

presurgical planning. In incorporating  3D-
reality devices could help young neurosurgeons to better
understand the anatomy and anticipate the pitfalls of such

intramedullary surgery.

Conclusion

This study reports a simplified tractography pipeline
that reconstructs a full cervical cord tractography, which
could be used in routine clinical practice. The easy-to-use
method developed herein is accessible to any neurosurgeon
who wishes to perform spinal cord tractography for
patients with spinal cord injury, tumor, or compression.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were
reviewed and approved by Ethics Committee of
Hospices civils de lyon. The patients/participants

provided their written informed consent to participate
in this study.

frontiersin.org


https://doi.org/10.3389/fnana.2022.993464
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org

Dauleac et al.

Author contributions

Conception and design: CD and TJ. Acquisition of data:
CD, CN, and FC. Analysis and interpretation of data and
drafting the article: CD, TJ, and CF. Critically revising the
article and reviewed submitted version of manuscript: CD, CF,
IP-G, F-CY, JF-M, FC, and TJ. Administrative/technical/material
support: CE, CN, and FC. Study supervision: FC and TJ.
All authors contributed to the article and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Andersson, J. L. R., and Sotiropoulos, S. N. (2016). An integrated approach
to correction for off-resonance effects and subject movement in diffusion MR
imaging. NeuroImage 125, 1063-1078. doi: 10.1016/j.neuroimage.2015.10.019

Antherieu, P., Levy, R, De Saint Denis, T., Lohkamp, L., Paternoster, G., Di
Rocco, F,, et al, et al. (2018). Diffusion tensor imaging (DTI) and Tractography
of the spinal cord in pediatric population with spinal lipomas: preliminary study.
Childs. Nerv. Syst 35, 129-137. doi: 10.1007/s00381-018-3935-2

Barry, R. L., Vannesjo, S.J., By, S., Gore, J. C., and Smith, S. A. (2018). Spinal cord
MRI at 7T. Neuroimage 168, 437-451. doi: 10.1016/j.neuroimage.2017.07.003

Calabrese, E., Adil, S. M., Cofer, G., Perone, C. S., Cohen-Adad, J., Lad, S. P., et al.
(2018). Postmortem diffusion MRI of the entire human spinal cord at microscopic
resolution. Neuroimage. Clin 18, 963-971. doi: 10.1016/.nicl.2018.03.029

Catani, M., and Thiebaut de Schotten, M. (2008). A diffusion tensor
imaging tractography atlas for virtual in vivo dissections. Cortex 44, 1105-1132.
doi: 10.1016/j.cortex.2008.05.004

Chang, Y., Jung, T-. D,, Yoo, D. S., and Hyun, J. K. (2010). Diffusion tensor
imaging and fiber tractography of patients with cervical spinal cord injury. J.
Neurotrauma. 27, 2033-2040. doi: 10.1089/neu.2009.1265

Chao, Y-. P, Yang, C-. Y, Cho, K-. H, Yeh, C-. H, Chou, K-. H,
Chen, J-. H,, et al. (2007). The development of brain connectivity browser by
tractography of QBI. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2007, 2094-2097.
doi: 10.1109/TEMBS.2007.4352734

Choudhri, A. F., Whitehead, M. T., Klimo, P., Montgomery, B. K., and
Boop, F. A. (2014). Diffusion tensor imaging to guide surgical planning in
intramedullary spinal cord tumors in children. Neuroradiology 56, 169-174.
doi: 10.1007/500234-013-1316-9

Cohen-Adad, J., Alonso-Ortiz, E., Abramovic, M., Arneitz, C., Atcheson, N.,
Barlow, L., et al. (2021a). Generic acquisition protocol for quantitative MRI of the
spinal cord. Nat. Protoc. 16, 4611-4632. doi: 10.1038/s41596-021-00588-0

Cohen-Adad, J., Alonso-Ortiz, E., Abramovic, M., Arneitz, C., Atcheson, N.,
Barlow, L., et al. (2021b). Open-access quantitative MRI data of the spinal cord
and reproducibility across participants, sites and manufacturers. Sci. Data 8, 219.
doi: 10.1038/s41597-021-00941-

Costanzo, R., Brunasso, L., Paolini, F., Benigno, U. E., Porzio, M., Giammalva,
G. R, et al. (2022). Spinal Tractography as a Potential Prognostic Tool
in Spinal Cord Injury: A Systematic Review. World Neurosurg. 164, 25-32.
doi: 10.1016/j.wneu.2022.04.103

Cruz, L. C. H., Domingues, R. C., and Gasparetto, E. L. (2009). Diffusion
tensor imaging of the cervical spinal cord of patients with relapsing-remising
multiple sclerosis: a study of 41 cases. Arq. Neuropsiquiatr. 67, 391-395.
doi: 10.1590/50004-282X2009000300004

Frontiersin Neuroanatomy

10.3389/fnana.2022.993464

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnana.2022.993464/full#supplementary-material

SUPPLEMENTARY VIDEO 1
Spinal Cord Full Tractography.

Dauleac, C., Bannier, E., Cotton, F., and Frindel, C. (2021). Effect of distortion
corrections on the tractography quality in spinal cord diffusion-weighted imaging.
Magn. Reson. Med. 85, 3241-3255. doi: 10.1002/mrm.28665

Dauleac, C., Frindel, C., Cotton, F., and Pelissou-Guyotat, 1. (2019a).
Tractography-based surgical strategy for cavernoma of the conus medullaris: case
illustration. J. Neurosurg. Spine 29, 1-2. doi: 10.3171/2019.10.SPINE19947

Dauleac, C., Frindel, C., Mertens, P., Jacquesson, T., and Cotton, F. (2020).
Overcoming challenges of the human spinal cord tractography for routine clinical
use: a review. Neuroradiology 62, 1079-1094. doi: 10.1007/500234-020-02442-8

Dauleac, C., Jacquesson, T., and Mertens, P. (2019b). Anatomy of the human
spinal cord arachnoid cisterns: applications for spinal cord surgery. J. Neurosurg.
Spine 12, 1-8. doi: 10.3171/2019.4.SPINE19404

David, G., Freund, P., and Mohammadi, S. (2017). The efficiency of
retrospective artifact correction methods in improving the statistical power
of between-group differences in spinal cord DTI. Neuroimage 158, 296-307.
doi: 10.1016/j.neuroimage.2017.06.051

De Leener, B.,, Lévy, S., Dupont, S. M., Fonov, V. S., Stikov, N., Louis
Collins, D., et al. (2017). SCT: Spinal Cord Toolbox, an open-source
software for processing spinal cord MRI data. Neuroimage 145, 24-43.
doi: 10.1016/j.neuroimage.2016.10.009

Ducreux, D., Lepeintre, J-. F., Fillard, P., Loureiro, C., Tadi¢, M., Lasjaunias,
P., et al. (2006). MR diffusion tensor imaging and fiber tracking in 5 spinal cord
astrocytomas. AJNR Am. . Neuroradiol. 27, 214-216.

Egger, K., Hohenhaus, M., Van Velthoven, V., Heil, S., and Urbach, H.
(2016). Spinal diffusion tensor tractography for differentiation of intramedullary
tumor-suspected lesions. Eur ] Radiol 85, 2275-2280. doi: 10.1016/j.ejrad.2016.
10.018

Facon, D., Ozanne, A, Fillard, P., Lepeintre, J-. F., Tournoux-Facon, C., Ducreux,
D., et al. (2005). MR diffusion tensor imaging and fiber tracking in spinal cord
compression. AJNR Am. J. Neuroradiol. 26, 1587-1594.

Fernandez-Miranda, J. C., Rhoton, A. L., Alvarez-Linera, J., Kakizawa, Y.,
Choi, C., de Oliveira, E. P., et al. (2008). Three-dimensional microsurgical and
tractographic anatomy of the white matter of the human brain. Neurosurgery 62,
989-1026. doi: 10.1227/01.NEU.0000297076.98175.67

Filippi, C. G., Andrews, T., Gonyea, J. V., Linnell, G., and Cauley, K. A.
(2010). Magnetic resonance diffusion tensor imaging and tractography of the lower
spinal cord: application to diastematomyelia and tethered cord. Eur. Radiol. 20,
2194-2199. doi: 10.1007/s00330-010-1797-4

Granata, F., Racchiusa, S., Mormina, E., Barresi, V., Garufi, G., Grasso, G., et al.
(2017). Presurgical role of MRI tractography in a case of extensive cervicothoracic
spinal ependymoma. Surg. Neurol. Int. 8, 56. doi: 10.4103/sni.sni_33_17

frontiersin.org


https://doi.org/10.3389/fnana.2022.993464
https://www.frontiersin.org/articles/10.3389/fnana.2022.993464/full#supplementary-material
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1007/s00381-018-3935-2
https://doi.org/10.1016/j.neuroimage.2017.07.003
https://doi.org/10.1016/j.nicl.2018.03.029
https://doi.org/10.1016/j.cortex.2008.05.004
https://doi.org/10.1089/neu.2009.1265
https://doi.org/10.1109/IEMBS.2007.4352734
https://doi.org/10.1007/s00234-013-1316-9
https://doi.org/10.1038/s41596-021-00588-0
https://doi.org/10.1038/s41597-021-00941-
https://doi.org/10.1016/j.wneu.2022.04.103
https://doi.org/10.1590/S0004-282X2009000300004
https://doi.org/10.1002/mrm.28665
https://doi.org/10.3171/2019.10.SPINE19947
https://doi.org/10.1007/s00234-020-02442-8
https://doi.org/10.3171/2019.4.SPINE19404
https://doi.org/10.1016/j.neuroimage.2017.06.051
https://doi.org/10.1016/j.neuroimage.2016.10.009
https://doi.org/10.1016/j.ejrad.2016.10.018
https://doi.org/10.1227/01.NEU.0000297076.98175.67
https://doi.org/10.1007/s00330-010-1797-4
https://doi.org/10.4103/sni.sni_33_17
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org

Dauleac et al.

Idiyatullin, D., Corum, C. A., and Garwood, M. (2015). Multi-Band-SWIFT. J.
Magn. Reson. 251, 19-25. doi: 10.1016/j.jmr.2014.11.014

Jacquesson, T., Cotton, F., Attyé, A., Zaouche, S., Tringali, S., Bosc, J., et al.
(2018). Probabilistic tractography to predict the position of cranial nerves displaced
by skull base tumors: value for surgical strategy through a case series of 62 patients.
Neurosurgery 85:E125-E136. doi: 10.1093/neuros/nyy538

Jacquesson, T., Yeh, F-. C., Panesar, S., Barrios, J., Attyé, A., Frindel, C,
et al. (2019). Full tractography for detecting the position of cranial nerves in
preoperative planning for skull base surgery: technical note. J. Neurosurg. 132,
1642-1652. doi: 10.3171/2019.1.JNS182638

Jezzard, P., Barnett, A. S., and Pierpaoli, C. (1998). Characterization of and
correction for eddy current artifacts in echo planar diffusion imaging. Magn. Reson.
Med. 39, 801-812. doi: 10.1002/mrm.1910390518

Lee, J. W., Kim, J. H., Park, J. B., Park, K. W.,, Yeom, J. S., Lee, G.
Y., et al. (2011). Diffusion tensor imaging and fiber tractography in cervical
compressive myelopathy: preliminary results. Skeletal. Radiol. 40, 1543-1551.
doi: 10.1007/s00256-011-1161-z

Maier-Hein, K. H., Neher, P. F., Houde, J-. C., Coté, M-. A, Garyfallidis, E.,
Zhong, J., et al. (2017). The challenge of mapping the human connectome based on
diffusion tractography. Nat. Commun. 8, 1349. doi: 10.1038/s41467-017-01285-x

Mohammadj, S., Freund, P., Feiweier, T., Curt, A., and Weiskopf, N. (2013). The
impact of post-processing on spinal cord diffusion tensor imaging. Neuroimage 70,
377-385. doi: 10.1016/j.neuroimage.2012.12.058

O’Donnell, L. J., and Westin, C-. F. (2011). An introduction to diffusion tensor
image analysis. Neurosurg. Clin. N. Am. 22, 185-viii. doi: 10.1016/j.nec.2010.12.004

Ozanne, A., Krings, T., Facon, D., Fillard, P., Dumas, J. L., Alvarez, H,, et al.
(2007). MR diffusion tensor imaging and fiber tracking in spinal cord arteriovenous
malformations: a preliminary study. AJNR Am. J. Neuroradiol. 28, 1271-1279.
doi: 10.3174/ajnr.A0541

Rao, J-. S, Zhao, C, Yang, Z-. Y., Li, S-. Y., Jiang, T., Fan, Y-. B,, et al.
(2013). Diffusion tensor tractography of residual fibers in traumatic spinal cord
injury: a pilot study. J. Neuroradiol. 40, 181-186. doi: 10.1016/j.neurad.2012.
08.008

Roundy, N., Delashaw, J. B., and Cetas, J. S. (2012). Preoperative identification
of the facial nerve in patients with large cerebellopontine angle tumors
using high-density diffusion tensor imaging. J. Neurosurg. 116, 697-702.
doi: 10.3171/2011.12.JNS111404

Ruthotto, L., Kugel, H., Olesch, J., Fischer, B., Modersitzki, J., Burger, M.,
et al. (2012). Diffeomorphic susceptibility artifact correction of diffusion-

Frontiersin Neuroanatomy

10

10.3389/fnana.2022.993464

weighted magnetic resonance images. Phys. Med. Biol. 57, 5715-5731.
doi: 10.1088/0031-9155/57/18/5715

Samson, R. S., Lévy, S., Schneider, T., Smith, A. K, Smith, S. A,

Cohen-Adad, J., et al. (2016). ZOOM or Non-ZOOM? Assessing
Spinal Cord Diffusion Tensor Imaging Protocols for Multi-Centre
Studies.  PLoS ONE. 11, e0155557. doi:  10.1371/journal.pone.01
55557

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T.
E. J., Johansen-Berg, H., et al. (2004). Advances in functional and structural
MR image analysis and implementation as FSL. Neurolmage 23, S208-S219.
doi: 10.1016/j.neuroimage.2004.07.051

Van Hecke, W., Leemans, A,, Sijbers, J., Vandervliet, E., Van Goethem, J., Parizel,
P. M, et al. (2008). A tracking-based diffusion tensor imaging segmentation
method for the detection of diffusion-related changes of the cervical spinal cord
with aging. J. Magn. Reson. Imaging 27, 978-991. doi: 10.1002/jmri.21338

van Hecke, W., Nagels, G., Emonds, G., Leemans, A., Sijbers, J., van Goethem, J.,
etal. (2009). A diffusion tensor imaging group study of the spinal cord in multiple
sclerosis patients with and without T2 spinal cord lesions. J. Magn. Reson. Imaging
30, 25-34. doi: 10.1002/jmri.21817

Wang, D., Kong, Y., Shi, L., Ahuja, A. A. T,, Cheng, J. C. Y., Chu, W. C. W,
etal. (2012a). Fully automatic stitching of diffusion tensor images in spinal cord. J.
Neurosci. Methods 209, 371-378. doi: 10.1016/j.jneumeth.2012.06.026

Wang, W., Qin, W., Hao, N., Wang, Y., and Zong, G. (2012b). Diffusion
tensor imaging in spinal cord compression. Acta Radiol 53, 921-928.
doi: 10.1258/ar.2012.120271

Xiangshui, M., Xiangjun, C., Xiaoming, Z., Qingshi, Z., Yi, C., Chuangiang, Q.,
et al. (2011). 3T magnetic resonance diffusion tensor imaging and fibre tracking
in cervical myelopathy. - PubMed - NCBI. Available at: https://www.ncbi.nlm.nih.
gov/pubmed/20451014 (accessed on January 2, 2019).

Yeh, F-. C,, Verstynen, T. D., Wang, Y., Fernandez-Miranda, J. C., and Tseng,
W-. Y. L. (2013). Deterministic diffusion fiber tracking improved by quantitative
anisotropy. PLoS ONE 8, e80713. doi: 10.1371/journal.pone.0080713

Yeh, F-. C., Wedeen, V. J, and Tseng, W-. Y. L (2010). Generalized
q-sampling  imaging. IEEE Trans. Med. Imaging 29, 1626-1635.
doi: 10.1109/TM1.2010.2045126

Zhu, F., Liu, Y., Zeng, L., Wang, Y., Kong, X., Yao, S., et al. (2021). Evaluating
the severity and prognosis of acute traumatic cervical spinal cord injury: a novel
classification using diffusion tensor imaging and diffusion tensor tractography.
Spine (Phila Pa 1976) 46, 687-694. doi: 10.1097/BRS.0000000000003923

frontiersin.org


https://doi.org/10.3389/fnana.2022.993464
https://doi.org/10.1016/j.jmr.2014.11.014
https://doi.org/10.1093/neuros/nyy538
https://doi.org/10.3171/2019.1.JNS182638
https://doi.org/10.1002/mrm.1910390518
https://doi.org/10.1007/s00256-011-1161-z
https://doi.org/10.1038/s41467-017-01285-x
https://doi.org/10.1016/j.neuroimage.2012.12.058
https://doi.org/10.1016/j.nec.2010.12.004
https://doi.org/10.3174/ajnr.A0541
https://doi.org/10.1016/j.neurad.2012.08.008
https://doi.org/10.3171/2011.12.JNS111404
https://doi.org/10.1088/0031-9155/57/18/5715
https://doi.org/10.1371/journal.pone.0155557
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1002/jmri.21338
https://doi.org/10.1002/jmri.21817
https://doi.org/10.1016/j.jneumeth.2012.06.026
https://doi.org/10.1258/ar.2012.120271
https://www.ncbi.nlm.nih.gov/pubmed/20451014
https://www.ncbi.nlm.nih.gov/pubmed/20451014
https://doi.org/10.1371/journal.pone.0080713
https://doi.org/10.1109/TMI.2010.2045126
https://doi.org/10.1097/BRS.0000000000003923
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org

	Full cervical cord tractography: A new method for clinical use
	Introduction
	Materials, equipment, and methods
	Participants
	Image acquisition
	Distortion corrections
	Fiber tracking

	Results
	Cervical spinal cord
	Illustrative case 1
	Illustrative case 2
	Illustrative case 3

	Discussion
	ROI-based vs. full tractography
	Toward routine spinal cord tractography
	Limitations and future directions

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	Supplementary material
	References


