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Stroke results in varying levels of motor and sensory disability that have been
linked to the neurodegeneration and neuroinflammation that occur in the
infarct and peri-infarct regions within the brain. Specifically, previous research
has identified a key role of the corticospinal tract in motor dysfunction
and motor recovery post-stroke. Of note, neuroimaging studies have utilized
magnetic resonance imaging (MRI) of the brain to describe the timeline of
neurodegeneration of the corticospinal tract in tandem with motor function
following a stroke. However, research has suggested that alternate motor
pathways may also underlie disease progression and the degree of functional
recovery post-stroke. Here, we assert that expanding neuroimaging techniques
beyond the brain could expand our knowledge of alternate motor pathway
structure post-stroke. In the present work, we will highlight findings that suggest
that alternate motor pathways contribute to post-stroke motor dysfunction
and recovery, such as the reticulospinal and rubrospinal tract. Then we review
imaging and electrophysiological techniques that evaluate alternate motor
pathways in populations of stroke and other neurodegenerative disorders. We
will then outline and describe spinal cord neuroimaging techniques being used in
other neurodegenerative disorders that may provide insight into alternate motor
pathways post-stroke.
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1 Introduction

Stroke is a leading cause of serious, long-term disability in the world (1). Common
consequences of stroke include paralysis, gait dysfunction, sensory deficits, speech
impairments, cognitive impairments, pain, and depression, with ~90% of patients
experiencing persistent neurological motor deficits that lead to disability and handicaps
(2). Damage to and subsequent degeneration of motor pathways contribute significantly to
motor impairment. Indeed, evidence has been established dating back to 1901 when Barnes
(3) observed degeneration in the spinal cord in postmortem analyses of hemiplegia. In
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fact, early analyses of tracts in the 20th century were predominantly
based on postmortem examinations of degeneration resulting from
clinical cases or preclinical studies in animals (4-6). Today, modern
neuroimaging techniques, such as diffusion tensor imaging, allow
for non-invasive investigation of the integrity of motor pathways
in living stroke patients. As a result, numerous research groups
have established degeneration in the corticospinal tract (CST)
as a significant contributor to motor impairment and recovery
prognosis (7-11). For example, through the use of diffusion tensor
imaging, Maraka et al. (9) found a significant correlation between
the degree of damage to the corticospinal tract and the severity of
motor impairment in patients in each phase of ischemic stroke.
In addition, Byblow et al. (12) have further suggested that acute
stroke patients show ~70% resolution of motor impairment if
corticospinal tracts are functional. Overall, neuroimaging studies
have confirmed that amount, connectivity, and neurophysiologic
function of CST is related to impairment and functional recovery
post-stroke (13-16).

Work has also suggested that alternate motor pathways
such as the lateral and medial reticulospinal tracts, descending
medial longitudinal fasciculus, and rubrospinal tract may also
impact baseline motor function post-stroke (17, 18) and motor
recovery (19-21). However, the role and function of alternate
motor pathways have not been thoroughly evaluated in the
context of post-stroke recovery, particularly in human subjects.
This is largely since most work to date has evaluated the
brain, which has a unique anatomical organization. Specifically,
the descending and ascending alternate motor pathways can
be difficult to distinguish with brain imaging techniques
because these pathways overlap in the brain or originate
caudal to the pons. For example, several groups have been
able to utilize advanced neuroimaging techniques to delineate
some alternate motor pathways, such as the corticoreticular
pathway (CRP), in the brain in healthy individuals and
with various neuropathologies (22-25), but brain stem or
pathways in the spinal cord implicated in stroke recovery are
less understood.

Thus, we assert that since several alternate motor pathways
begin to delineate as the tracts progress into the spinal cord
or originate subcortically, that future efforts should consider the
spinal cord as a future focus area. Specifically, several studies
have suggested a role of alternate motor pathways post-stroke
using in vivo studies, electrophysiological methods or magnetic
resonance imaging targeting the brain (17, 19, 26-28). Here
we suggest that by using existing or creating new techniques,
such as high-resolution magnetic resonance imaging (MRI) or
spinal cord analyses that focus on areas caudal to the brain,
such as the brainstem or spinal cord, the structures of alternate
motor pathways can be visualized and knowledge gained may
enhance treatment modalities post-stroke (17). Thus, in the present
article, we will first briefly review studies that suggest the role
of alternate motor pathways in stroke impairment and recovery
and the electrophysiological techniques that have been used to
evaluate alternate motor pathways. Then as a primary focus, we
will then provide examples of visualization and quantification
methods that may be used to expand our current knowledge of
alternate motor pathways in future clinical studies in populations
with stroke.
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2 Evaluation of alternate motor
pathway role after stroke: in vivo and
clinical studies

Several in vivo, clinical and post-mortem studies have sought to
determine the role of alternate motor pathways after stroke (29-34).
The pathways that have received the most attention have included
the reticulospinal, rubrospinal, and vestibulospinal. Depictions of
the most evaluated alternate motor pathways after stroke are shown
in Figure 1A. In general, literature supports the idea that while
alternate motor pathways have a compensatory role in post-stroke
recovery, the ipsilesional corticospinal tract remains critical for
fine motor control (30). In contrast, alternate motor pathways
have been shown to have more of a compensatory role (20), often
involved in synergistic movements (40), and are mostly implicated
in gross movement or proximal muscle function. Here, we will first
briefly review the identified roles of these pathways post-stroke,
as a detailed review of each pathway post-stroke is outside the
scope of the present work. For a detailed scope of reticulospinal
pathways (41-43), please refer to the following reviews and studies
(44-46). For a detailed scope of rubrospinal pathways, please refer
to the following reviews and studies (47-52). For a detailed scope of
vestibulospinal pathways, please refer to the following reviews and
studies (43, 53-57).

2.1 Reticulospinal pathways

The reticulospinal pathways emerge from the pontomedullary
reticular formation, located in the midbrain, and project bilaterally
in the spinal cord (58) (Figure 1A). The reticulospinal pathways
have been implicated in posture (59), upper limb flexor movement,
and locomotion (58, 60-64). In addition, studies have suggested
that the reticulospinal pathways work in tandem with the
corticospinal pathways to facilitate control of skilled reaching (65-
69). Indeed, hallmark studies by Drew (65-69) in intact cats have
shown a direct role of reticulospinal pathways in voluntary gait,
postural control, and bilateral reaching movements. Overall, the
reticulospinal tract has been indicated to facilitate motor function
mainly in proximal muscles (up to 40% control). Although, the
projections of the reticulospinal tract may also indicate a role in
recovery of the lower limb in stroke (70).

Given this role, it is not surprising that studies have begun to
evaluate the possible influence of reticulospinal pathways in stroke
recovery. In general, the majority of work to date has focused on the
role of the reticulospinal pathway in the upper limb. For example,
in a macaque model, lesions to the corticospinal tract were found
to result in an increase in activity in intact ipsilateral reticulospinal
pathways on the non-lesioned hemisphere of the brain (61). Hebert
et al. (61) also observed that increases in ipsilateral reticulospinal
pathway activity correlated with reaching function. Zaaimi et al.
(29) built on this work by evaluating extracellular reticular spikes
in macaques that were healthy or 1 year post pyramidal tract lesion.
The group observed that after a pyramidal tract lesion, membrane
properties in the reticular nuclei changed and resulted in increased
reticulospinal output. It was suggested that such change may help
compensate for the loss of drive from the corticospinal pathways
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(A) Pictural representation of common tracts associated with recovery following stroke. Image representations were adapted from (35-38). (B)
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alternate motor pathways throughout the spinal cord (35, 36, 39). Images of the cervical region were processed using linear interpolation, and the
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(29). Similar observations were noted by Darling et al. (19).
Specifically, their group observed that recovery after motor cortex
injury was correlated with projections to the reticular nuclei from
the non-lesioned hemisphere.

Additional studies have confirmed the role of the reticulospinal
pathway in clinical populations, although in general, data is
limited (17, 63, 64, 71-74). For example, similar to Hebert et al.
(61), Karbasforoushan et al. (17) observed that individuals with
a chronic unilateral internal capsule stroke, who had significant
damage to the corticospinal pathway, demonstrated higher white
matter integrity in ipsilateral projections to the paretic limb in
the medial reticulospinal tract compared to healthy controls. It
has also been noted that patients with a more intact medial
reticulospinal tract show improved motor recovery post-stroke.
Work by Karbasforoushan et al. (17) was expanded upon by a
recent study evaluating patients in several phases of ischemic stroke
recovery. Specifically, Choudhury et al. (75) evaluated patients
presenting 6 months to 12 years post-stroke and identified that
reticulospinal tract pathways were critical to regain arm and hand
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function in patients with severe damage to the corticospinal tract.
Further, recent reports have even suggested that intervention
approaches targeting the reticulospinal tract post-stroke can result
in significant improvements in upper-limb function (76). Taken
collectively, it has been suggested that changes in the ipsilateral
reticulospinal pathways after stroke impact recruitment of the non-
lesioned hemisphere of the brain and corticoreticular pathway (44)
and relate to baseline impairment (17, 63, 64, 71-74) and spasticity
(77-79). Although limitations should be considered, including how
animal models of stroke may differ from clinical presentations,
especially with respect to overall anatomical differences, chronicity
(70) and methodology of the stroke lesion. In addition, recent
evidence has suggested that the reticulospinal tract may have inputs
to the primary and supplementary motor cortex, so it remains
unclear if the role of reticulospinal tracts is of cortical or subcortical
origin (58). Further, despite the influence of reticulospinal tracts
in posture and locomotion in animal models, very little work
has been done to evaluate the influence of these pathways in the
lower limb. In addition, it remains unclear when reticulospinal
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pathways begin to be recruited or modified after the initial stroke
event. Although some recent work has suggested that reticulospinal
tract connectivity may not influence skill-acquisition gains in the
sub-acute period (80).

2.2 Vestibulospinal pathways

The vestibulospinal pathway originates in the brain stem
(Figure 1A) and contributes to the movement of intercostal
muscles, back muscles, and limb extensors via unilateral and
bilateral projections to the vestibulospinal reflexes (43, 54, 55,
81, 82). Hallmark work by Wilson, Peterson, and others (56,
83-85) in animal models have indicated that the vestibulospinal
pathways have a critical role in body equilibrium, head position
and clear vision with movement. In clinical work, vestibulospinal
tracts have been linked to post-stroke spasticity (86), balance
(87), vertigo/dizziness (88), and locomotion in stroke patients
(89). However, similar to lower limb studies of the reticulospinal
tract in populations with stroke, there currently is a lack of work
evaluating the role of the vestibulospinal tract in populations
with stroke. This is particularly surprising, given the growth
of studies evaluating vestibular rehabilitation approaches in
neurodegenerative populations (90, 91) and high prevalence of
stroke patients with disturbances to the vestibular system (92, 93).
Ultimately, additional studies are needed to understand the full
extent of the effects of the vestibulospinal pathways following
a stroke.

2.3 Rubrospinal pathways

Rubrospinal pathways are believed to originate from the
red nucleus (49, 50) (Figure 1A) and contribute to reaching
and grasping movements (49, 63). As shown in Figure 1A, the
rubrospinal pathway neighbors the corticospinal tract in the
majority of the spinal cord and both run in parallel. Work in animal
and non-human primates has shown that rubrospinal pathways
are important in the recovery of hand function after insult to
the corticospinal pathway. For example, work by Bolzoni et al.
(27) found that the effects of non-invasive brain stimulation to
improve motor function were facilitated by both corticospinal and
rubrospinal pathways in a cat model. An innovative study using
anterograde tracing by Isa and colleagues also found that in rats
following a lesion to the internal capsule, robust axonal sprouting
from the forelimb area to the red nucleus could be observed.
Isa confirmed that selective blockade of the rubrospinal pathways
directly influenced reaching movements following the lesion (94).
In addition, work by Cheney et al. (49, 51, 95) have also shown
that following a unilateral lesion of the pyramidal tract, post-lesion
reorganization occurs in the red nucleus that is linked to output of
flexor muscles.

The impact of the rubrospinal pathway has also been studied
in human patients with stroke (26, 27, 96, 97). For example, Riiber
et al. (26) observed that red nuclei contained more gray and white
matter in patients post-stroke, and that this finding was correlated
with baseline hand and arm function. However, while a role for
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rubrospinal pathways has been proposed, current work to date
has evaluated a sample of both acute and chronic patients (range
5-359 months post-stroke). Further, since most projections from
the red nucleus have limited range in the spinal cord in humans
(98), it has been suggested that overall influence of rubrospinal
pathways may be limited in stroke recovery. Therefore, while
rubrospinal pathways may have a role in stroke recovery, a deeper
understanding of whether these pathways are modified in the acute
or chronic phase is still required.

3 Electrophysiology methods to
understand alternative motor
pathways

Neurophysiologists have begun to expand our knowledge of the
functional integrity of alternative motor pathways in animal and
clinical populations. Of note, use of the startle reflex, transcranial
magnetic stimulation, long latency responses (28) and galvanic
stimulation have been popular methods to investigate the function
of reticulospinal, vestibulospinal, and bulbospinal tracts. In the
acoustic startle response, an unexpected acoustic stimulus is
delivered, and electromyography (EMG) is recorded from proximal
upper extremity muscles to quantify drive from the reticulospinal
system (99). The technique has been successfully used in animal
models (100-103) and clinical (104-106) studies to identify the
involvement of reticulospinal pathways. Using the startle response,
it has been suggested that reticulospinal pathways are involved in
spasticity (107) and have enhanced function in severely impaired
patients (75); although contradictory findings have also been
reported (108, 109). A recent review has suggested that stroke
heterogeneity likely attributes to outcomes observed with the
startle reflex and should be accounted for if deployed in clinical
populations (110). It is possible that new methods, though, such
as the StretchfMRI may circumvent some concerns noted with the
startle reflex alone (28).

Transcranial magnetic stimulation (TMS) has also been used to
define surrogate function of the reticulospinal tract (111), but also
the vestibulospinal tract. Here, ipsilateral motor evoked potentials
(iMEPs) in proximal limbs are used as a measure of reticulospinal
tract functional connectivity (80, 112). Using this tool, it has
been suggested that following a stroke, reticulospinal tracts have a
proximal muscle innervation bias (112, 113). Similar approaches,
but instead with galvanic vestibular stimulation, have been used to
evaluate the vestibulospinal tract (114-117).

4 Moving forward: evaluating motor
pathways through novel techniques

Overall, work in pre-clinical and clinical models have
demonstrated a significant role of alternate motor pathways in
baseline impairment and motor recovery after stroke. We believe
that one approach that should be considered to expand knowledge
of the structure of alternate motor pathways after stroke is the use
of novel neuroimaging approaches in the spinal cord. Specifically,
to truly evaluate alternate motor pathways, structures beyond
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the brain must be considered. In the brain, most ascending
and descending pathways overlap and are difficult to distinguish
with available neuroimaging techniques. While neurophysiological
approaches provide some insight, they remain surrogate markers of
the alternate motor pathways. Instead, since many alternate motor
pathways originate below the subcortical regions of the brain, areas
such as the brain stem and spinal cord would need to be evaluated
to provide the most clarity. However, a logical question would
be whether changes in pathways can be observed in structures
so distant from the original site of the ischemic lesion? Further,
would information about pathways in the spinal cord be useful in
populations with stroke?

4.1 Can we evaluate alternative motor
pathways degeneration after stroke in the
spinal cord and would it be useful?

The feasibility of identifying changes in alternate motor
pathways in such structures post-stroke has been validated by
observations in post-mortem studies. Specifically, post-mortem
studies have provided initial groundwork showing that pathways
within the spinal cord (corticospinal and alternate motor) show
atrophy in chronic stroke patients. Of note, several notable studies
(3) dating back to the early 1900s, have evaluated post-mortem the
cervical and thoracic spinal cords of stroke patients. For example,
Buss et al. (118) evaluated post-mortem spinal cords from twenty-
six subjects, including four controls and twenty-two post-stroke
patients. It was observed that there was a gradual loss of myelin
in the spinal cord as early as 1-4 months after the stroke (118).
Additionally, astrocytic scarring was detected in cervical sections
of the spinal cord at the areas of myelin loss, and changes in the
spinal cord after stroke were observed in both the cervical and
thoracic regions of the spinal cord, although the timing of these
events remains unclear (118). Collectively, post-mortem work has
suggested that an insult in the brain may lead to degeneration in
the spinal cord and that this degeneration may continue for years
after. Thus, post-mortem work has established that changes can
be observed in areas caudal of the brain, and therefore it may be
possible to study alternate motor pathways in more detail using
spinal cord and brainstem imaging techniques (35, 119-129).

Changes in the spinal cord may occur after stroke, but would
the knowledge gained be helpful? Certainly. Recent applications
have suggested that the spinal cord holds particular potential
as a target for neurorehabilitation after stroke. For example,
recent work by the Capagrosso group has shown that spinal cord
stimulation of the cervical spinal cord in two patients with chronic
stroke improved strength, movement and kinematics (130, 131).
Specifically, following 19 sessions of spinal cord stimulation of the
cervical spinal cord, chronic stroke participants were able to reach
areas that were unattainable prior to intervention. This work only
supports prior reports in animal models that substantial sprouting
could be observed in the spinal cord following constraint induced
movement therapy post-stroke (132-134). In fact, stroke animal
models have evaluated axonal sprouting in the spinal cord over
the past 10-15 years (135, 136), with overall findings suggesting
a link to movement and neuroplastic changes in the cortices.
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We therefore believe that clinical evaluation of similar pathways
holds great potential in improving neurorehabilitation approaches
post-stroke. For example, identifying and monitoring changes
in sprouting and dynamics of alternate motor pathways in the
spinal cord may not only improve our clinical pathophysiological
understanding of recovery, but also provide insights to help in
designing interventions to promote recovery post-stroke.

4.2 Ease of evaluation of alternate motor
pathways in the spinal cord using diffusion
weighted imaging alone

Given that it is feasible to observe degeneration or plasticity
changes in the spinal cord after stroke, and that such information
could inform neurorehabilitation approaches, what techniques
could be used to provide morphological details on alternate motor
pathways in real-time post-stroke clinical populations? Or, if a new
imaging approach could not be found, could changes in image
processing be used to evaluate alternate motor pathways?

Currently a standard approach that is commonly used in
stroke populations is diffusion-weighted imaging (DWI). DWI is
a technique in magnetic resonance imaging (MRI) used to assess
brain and spinal cord white matter (137). Water molecules in the
body undergo random translational motion and by applying special
diffusion gradients, magnetic resonance can be made sensitive
to this motion. For example, DWI allows for the visualization
of the ventricles due to free fluid, and the appearance of the
brain parenchyma due to a higher level of signal intensity.
Diffusion Tensor Imaging (DTI) is another mode of visualization
that considers the architecture of axons in parallel bundles and
the ability of their myelin to allow for the diffusion of water
molecules (Figure 2) (138). By applying diffusion gradients in
various directions, a diffusion tensor can be calculated that
describes diffusion anisotropy, the concept that water molecule
displacement is not equal in all directions (138-144). Anisotropy
has been shown to decrease following the occurrence of a lesion
(145). Additional insights into white matter morphology post-
stroke can be witnessed through the use of three-dimensional fiber
tractography (146), and have been used to predict clinical outcomes
of stroke patients (147).

DTI at the level of the spinal cord has been suggested to
pose challenges, however, due to the range of lesions and difficult
imaging conditions around the spinal cord (148). Furthermore,
proton relaxation times are very similar for different white matter
tracts in the spinal cord making it impossible to differentiate them
using DTI alone (149). In addition, as outlined in Figure 1A, many
tracts show a spread-out anatomical projection and resolution
may be unable to differentiate each alternate motor pathway.
Fortunately, software tools, such as DSI Studio (http://dsi-studio.
labsolver.org/), FMRIB Software Library (FSL), and the Spinal Cord
Toolbox, have been developed to circumvent some limitations
of conventional imaging (35, 150, 151). For example, Spinal
Cord Toolbox provides a probabilistic reconstruction of the white
matter tracts, referencing atlas templates using machine-learning
to continuously improve accuracy and reliability. However,
although there have been remarkable advances with these tools in
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Anatomical tracts, neuroimaging analysis, and 3D reconstruction of the corticospinal tract and alternate motor tracts. Advanced neuroimage
processing software, such as FSL for DTI, DSI Studio for DTI Tractography, and AMICO for NODDI, can be employed to quantify diffusion-weighted
imaging, determine microstructure properties, and analyze individual tract morphology. All images were from the cervical region and used linear
interpolation. The left side depicts the T2 weighted anatomical image with the slice location. The left column shows DTI outputs from SCT
processing, MD, FA, and V1. The center illustrates the NODDI processing outputs of isotropic volume fraction (ISOVF; CSF), intra-cellular volume
fraction (ICVF; neurite density), and the overlapped representation of neurite density and CSF. On the right are the 3D reconstruction of the CSF (top)
and neurite density (center) visualized using FSLeyes. Additionally, the 3D fiber reconstruction of DTI tractography (bottom) is presented using

DSlstudio.

tractography, it still remains a relative challenge to study the spinal
cord due to the obstacles in image acquisition, post-processing,
structural integrity and anatomy, and clinical applications (152).
As a result, additional analysis techniques and imaging techniques
beyond DTI are needed to assess alternate motor pathways in
post-stroke patients.

4.3 Moving forward with improved analysis
techniques: use of spinal cord toolbox in
spinal cord tract analysis combined with
DWI

One software that may improve the evaluation of structural
and white matter images of the spinal cord following stroke is
Spinal Cord Toolbox (SCT) (36). SCT is an open-source software
that utilizes Python through command-line or graphical user
interface interactions, making integration into many operating
systems possible (153). Prior to the release of SCT in 2017,
no software package was available to process multi-parametric
MRI data in the spinal cord. Thus, SCT represents a novel data
processing platform to standardize spinal cord analysis procedures.
SCT can process various sequences and contrasts of MRI images
(e.g., DWI, T2- and T2*- weighted) of the spinal structure (17,
35). The program employs a sequential processing approach to
analyze spinal cord MRI data, beginning with T2-weighted images,
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followed by T2*-weighted images, and concluding with diffusion-
weighted images (DWI). By utilizing spinal cord MNI-Poly-AMU
templates or atlases, the program employs a sophisticated non-
linear registration method to align the MRI data from different
sequences. This approach ensures accurate and reliable extraction
of information about the microstructure and diffusion properties
of the spinal cord.

In the context of alternate motor pathways, SCT is
advantageous since it can quantify DTI metrics along individual
vertebral levels and white matter tracts (Figure 1B). An example of
the program’s effectiveness is demonstrated in a study conducted
by De Leener et al. (119), where T2-weighted images were inputted
into the software and successfully used to identify spinal cord
cross-sectional area, white/gray matter segmentation, and white
matter integrity in various spinal cord pathologies (e.g., multiple
sclerosis, amyotrophic lateral sclerosis, syringomyelia, ischemia,
and cervical spondylotic myelopathy). Work by De Leener
et al. (119) suggests that SCT could potentially be used to track
longitudinal changes in neurodegeneration or regeneration.

It should be noted that one key limitation of SCT, however,
is that the white matter atlas is built from a single vertebral level
(154) and applied to levels superior and inferior using non-linear
warping (35, 39). Even though the SCT software regularizes by
warping the spinal cord to a template and calculates overall shape
and changes in the gray matter, the exact location of the tracts
might vary at different levels of the spinal cord and between subjects
(35, 36). Another limitation is that the capability of the program
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is dependent on the quality of the MRI images inputted, for that
reason, all images should be visually inspected and excluded if
artifacts, low signal, or motion is present. While SCT has a few
limitations, it is considered a less biased method in comparison to
the current practice of manually drawing the tract of interest based
on user knowledge of spinal cord anatomy (35).

In a broader context, there have been over 180 publications
using SCT in clinical populations, which we believe provides
validation and impetus for use of the toolbox in stroke populations.
To date, SCT has only been utilized in three studies in clinical
populations with stroke (155). Of note, SCT was recently utilized
in a stroke population by Karbasforoushan et al. (17), highlighting
the utility of SCT in identifying correlations between changes in
white matter integrity of alternate motor pathways and motor
impairment severity in individuals with stroke. We argue that this is
an area that should be expanded in future research in stroke. Studies
from the early 1900s have provided impetus that the spinal cord
undergoes degeneration post-stroke, and alternate motor pathways
have been implicated in both function and recovery post-stroke.
Further, the spinal cord has shown to have potential as a target for
neuromodulation approaches post-stroke. We propose that future
work should consider implementation of SCT in pathologies of
stroke to help expand knowledge of integrity of alternate motor
pathways, particularly in acute and sub-acute timeframes, where
gaps in knowledge exist.

4.4 Moving forward with improved imaging
techniques: use of neurite orientation
dispersion and density imaging

Since DWI may be challenging in the spinal cord, additional
imaging modalities have been identified to provide pathway-
specific detail. Neurite Orientation Dispersion and Density
Imaging (NODDI) is a multi-compartment diffusion model that is
sensitive to white matter microstructure and neurite morphology
(126, 156, 157). NODDI is similar to DWI, however it traditionally
utilizes more HARDI shells (at least 2), with added multi-
directional intermediate b-values (129). NODDI categorizes several
components of the neuronal space including the apparent volume
of fractions of axons (Vi ), isotropic water (vis), and the dispersion
of fibers about a central axis (orientation dispersion index, ODI)
(126), additionally, volume fraction of anisotropic intracellular
water (v;c) is used to measure regional neurite density, and ODI as
a measure of neurite spatial organization (158). As a result, NODDI
expands traditional DWI approaches by providing information
about neurite density and the orientation/dispersion of axons and
dendrites; microstructural information that has been suggested to
impact function post-stroke (159) (Figure 2).

NODDI does have some limitations that should be considered.
First, most NODDI sequences have long acquisition times
and may not be feasible for all studies; although, some MRI
machine manufacturers are exploring experimental sequences
that use machine learning algorithms to shorten acquisition time
(160). Additionally, the NODDI MATLAB Toolbox software
(nitrc.org/projects/noddi_toolbox), requires a significant amount
of time to compute NODDI, and typically demands expensive
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high-performance computing resources. Recently, though,
further development called Accelerated Microstructure Imaging
via Convex Optimization (AMICO) has yielded remarkable
acceleration in computational time by order of magnitudes while
eliminating the high resource expense (161).

Overall, NODDI has primarily been used in neurodegenerative
diseases, such as cervical myelopathy, and multiple sclerosis (MS)
(158, 162, 163), in the brain and spinal cord. For example,
Zhang et al. (162) was able to use NODDI to correlate with
baseline neurologic function in patients with cervical spondylotic
myelopathy, where conventional MRI and DWI did not provide
significant contributions. In addition, By et al. (126) evaluated
the cervical spinal cord in six MS patients using NODDI. The
study observed a decrease in NODDI-derived intra-axonal volume
fraction (vip) in MS patients, signifying a decrease in dendrite and
axon density at the site of the lesion (126, 164). To date, however,
very few studies have used NODDI in populations with stroke
(156, 165-167), and none have evaluated the spinal cord post-
stroke; in fact there was a recent call for large rigorous studies
to be completed in stroke to help further validate NODDI. We
believe that NODDI may provide a method to improve knowledge
around alternate motor pathway morphology post-stroke. Animal
and clinical studies have provided framework that changes in motor
and alternate motor pathways may show microstructural changes
related to motor impairment and recovery (32, 168, 169) post-
stroke. Expansion of NODDI into the spinal cord, post-stroke, will
allow for a deeper understanding of these changes, particularly in

alternate motor pathways.

5 Discussion and future directions

The amount of sparing in corticospinal pathways in the
lesioned hemisphere after stroke has been suggested to influence
baseline function and recovery potential. However, current
rehabilitation approaches targeting spared corticospinal pathways
have had limited efficacy in patient populations, particularly those
with severe impairments. Therefore, it is vital to understand
what other pathways beyond the corticospinal tract may influence
functional recovery to better inform clinical treatment of patients
with stroke. Alternative motor pathways likely have a significant
role in stroke recovery. This is because many of these pathways
also work independently or in tandem with the corticospinal
tract to mediate motor and sensory function. While these
alternate pathways likely cannot serve as conduits for full
functional recovery (see Section 1), they may hold potential for
improving proximal upper extremity function, providing insight
into spasticity, compensatory patterns, or recovery rates. A possible
role of alternative motor pathways, particularly reticulospinal,
rubrospinal, and vestibulospinal pathways, in stroke baseline
impairment and recovery has been already implicated.

Determining which alternate motor pathway has the most
significance in stroke recovery is a daunting task! We believe
this task will be greatly aided by utilizing spinal cord imaging
and high-definition spinal cord imaging techniques that have yet
to gain attention among stroke researchers. Gross postmortem
studies have indicated the feasibility of evaluating alternative motor
pathways in the brainstem and spinal cord. Existing advanced
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image modalities in DTI and NODDI, may allow for microstructure
details to be collected across the level of the spinal cord in alternate
motor pathways. In tandem, analysis techniques, such as the SCT,
may provide a unique opportunity for clinical studies to evaluate
the time progression of alternate motor pathway degeneration
following a stroke. Moving forward, we recommend further use of
neuroimaging and neuroimage analysis techniques that have yet to
be widely used in stroke populations to expand our knowledge of
alternative motor pathways. While image analysis in the spinal cord
provides unique challenges i.e., overlapping pathways (Figure 1),
pairing existing neurophysiological techniques with new imaging
parameters may result in a better baseline understanding of these
pathways and the subsequent refinement of rehabilitation practices
in stroke survivors.

Author contributions

RO: Writing—original draft, Writing—review & editing.
VC: Writing—original draft, Writing—review & editing. SU:
draft. draft. DS:
Writing—original draft, Writing—review & editing. MD: Funding

Writing—original SM: Writing—original

acquisition, Writing—original draft. KP-B: Conceptualization,
Formal analysis, Funding acquisition, Project administration,
Resources, Supervision, Writing—original draft, Writing—review
& editing.

References

1. Feigin VL, Brainin M, Norrving B, Martins S, Sacco RL, Hacke W, et al. World
Stroke Organization (WSO): global stroke fact sheet 2022. Int J Stroke. (2022) 17:18-
29. doi: 10.1177/17474930211065917

2. Hesse S, Werner C. Poststroke motor dysfunction and spasticity. CNS Drugs.
(2003) 17:1093-107. doi: 10.2165/00023210-200317150-00004

3. Barnes S. Degenerations in hemiplegia: with special reference to a ventro-
lateral pyramidal tract, the accessory fillet and Pick’s bundle. Brain. (1901) 24:463-
501. doi: 10.1093/brain/24.3.463

4. Isa T, Mitsuhashi M, Yamaguchi R. Alternative routes for recovery of hand
functions after corticospinal tract injury in primates and rodents. Curr Opin Neurol.
(2019) 32:836-43. doi: 10.1097/WCO.0000000000000749

5. Higo N, Nishimura Y, Murata Y, Oishi T, Yoshino-Saito K, Takahashi M, et al.
Increased expression of the growth-associated protein 43 gene in the sensorimotor
cortex of the macaque monkey after lesioning the lateral corticospinal tract. ] Comp
Neurol. (2009) 516:493-506. doi: 10.1002/cne.22121

6. Carmel JB, Kim S, Brus-Ramer M, Martin JH. Feed-forward control of preshaping
in the rat is mediated by the corticospinal tract. Eur J Neurosci. (2010) 32:1678-
85. doi: 10.1111/j.1460-9568.2010.07440.x

7. Lin DJ, Cloutier AM, Erler KS, Cassidy JM, Snider SB, Ranford
J, et al. Corticospinal tract injury estimated from acute stroke imaging
predicts upper extremity motor recovery after stroke. Stroke. (2019)
50:3569-77. doi: 10.1161/STROKEAHA.119.025898

8. Jang SH. The role of the corticospinal tract in motor recovery in patients with a
stroke: a review. NeuroRehabilitation. (2009) 24:285-90. doi: 10.3233/NRE-2009-0480

9. Maraka S, Jiang Q, Jafari-Khouzani K, Li L, Malik S, Hamidian H, et al. Degree of
corticospinal tract damage correlates with motor function after stroke. Ann Clin Transl
Neurol. (2014) 1:891-9. doi: 10.1002/acn3.132

10. Lam TK, Cheung DK, Climans SA, Black SE, Gao E Szilagyi GM, et al.
Determining corticospinal tract injury from stroke using computed tomography. Can
J Neurol Sci. (2020) 47:775-84. doi: 10.1017/¢jn.2020.112

11. Gordon AL, Wood A, Tournier JD, Hunt RW. Corticospinal tract integrity
and motor function following neonatal stroke: a case study. BMC Neurol. (2012)
12:1-5. doi: 10.1186/1471-2377-12-53

Frontiersin Neurology

10.3389/fneur.2024.1282685

Funding

The author(s) declare financial received
for the
article. We acknowledge funding support for this project
from the National Institutes of Health 1R15NS121970-
01A1 (MD, KP-B, and DS) and 5R03HD097698-02 (KP-B
and DS).

support was

research, authorship, and/or publication of this

Conflict of interest

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

construed as a potential  conflict

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.

12. Byblow WD, Stinear CM, Barber PA, Petoe MA, Ackerley S]. Proportional
recovery after stroke depends on corticomotor integrity. Ann Neurol. (2015) 78:848-
59. doi: 10.1002/ana.24472

13. Rivier C, Preti MG, Nicolo P, Van De Ville D, Guggisberg AG,
Pirondini E. Prediction of post-stroke motor recovery benefits from
measures of sub-acute widespread network damages. Brain Commun. (2023)
5:fcad055. doi: 10.1093/braincomms/fcad055

14. Barth J, Lohse KR, Bland MD, Lang CE. Predicting later categories of upper limb
activity from earlier clinical assessments following stroke: an exploratory analysis. J
Neuroeng Rehabil. (2023) 20:24. doi: 10.1186/s12984-023-01148-1

15. Goldsmith J, Kitago T, de la Garza AG, Kundert R, Luft A, Stinear C, et al.
Arguments for the biological and predictive relevance of the proportional recovery rule.
Elife. (2022) 11:e80458. doi: 10.7554/eLife.80458.sa2

16. Riga A, Gathy E, Ghinet M, De Laet C, Bihin B, Regnier M, et al. Evidence
of motor skill learning in acute stroke patients without lesions to the thalamus and
internal capsule. Stroke. (2022) 53:2361-8. doi: 10.1161/STROKEAHA.121.035494

17. Karbasforoushan H, Cohen-Adad J, Dewald J. Brainstem and spinal cord MRI
identifies altered sensorimotor pathways post-stroke. Nat Commun. (2019) 10:1-
7. doi: 10.1038/s41467-019-11244-3

18. McPherson LM, Dewald JP. Abnormal synergies and associated reactions post-
hemiparetic stroke reflect muscle activation patterns of brainstem motor pathways.
Front Neurol. (2022) 13:934670. doi: 10.3389/fneur.2022.934670

19. Darling WG, Ge J, Stilwell-Morecraft KS, Rotella DL, Pizzimenti MA, Morecraft
RJ. Hand motor recovery following extensive frontoparietal cortical injury is
accompanied by upregulated corticoreticular projections in monkey. J Neurosci. (2018)
38:6323-39. doi: 10.1523/JNEUROSCI.0403-18.2018

20. Wilkins KB, Yao J, Owen M, Karbasforoushan H, Carmona C, Dewald JP.
Limited capacity for ipsilateral secondary motor areas to support hand function
post-stroke. J Physiol. (2020) 598:2153-67. doi: 10.1113/JP279377

21. Bernhardt ], Borschmann KN, Kwakkel G, Burridge JH, Eng JJ,
Walker ME, et al. Setting the scene for the second stroke recovery and
rehabilitation roundtable. Int J Stroke. (2019) 14:450-6. doi: 10.1177/1747493019
851287

frontiersin.org


https://doi.org/10.3389/fneur.2024.1282685
https://doi.org/10.1177/17474930211065917
https://doi.org/10.2165/00023210-200317150-00004
https://doi.org/10.1093/brain/24.3.463
https://doi.org/10.1097/WCO.0000000000000749
https://doi.org/10.1002/cne.22121
https://doi.org/10.1111/j.1460-9568.2010.07440.x
https://doi.org/10.1161/STROKEAHA.119.025898
https://doi.org/10.3233/NRE-2009-0480
https://doi.org/10.1002/acn3.132
https://doi.org/10.1017/cjn.2020.112
https://doi.org/10.1186/1471-2377-12-53
https://doi.org/10.1002/ana.24472
https://doi.org/10.1093/braincomms/fcad055
https://doi.org/10.1186/s12984-023-01148-1
https://doi.org/10.7554/eLife.80458.sa2
https://doi.org/10.1161/STROKEAHA.121.035494
https://doi.org/10.1038/s41467-019-11244-3
https://doi.org/10.3389/fneur.2022.934670
https://doi.org/10.1523/JNEUROSCI.0403-18.2018
https://doi.org/10.1113/JP279377
https://doi.org/10.1177/1747493019851287
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Oquita et al.

22. Jang SH, Chang CH, Lee J, Kim CS, Seo JP, Yeo SS. Functional role of
the corticoreticular pathway in chronic stroke patients. Stroke. (2013) 44:1099-
104. doi: 10.1161/STROKEAHA.111.000269

23. Boyne P, DiFrancesco M, Awosika OO, Williamson B, Vannest J. Mapping the
human corticoreticular pathway with multimodal delineation of the gigantocellular
reticular nucleus and high-resolution diffusion tractography. J Neurol Sci. (2022)
434:120091. doi: 10.1016/j.jns.2021.120091

24. Soulard ], Huber C, Baillieul S, Thuriot A, Renard F, Broche BA, et al. Motor
tract integrity predicts walking recovery: a diffusion MRI study in subacute stroke.
Neurology. (2020) 94:e583-€93. doi: 10.1212/WNL.0000000000008755

25. Boyne P, Awosika OO, Luo Y. Mapping the corticoreticular pathway from
cortex-wide anterograde axonal tracing in the mouse. ] Neurosci Res. (2021) 99:3392-
405. doi: 10.1002/jnr.24975

26. Riber T, Schlaug G, Lindenberg R. Compensatory role of the cortico-
rubro-spinal tract in motor recovery after stroke. Neurology. (2012) 79:515-
22. doi: 10.1212/WNL.0b013e31826356€8

27. Bolzoni E, Pettersson LG, Jankowska E. Evidence for long-lasting subcortical
facilitation by transcranial direct current stimulation in the cat. J Physiol. (2013)
591:3381-99. doi: 10.1113/jphysiol.2012.244764

28. Zonnino A, Farrens AJ, Ress D, Sergi F. StretchfMRI: A Novel Technique to
Quantify the Contribution of the Reticular Formation to Long-Latency Responses via
fMRL. In: 2019 IEEE 16th International Conference on Rehabilitation Robotics (ICORR).
Piscataway, NJ: IEEE (2019).

29. Zaaimi B, Soteropoulos DS, Fisher KM, Riddle CN, Baker SN. Classification of
neurons in the primate reticular formation and changes after recovery from pyramidal
tract lesion. ] Neurosci. (2018) 38:6190-206. doi: 10.1523/JNEUROSCI.3371-17.2018

30. Paul T, Cieslak M, Hensel L, Wiemer VM, Grefkes C, Grafton ST, et al. The role
of corticospinal and extrapyramidal pathways in motor impairment after stroke. Brain
Commun. (2023) 5:fcac301. doi: 10.1093/braincomms/fcac301

31. Kulikova SP, Nikulin VV, Dobrynina LA, Nazarova MA. A possible sensory
interpretation of alternate motor fibers relating to structural reserve during stroke
recovery. Front Neurol. (2017) 8:355. doi: 10.3389/fneur.2017.00355

32. Takenobu Y, Hayashi T, Moriwaki H, Nagatsuka K, Naritomi H, Fukuyama H.
Motor recovery and microstructural change in rubro-spinal tract in subcortical stroke.
NeuroImage Clin. (2014) 4:201-8. doi: 10.1016/j.nicl.2013.12.003

33. Schulz R, Park E, Lee ], Chang WH, Lee A, Kim Y-H, et al. Synergistic but
independent: the role of corticospinal and alternate motor fibers for residual motor
output after stroke. NeuroImage Clin. (2017) 15:118-24. doi: 10.1016/j.nicl.2017.04.016

34. Baghi R, Kim D, Koh K, Zhang L-Q. Characterization of the influence of the
dominant tract on hand closing post stroke based on the Fugl-Meyer score. Sci Rep.
(2023) 13:2611. doi: 10.1038/s41598-023-28290-z

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

36. Cohen-Adad J, De Leener B, Benhamou M, Cadotte D, Fleet D, Cadotte A, et al.
Spinal Cord Toolbox: an open-source framework for processing spinal cord MRI data.
In Proceedings of the 20th Annual Meeting of OHBM. Hamburg (2014).

37. Elgamal EA, Mohamed AH, Salih MA. Spinal cord disorders and paraplegias.
Clin Child Neurol. (2020) 1101—39. doi: 10.1007/978-3-319-43153-6_37

38. Netter FH. Atlas of Human Anatomy, Professional Edition E-Book: Including
NetterReference. com Access with full downloadable image Bank. Philadelphia, PA:
Elsevier Health Sciences (2014).

39. Lévy S, Benhamou M, Naaman C, Rainville P, Callot V, Cohen-Adad J. White
matter atlas of the human spinal cord with estimation of partial volume effect.
Neuroimage. (2015) 119:262-71. doi: 10.1016/j.neuroimage.2015.06.040

40. McPherson LM, Dewald JP. Differences between flexion and extension synergy-
driven coupling at the elbow, wrist, and fingers of individuals with chronic
hemiparetic stroke. Clin Neurophysiol. (2019) 130:454-68. doi: 10.1016/j.clinph.2019.
01.010

41. Buford JA. Reticulospinal system. Neurosci. 151-8.

doi: 10.1016/B978-008045046-9.01337-1
42. Kalk AL-HN. Clinical Neuroanatomy. Core Psychiatry E-Book. (2012). p. 13.

43. McCall AA, Miller DM, Yates BJ. Descending
vestibulospinal and  vestibulosympathetic  reflexes.  Front
8:112. doi: 10.3389/fneur.2017.00112

Encycl (2009)

influences on
Neurol. (2017)

44. Jang SH, Lee SJ. Corticoreticular tract in the human brain: a mini review. Front
Neurol. (2019) 10:1188. doi: 10.3389/fneur.2019.01188

45. Brownstone RM, Chopek JW. Reticulospinal systems for tuning motor
commands. Front Neural Circ. (2018) 12:30. doi: 10.3389/fncir.2018.00030

46. Baker SN. The primate reticulospinal tract, hand function and functional
recovery. ] Physiol. (2011) 589:5603-12. doi: 10.1113/jphysiol.2011.215160

47. Burke R, Jankowska E, Ten Bruggencate G. A comparison of peripheral and
rubrospinal synaptic input to slow and fast twitch motor units of triceps surae. J Physiol.
(1970) 207:709-32. doi: 10.1113/jphysiol.1970.5p009090

Frontiersin Neurology

10.3389/fneur.2024.1282685

48. Hongo T, Jankowska E, Lundberg A. The rubrospinal tract. II Facilitation of
interneuronal transmission in reflex paths to motoneurones. Exp Brain Res. (1969)
7:365-91. doi: 10.1007/BF00237321

49. Cheney PD, Fetz EE, Mewes K. Neural mechanisms underlying corticospinal
and rubrospinal control of limb movements. Prog Brain Res. (1991) 87:213-
52. doi: 10.1016/S0079-6123(08)63054-X

50. Daniel H, Billard J, Angaut P, Batini C. The interposito-rubrospinal system.
Anatomical tracing of a motor control pathway in the rat. Neurosci Res. (1987)
5:87-112. doi: 10.1016/0168-0102(87)90027-7

51. Fetz E, Cheney P, Mewes K, Palmer S. Control of forelimb muscle activity by
populations of corticomotoneuronal and rubromotoneuronal cells. Prog Brain Res.
(1989) 80:437-49. doi: 10.1016/S0079-6123(08)62241-4

52. Brown LT. Rubrospinal projections in the rat. ] Comp Neurol. (1974) 154:169—
87. doi: 10.1002/cne.901540205

53. Fukushima K, Peterson B, Wilson V. Vestibulospinal, reticulospinal
and interstitiospinal pathways in the cat. Prog Brain Res. (1979) 50:121-
36. doi: 10.1016/S0079-6123(08)60813-4

54. Wilson V. Vestibulospinal and neck reflexes: interaction in the vestibular nuclei.
Arch Ital Biol. (1991) 129:43-52.

55. Carpenter MB. The vestibular
anatomy and functional  correlations.
6. doi: 10.1001/archneur.1963.00460030129016

connections,
(1963)  8:345-

nuclei and  their
Arch  Neurol.

56. Hernandez E. Neuroanatomy, Nucleus Vestibular (2020).

57. Cullen K. Physiology of central pathways. Handb Clin Neurol. (2016) 137:17—
40. doi: 10.1016/B978-0-444-63437-5.00002-9

58. Fisher KM, Zaaimi B, Edgley SA, Baker
convergence to primate reticulospinal  pathways.
41:1005-18. doi: 10.1523/J]NEUROSCI.1379-20.2020

cortical
(2021)

SN. Extensive
J  Neurosci.

59. LaPallo BK, Giorgi A, Perreault M-C. Crossed activation of thoracic trunk
motoneurons by medullary reticulospinal neurons. ] Neurophysiol. (2019) 122:2601-
13. doi: 10.1152/jn.00194.2019

60. Alstermark B, Lundberg A, Pinter M, Sasaki S. Subpopulations and
functions of long C3-C5 propriospinal neurones. Brain Res. (1987) 404:395-
400. doi: 10.1016/0006-8993(87)91402-8

61. Herbert WJ, Powell K, Buford JA. Evidence for a role of the reticulospinal
system in recovery of skilled reaching after cortical stroke: initial results
from a model of ischemic cortical injury. Exp Brain Res. (2015) 233:3231-
51. doi: 10.1007/500221-015-4390-x

62. Mitchell EJ, McCallum S, Dewar D, Maxwell DJ. Corticospinal and reticulospinal
contacts on cervical commissural and long descending propriospinal neurons in the
adult rat spinal cord; evidence for powerful reticulospinal connections. PLoS ONE.
(2016) 11:¢0152094. doi: 10.1371/journal.pone.0152094

63. Owen M, Ingo C, Dewald ]. Upper extremity motor impairments and
microstructural changes in bulbospinal pathways in chronic hemiparetic stroke. Front
Neurol. (2017) 8:257. doi: 10.3389/fneur.2017.00257

64. Riddle CN, Edgley SA, Baker SN. Direct and indirect connections with upper
limb motoneurons from the primate reticulospinal tract. ] Neurosci. (2009) 29:4993—
9. doi: 10.1523/J]NEUROSCI.3720-08.2009

65. Prentice SD, Drew T. Contributions of the reticulospinal system to the postural
adjustments occurring during voluntary gait modifications. J Neurophysiol. (2001)
85:679-98. doi: 10.1152/jn.2001.85.2.679

66. Kably B, Drew T. Corticoreticular pathways in the cat. II Discharge activity
of neurons in area 4 during voluntary gait modifications. J Neurophysiol. (1998)
80:406-24. doi: 10.1152/jn.1998.80.1.406

67. Schepens B, Drew T. Descending signals from the pontomedullary reticular
formation are bilateral, asymmetric, and gated during reaching movements in the cat.
J Neurophysiol. (2006) 96:2229-52. doi: 10.1152/jn.00342.2006

68. Drew T, Prentice S, Schepens B. Cortical and brainstem control of locomotion.
Prog Brain Res. (2004) 143:251-61. doi: 10.1016/S0079-6123(03)43025-2

69. Drew T, Jiang W, Widajewicz W. Contributions of the motor cortex to the
control of the hindlimbs during locomotion in the cat. Brain Res Rev. (2002) 40:178-
91. doi: 10.1016/S0165-0173(02)00200-X

70. Levin MFE, Kleim JA, Wolf SL. What do motor “recovery” and “compensation”
mean in patients following stroke? Neurorehabil Neural Repair. (2009) 23:313-
9. doi: 10.1177/1545968308328727

71. Favre I, Zeftiro TA, Detante O, Krainik A, Hommel M, Jaillard A. Upper limb
recovery after stroke is associated with ipsilesional primary motor cortical activity: a
meta-analysis. Stroke. (2014) 45:1077-83. doi: 10.1161/STROKEAHA.113.003168

72. Lan Y, Yao ], Dewald JP. The impact of shoulder abduction loading on volitional
hand opening and grasping in chronic hemiparetic stroke. Neurorehabil Neural Repair.
(2017) 31:521-9. doi: 10.1177/1545968317697033

73. McCambridge AB, Stinear JW, Byblow WD. A dissociation between
propriospinal facilitation and inhibition after bilateral transcranial direct current
stimulation. J Neurophysiol. (2014) 111:2187-95. doi: 10.1152/jn.00879.2013

frontiersin.org


https://doi.org/10.3389/fneur.2024.1282685
https://doi.org/10.1161/STROKEAHA.111.000269
https://doi.org/10.1016/j.jns.2021.120091
https://doi.org/10.1212/WNL.0000000000008755
https://doi.org/10.1002/jnr.24975
https://doi.org/10.1212/WNL.0b013e31826356e8
https://doi.org/10.1113/jphysiol.2012.244764
https://doi.org/10.1523/JNEUROSCI.3371-17.2018
https://doi.org/10.1093/braincomms/fcac301
https://doi.org/10.3389/fneur.2017.00355
https://doi.org/10.1016/j.nicl.2013.12.003
https://doi.org/10.1016/j.nicl.2017.04.016
https://doi.org/10.1038/s41598-023-28290-z
https://doi.org/10.1016/j.neuroimage.2016.10.009
https://doi.org/10.1007/978-3-319-43153-6_37
https://doi.org/10.1016/j.neuroimage.2015.06.040
https://doi.org/10.1016/j.clinph.2019.01.010
https://doi.org/10.1016/B978-008045046-9.01337-1
https://doi.org/10.3389/fneur.2017.00112
https://doi.org/10.3389/fneur.2019.01188
https://doi.org/10.3389/fncir.2018.00030
https://doi.org/10.1113/jphysiol.2011.215160
https://doi.org/10.1113/jphysiol.1970.sp009090
https://doi.org/10.1007/BF00237321
https://doi.org/10.1016/S0079-6123(08)63054-X
https://doi.org/10.1016/0168-0102(87)90027-7
https://doi.org/10.1016/S0079-6123(08)62241-4
https://doi.org/10.1002/cne.901540205
https://doi.org/10.1016/S0079-6123(08)60813-4
https://doi.org/10.1001/archneur.1963.00460030129016
https://doi.org/10.1016/B978-0-444-63437-5.00002-9
https://doi.org/10.1523/JNEUROSCI.1379-20.2020
https://doi.org/10.1152/jn.00194.2019
https://doi.org/10.1016/0006-8993(87)91402-8
https://doi.org/10.1007/s00221-015-4390-x
https://doi.org/10.1371/journal.pone.0152094
https://doi.org/10.3389/fneur.2017.00257
https://doi.org/10.1523/JNEUROSCI.3720-08.2009
https://doi.org/10.1152/jn.2001.85.2.679
https://doi.org/10.1152/jn.1998.80.1.406
https://doi.org/10.1152/jn.00342.2006
https://doi.org/10.1016/S0079-6123(03)43025-2
https://doi.org/10.1016/S0165-0173(02)00200-X
https://doi.org/10.1177/1545968308328727
https://doi.org/10.1161/STROKEAHA.113.003168
https://doi.org/10.1177/1545968317697033
https://doi.org/10.1152/jn.00879.2013
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Oquita et al.

74. Zaaimi B, Edgley SA, Soteropoulos DS, Baker SN. Changes in descending motor
pathway connectivity after corticospinal tract lesion in macaque monkey. Brain. (2012)
135:2277-89. doi: 10.1093/brain/aws115

75. Choudhury S, Shobhana A, Singh R, Sen D, Anand SS, Shubham S,
et al. The relationship between enhanced reticulospinal outflow and upper limb
function in chronic stroke patients. Neurorehabil Neural Repair. (2019) 33:375-
83. doi: 10.1177/1545968319836233

76. Choudhury S, Singh R, Shobhana A, Sen D, Anand SS, Shubham §, et al. A
novel wearable device for motor recovery of hand function in chronic stroke survivors.
Neurorehabil Neural Repair. (2020) 34:600-8. doi: 10.1177/1545968320926162

77. Ko S-H, Kim T, Min JH, Kim M, Ko H-Y, Shin Y-I. Corticoreticular pathway
in post-stroke spasticity: a diffusion tensor imaging study. J Pers Med. (2021)
11:1151. doi: 10.3390/jpm11111151

78. Sun T-Y, Ma L-X, Mu J-D, Zhang Z, Yu W-Y, Qian X, et al. Acupuncture
improves the structure of spastic muscle and decreases spasticity by enhancing GABA,
KCC2, and GABAAY?2 in the brainstem in rats after ischemic stroke. Neuroreport.
(2022) 33:399-407. doi: 10.1097/WNR.0000000000001798

79. Afzal T, Chardon MK, Rymer WZ, Suresh NL. Stretch reflex excitability in
contralateral limbs of stroke survivors is higher than in matched controls. ] Neuroeng
Rehabil. (2019) 16:1-10. doi: 10.1186/512984-019-0623-8

80. Hammerbeck U, Tyson SE, Samraj P, Hollands K, Krakauer JW, Rothwell J. The
strength of the corticospinal tract not the reticulospinal tract determines upper-limb
impairment level and capacity for skill-acquisition in the sub-acute post-stroke period.
Neurorehabil Neural Repair. (2021) 35:812-22. doi: 10.1177/15459683211028243

81. Abzug C, Maeda M, Peterson B, Wilson V, Bean C. Cervical branching
of lumbar vestibulospinal axons: with an Appexdix. J Physiol. (1974) 243:499-
522. doi: 10.1113/jphysiol.1974.sp010764

82. Wilson VJ, Peterson BW. Peripheral and central substrates of vestibulospinal
reflexes. Physiol Rev. (1978) 58:80-105. doi: 10.1152/physrev.1978.58.1.80

83. Wilson V, Wylie R, Marco L. Projection to the spinal cord from the
medial and descending vestibular nuclei of the cat. Nature. (1967) 215:429-
30. doi: 10.1038/2154292a0

84. Murray AJ, Croce K, Belton T, Akay T, Jessell TM. Balance control mediated
by vestibular circuits directing limb extension or antagonist muscle co-activation. Cell
Rep. (2018) 22:1325-38. doi: 10.1016/j.celrep.2018.01.009

85. Wilson V], Yoshida M. Vestibulospinal and reticulospinal effects on hindlimb,
forelimb, and neck alpha motoneurons of the cat. Proc Nat Acad Sci USA. (1968)
60:836-40. doi: 10.1073/pnas.60.3.836

86. Miller DM, Klein CS, Suresh NL, Rymer WZ. Asymmetries in
vestibular evoked myogenic potentials in chronic stroke survivors with spastic
hypertonia: evidence for a vestibulospinal role. Clin Neurophysiol. (2014)
125:2070-8. doi: 10.1016/j.clinph.2014.01.035

87. Marsden J, Playford D, Day B. The vestibular control of balance after stroke. J
Neurol Neurosurg Psychiatry. (2005) 76:670-9. doi: 10.1136/jnnp.2004.046565

88. Choi J-H, Kim H-W, Choi K-D, Kim M-J, Choi YR, Cho H-J, et al. Isolated
vestibular syndrome in posterior circulation stroke: frequency and involved structures.
Neurol Clin Pract. (2014) 4:410-8. doi: 10.1212/CPJ.0000000000000028

89. Yeo SS, Jang SH, Park GY, Oh S. Effects of injuries to descending motor pathways
on restoration of gait in patients with pontine hemorrhage. J Stroke Cerebrovasc Dis.
(2020) 29:104857. doi: 10.1016/j.jstrokecerebrovasdis.2020.104857

90. Ekvall Hansson E, Pessah-Rasmussen H, Bring A, Vahlberg B, Persson L.
Vestibular rehabilitation for persons with stroke and concomitant dizziness—a pilot
study. Pilot Feasibil Stud. (2020) 6:1-7. doi: 10.1186/s40814-020-00690-2

91. MengL, Liang Q, YuanJ,Li S, Ge Y, Yang ], et al. Vestibular rehabilitation therapy
on balance and gait in patients after stroke: a systematic review and meta-analysis. BMC
Med. (2023) 21:322. doi: 10.1186/s12916-023-03029-9

92. Choi J-H, Park M-G, Choi SY, Park K-P, Baik SK, Kim J-S, et al. Acute transient
vestibular syndrome: prevalence of stroke and efficacy of bedside evaluation. Stroke.
(2017) 48:556-62. doi: 10.1161/STROKEAHA.116.015507

93. Tong D, Chen X, Wang Y, Wang Y, Du L, Bao J. Acute and episodic vestibular
syndromes caused by ischemic stroke: predilection sites and risk factors. J Int Med Res.
(2020) 48:0300060520918039. doi: 10.1177/0300060520918039

94. Ishida A, Isa K, Umeda T, Kobayashi K, Kobayashi K, Hida H, et al.
Causal link between the cortico-rubral pathway and functional recovery through
forced impaired limb use in rats with stroke. J Neurosci. (2016) 36:455-
67. doi: 10.1523/JNEUROSCI.2399-15.2016

95. Belhaj—Sai'f A, Karrer JH, Cheney PD. Distribution and characteristics of
poststimulus effects in proximal and distal forelimb muscles from red nucleus in the
monkey. ] Neurophysiol. (1998) 79:1777-89. doi: 10.1152/jn.1998.79.4.1777

96. Isa T, Kinoshita M, Nishimura Y. Role of direct vs. indirect pathways from the
motor cortex to spinal motoneurons in the control of hand dexterity. Front Neurol.
(2013) 4:191. doi: 10.3389/fneur.2013.00191

97. Onodera S, Hicks TP. Carbocyanine dye
boundaries of the aged human red nucleus.
5:¢14430. doi: 10.1371/journal.pone.0014430

usage in
PLoS

demarcating
ONE. (2010)

Frontiersin Neurology

10.3389/fneur.2024.1282685

98. Nathan P, SMITH MC. Long descending tracts in man: I. Review of present
knowledge. Brain. (1955) 78:248-303. doi: 10.1093/brain/78.2.248

99. Grosse P, Brown P. Acoustic startle
oscillatory EMG activity in the healthy human.
90:1654-61. doi: 10.1152/jn.00125.2003

evokes bilaterally synchronous
J Neurophysiol. (2003)

100. Hammond GR. Lesions of pontine and medullary reticular formation and
prestimulus inhibition of the acoustic startle reaction in rats. Physiol Behav. (1973)
10:239-43. doi: 10.1016/0031-9384(73)90304-1

101. Davis M, Gendelman DS, Tischler MD, Gendelman PM. A primary
acoustic startle circuit: lesion and stimulation studies. J Neurosci. (1982) 2:791-
805. doi: 10.1523/JNEUROSCI.02-06-00791.1982

102. Koch M, Schnitzler H-U. The acoustic startle response in rats—circuits
mediating evocation, inhibition and potentiation. Behav Brain Res. (1997) 89:35-
49. doi: 10.1016/50166-4328(97)02296-1

103. Koch M, Lingenhéhl K, Pilz P. Loss of the acoustic startle response following
neurotoxic lesions of the caudal pontine reticular formation: possible role of giant
neurons. Neuroscience. (1992) 49:617-25. doi: 10.1016/0306-4522(92)90231-P

104. Vidailhet M, Rothwelll J, Thompson P, Lees A, Marsden C. The auditory startle
response in the Steele-Richardson-Olszewski syndrome and Parkinson’s disease. Brain.
(1992) 115:1181-92. doi: 10.1093/brain/115.4.1181

105. Maslovat D, Santangelo CM, Carlsen AN. Startle-triggered responses indicate
reticulospinal drive is larger for voluntary shoulder versus finger movements. Sci Rep.
(2023) 13:6532. doi: 10.1038/s41598-023-33493-5

106. Germann M, Maffitt NJ, Poll A, Raditya M, Ting JS, Baker SN. Pairing
transcranial magnetic stimulation and loud sounds produces plastic changes in motor
output. ] Neurosci. (2023) 43:2469-81. doi: 10.1523/JNEUROSCI.0228-21.2022

107. Li S, Chang S-H, Francisco GE, Verduzco-Gutierrez M. Acoustic startle reflex
in patients with chronic stroke at different stages of motor recovery: a pilot study. Top
Stroke Rehabil. (2014) 21:358-70. doi: 10.1310/tsr2104-358

108. Li S, Bhadane M, Gao E Zhou P. The reticulospinal pathway does not
increase its contribution to the strength of contralesional muscles in stroke
survivors as compared to ipsilesional side or healthy controls. Front Neurol. (2017)
8:627. doi: 10.3389/fneur.2017.00627

109. Chen Y-T, Li S, Zhou P, Li S. A startling acoustic stimulation (SAS)-TMS
approach to assess the reticulospinal system in healthy and stroke subjects. ] Neurol
Sci. (2019) 399:82-8. doi: 10.1016/j.jns.2019.02.018

110. DeLuca M, Low D, Kumari V, Parton A, Davis J, Mohagheghi A, et al. A
systematic review with meta-analysis of the StartReact effect on motor responses
in stroke survivors and healthy individuals. J Neurophysiol. (2022) 127:938-
45. doi: 10.1152/jn.00392.2021

111. McPherson ]G, Chen A, Ellis MD, Yao J, Heckman CJ], Dewald JPA.
Progressive recruitment of contralesional cortico-reticulospinal pathways drives motor
impairment post stroke. J Physiol. (2018) 596:1211-25. doi: 10.1113/JP274968

112. Taga M, Charalambous CC, Raju S, Lin ], Zhang Y, Stern E, et al
Corticoreticulospinal tract neurophysiology in an arm and hand muscle in healthy and
stroke subjects. J Physiol. (2021) 599:3955-71. doi: 10.1113/]P281681

113. Altermatt M, Jordan H, Ho K, Byblow WD. Modulation of ipsilateral motor
evoked potentials during bimanual coordination tasks. Front Hum Neurosci. (2023)
17:1219112. doi: 10.3389/fnhum.2023.1219112

114. Matsugi A, Douchi S, Hasada R, Mori N, Okada Y, Yoshida N, et al.
Cerebellar repetitive transcranial magnetic stimulation and noisy galvanic
vestibular stimulation change vestibulospinal function. Front Neurosci. (2020)
14:388. doi: 10.3389/fnins.2020.00388

115. Barthélemy D, Willerslev-Olsen M, Lundell H, Biering-Sorensen F, Nielsen
JB. Assessment of transmission in specific descending pathways in relation to
gait and balance following spinal cord injury. Prog Brain Res. (2015) 218:79-
101. doi: 10.1016/bs.pbr.2014.12.012

116. Iles ], Pisini J. Cortical modulation of transmission in spinal reflex pathways of
man. ] Physiol. (1992) 455:425-46. doi: 10.1113/jphysiol.1992.sp019309

117. Shiozaki T, Okada Y, Nakamura ], Ueta K, Tanaka H, Moritani M, et al.
Relationships between changes in lateral vestibulospinal tract excitability and postural
control by dynamic balance intervention in healthy individuals: a preliminary study.
Front Hum Neurosci. (2023) 17:1109690. doi: 10.3389/fnhum.2023.1109690

118. Buss A, Brook G, Kakulas B, Martin D, Franzen R, Schoenen J, et al. Gradual
loss of myelin and formation of an astrocytic scar during Wallerian degeneration in the
human spinal cord. Brain. (2004) 127:34-44. doi: 10.1093/brain/awh001

119. De Leener B, Mangeat G, Dupont S, Martin AR, Callot V; Stikov N, et al.
Topologically preserving straightening of spinal cord MRI. ] Magn Reson Imag. (2017)
46:1209-19. doi: 10.1002/jmri.25622

120. El Mendili M-M, Cohen-Adad J, Pelegrini-Issac M, Rossignol S, Morizot-
Koutlidis R, Marchand-Pauvert V, et al. Multi-parametric spinal cord MRI as
potential progression marker in amyotrophic lateral sclerosis. PLoS ONE. (2014)
9:¢95516. doi: 10.1371/journal.pone.0095516

121. Fonov VS, Le Troter A, Taso M, De Leener B, Lévéque G, Benhamou
M, et al. Framework for integrated MRI average of the spinal cord white

frontiersin.org


https://doi.org/10.3389/fneur.2024.1282685
https://doi.org/10.1093/brain/aws115
https://doi.org/10.1177/1545968319836233
https://doi.org/10.1177/1545968320926162
https://doi.org/10.3390/jpm11111151
https://doi.org/10.1097/WNR.0000000000001798
https://doi.org/10.1186/s12984-019-0623-8
https://doi.org/10.1177/15459683211028243
https://doi.org/10.1113/jphysiol.1974.sp010764
https://doi.org/10.1152/physrev.1978.58.1.80
https://doi.org/10.1038/215429a0
https://doi.org/10.1016/j.celrep.2018.01.009
https://doi.org/10.1073/pnas.60.3.836
https://doi.org/10.1016/j.clinph.2014.01.035
https://doi.org/10.1136/jnnp.2004.046565
https://doi.org/10.1212/CPJ.0000000000000028
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104857
https://doi.org/10.1186/s40814-020-00690-2
https://doi.org/10.1186/s12916-023-03029-9
https://doi.org/10.1161/STROKEAHA.116.015507
https://doi.org/10.1177/0300060520918039
https://doi.org/10.1523/JNEUROSCI.2399-15.2016
https://doi.org/10.1152/jn.1998.79.4.1777
https://doi.org/10.3389/fneur.2013.00191
https://doi.org/10.1371/journal.pone.0014430
https://doi.org/10.1093/brain/78.2.248
https://doi.org/10.1152/jn.00125.2003
https://doi.org/10.1016/0031-9384(73)90304-1
https://doi.org/10.1523/JNEUROSCI.02-06-00791.1982
https://doi.org/10.1016/S0166-4328(97)02296-1
https://doi.org/10.1016/0306-4522(92)90231-P
https://doi.org/10.1093/brain/115.4.1181
https://doi.org/10.1038/s41598-023-33493-5
https://doi.org/10.1523/JNEUROSCI.0228-21.2022
https://doi.org/10.1310/tsr2104-358
https://doi.org/10.3389/fneur.2017.00627
https://doi.org/10.1016/j.jns.2019.02.018
https://doi.org/10.1152/jn.00392.2021
https://doi.org/10.1113/JP274968
https://doi.org/10.1113/JP281681
https://doi.org/10.3389/fnhum.2023.1219112
https://doi.org/10.3389/fnins.2020.00388
https://doi.org/10.1016/bs.pbr.2014.12.012
https://doi.org/10.1113/jphysiol.1992.sp019309
https://doi.org/10.3389/fnhum.2023.1109690
https://doi.org/10.1093/brain/awh001
https://doi.org/10.1002/jmri.25622
https://doi.org/10.1371/journal.pone.0095516
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Oquita et al.

and gray matter: the MNI-Poly-AMU template. Neuroimage. (2014) 102:817-
27. doi: 10.1016/j.neuroimage.2014.08.057

122. McCoy D, Talbott J, Wilson M, Mamlouk M, Cohen-Adad J, Wilson M, et al.
MRI atlas-based measurement of spinal cord injury predicts outcome in acute flaccid
myelitis. Am ] Neuroradiol. (2017) 38:410-7. doi: 10.3174/ajnr.A5044

123. Stroman PW, Wheeler-Kingshott C, Bacon M, Schwab J, Bosma R, Brooks J,
et al. The current state-of-the-art of spinal cord imaging: methods. Neuroimage. (2014)
84:1070-81. doi: 10.1016/j.neuroimage.2013.04.124

124. Wheeler-Kingshott C, Stroman PW, Schwab ], Bacon M, Bosma R, Brooks J,
et al. The current state-of-the-art of spinal cord imaging: applications. Neuroimage.
(2014) 84:1082-93. doi: 10.1016/j.neuroimage.2013.07.014

125. Broad RJ, Gabel MC, Dowell NG, Schwartzman DJ, Seth AK, Zhang H, et al.
Neurite orientation and dispersion density imaging (NODDI) detects cortical and
corticospinal tract degeneration in ALS. ] Neurol Neurosurg Psychiatry. (2019) 90:404—
11. doi: 10.1136/jnnp-2018-318830

126. By S, Xu J, Box BA, Bagnato FR, Smith SA. Application and evaluation of
NODDI in the cervical spinal cord of multiple sclerosis patients. NeuroImage Clin.
(2017) 15:333-42. doi: 10.1016/j.nicl.2017.05.010

127. Kamiya K, Hori M, Aoki S. NODDIL. in clinical research. ] Neurosci Methods.
(2020) 346:108908. doi: 10.1016/j.jneumeth.2020.108908

128. Mitchell T, Archer DB, Chu WT, Coombes SA, Lai S, Wilkes BJ, et al. Neurite
orientation dispersion and density imaging (NODDI) and free-water imaging in
Parkinsonism. Hum Brain Mapp. (2019) 40:5094-107. doi: 10.1002/hbm.24760

129. Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC, NODDI.
practical in vivo neurite orientation dispersion and density imaging of the human brain.
Neuroimage. (2012) 61:1000-16. doi: 10.1016/j.neuroimage.2012.03.072

130. Pirondini E, Carranza E, Balaguer J-M, Sorensen E, Weber DJ, Krakauer JW,
et al. Poststroke arm and hand paresis: should we target the cervical spinal cord? Trends
Neurosci. (2022) 45. doi: 10.1016/j.tins.2022.05.002

131. Powell MP, Verma N, Sorensen E, Carranza E, Boos A, Fields DP, et al. Epidural
stimulation of the cervical spinal cord for post-stroke upper-limb paresis. Nat Med.
(2023) 29:689-99. doi: 10.1038/541591-022-02202-6

132. Maier IC, Baumann K, Thallmair M, Weinmann O, Scholl J, Schwab ME.
Constraint-induced movement therapy in the adult rat after unilateral corticospinal
tract injury. J Neurosci. (2008) 28:9386-403. doi: 10.1523/JNEUROSCI.1697-08.2008

133. Zhao S, Zhao M, Xiao T, Jolkkonen J, Zhao C. Constraint-induced movement
therapy overcomes the intrinsic axonal growth—-inhibitory signals in stroke rats. Stroke.
(2013) 44:1698-705. doi: 10.1161/STROKEAHA.111.000361

134. Wang H, Cheng X, Yu H, Zhang X, Guan M, Zhao L, et al. Activation of GABA
A receptors enhances the behavioral recovery but not axonal sprouting in ischemic rats.
Restor Neurol Neurosci. (2019) 37:315-31. doi: 10.3233/RNN-180827

135. Carmichael ST, Kathirvelu B, Schweppe CA, Nie EH. Molecular, cellular and
functional events in axonal sprouting after stroke. Exp Neurol. (2017) 287:384-
94. doi: 10.1016/j.expneurol.2016.02.007

136. Zai L, Ferrari C, Subbaiah S, Havton LA, Coppola G, Strittmatter S, et al.
Inosine alters gene expression and axonal projections in neurons contralateral to a
cortical infarct and improves skilled use of the impaired limb. J Neurosci. (2009)
29:8187-97. doi: 10.1523/J]NEUROSCI.0414-09.2009

137. Le Bihan D, editor. Looking Into the Functional Architecture of the Brain With
Diffusion MRI. International Congress Series. Frisco, CO: Elsevier (2006).

138. Lemaire J-J, Cosnard G, Sakka L, Nuti C, Gradkowski W, Mori S, et al. White
matter anatomy of the human deep brain revisited with high resolution DTI fibre
tracking. Neurochirurgie. (2011) 57:52-67. doi: 10.1016/j.neuchi.2011.04.001

139. Beaulieu C. The Biological Basis of Diffusion Anisotropy Diffusion MRI. Frisco,
CO: Elsevier (2014). p. 155-83.

140. Hermoye L, Saint-Martin C, Cosnard G, Lee S-K, Kim J, Nassogne M-
C, et al. Pediatric diffusion tensor imaging: normal database and observation
of the white matter maturation in early childhood. Neuroimage. (2006) 29:493-
504. doi: 10.1016/j.neuroimage.2005.08.017

141. Mori S, Tournier J-D. Introduction to Diffusion Tensor Imaging: And Higher
Order Models. San Diego, CA: Academic Press (2013).

142. Mori S, Van Zijl PC. Fiber tracking: principles and strategies—a technical review.
NMR Biomed. (2002) 15:468-80. doi: 10.1002/nbm.781

143. Wakana S, Jiang H, Nagae-Poetscher LM, Van Zijl PC, Mori S. Fiber
tract-based atlas of human white matter anatomy. Radiology. (2004) 230:77-
87. doi: 10.1148/radiol.2301021640

144. Tournier J-D, Mori S, Leemans A. Diffusion tensor imaging and beyond. Magn
Reson Med. (2011) 65:1532. doi: 10.1002/mrm.22924

145. Nevo U, Hauben E, Yoles E, Agranov E, Akselrod S, Schwartz
M, et al Diffusion anisotropy MRI for quantitative assessment of
recovery in injured rat spinal cord. Magn Reson Med. (2001) 45:1-
9. doi: 10.1002/1522-2594(200101)45:1 <1::AID-MRM1001>3.0.CO;2-1

146. Richards TJ, Anderson KL, Anderson JS. Fully automated segmentation
of the corticospinal tract using the TractSeg algorithm in patients with brain

Frontiersin Neurology

10.3389/fneur.2024.1282685

tumors. Clin Neurol Neurosurg. (2021) 210:107001. doi: 10.1016/j.clineuro.2021.10
7001

147. Kao P-Y, Chen JW, Manjunath B. Predicting clinical outcome of stroke
patients with tractographic feature. In: Brainlesion: Glioma, Multiple Sclerosis, Stroke
and Traumatic Brain Injuries: 5th International Workshop, BrainLes 2019, Held in
Conjunction with MICCAI 2019, Shenzhen, China, October 17, 2019, Revised Selected
Papers, Part I 5. Cham: Springer (2020).

148. Lundell H, Barthelemy D, Skimminge A, Dyrby T, Biering-Serensen F
Nielsen J. Independent spinal cord atrophy measures correlate to motor and
sensory deficits in individuals with spinal cord injury. Spinal Cord. (2011) 49:70-
5. doi: 10.1038/s¢.2010.87

149. Fujiyoshi K, Konomi T, Yamada M, Hikishima K, Tsuji O, Komaki
Y, et al. Diffusion tensor imaging and tractography of the spinal cord:
from experimental studies to clinical application. Exp Neurol. (2013)
242:74-82. doi: 10.1016/j.expneurol.2012.07.015

150. Woolrich MW, Jbabdi S, Patenaude B, Chappell M, Makni S, Behrens T,
et al. Bayesian analysis of neuroimaging data in FSL. Neuroimage. (2009) 45:5173-
86. doi: 10.1016/j.neuroimage.2008.10.055

151. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF Behrens

TE, Johansen-Berg H, et al. Advances in functional and structural
MR image analysis and implementation as FSL. Neuroimage. (2004)
23:5208-S19. doi: 10.1016/j.neuroimage.2004.07.051

152. Dauleac C, Frindel C, Pélissou-Guyotat I, Nicolas C, Yeh F-C, Fernandez-
Miranda J, et al. Full cervical cord tractography: A new method for clinical use. Front
Neuroanat. (2022) 16:993464. doi: 10.3389/fnana.2022.993464

153. Sanner MF. Python: a programming language for software integration and
development. ] Mol Graph Model. (1999) 17:57-61.

154. Standring S, Borley N, Collins P. Spinal Cord: Internal Organization. Gray’s
Anatomy. 40th ed. Beijing: Elsevier Limited (2008). p. 257-73.

155. Olafson E, Russello G, Jamison KW, Liu H, Wang D, Bruss JE, et al.
Frontoparietal network activation is associated with motor recovery in ischemic stroke
patients. Commun Biol. (2022) 5:993. doi: 10.1038/s42003-022-03950-4

156. Bagdasarian FA, Yuan X, Athey ], Bunnell BA, Grant SC, NODDI. highlights
recovery mechanisms in white and gray matter in ischemic stroke following human
stem cell treatment. Magn Reson Med. (2021) 86:3211-23. doi: 10.1002/mrm.28929

157. Adluru G, Gur Y, Anderson JS, Richards LG, Adluru N, DiBella EV. Assessment
of white matter microstructure in stroke patients using NODDI. Annu Int Conf IEEE
Eng Med Biol Soc. (2014) 2014:742-5. doi: 10.1109/EMBC.2014.6943697

158. Jiang W, Han X, Guo H. dong Ma X, Wang J, Cheng X, et al. Usefulness
of conventional magnetic resonance imaging, diffusion tensor imaging and neurite
orientation dispersion and density imaging in evaluating postoperative function in
patients with cervical spondylotic myelopathy Journal of orthopaedic translation. J
Orthop Translat. (2018) 15:59-69. doi: 10.1016/j.jot.2018.08.006

159. Schaechter JD, Fricker ZP, Perdue KL, Helmer KG, Vangel MG, Greve DN,
et al. Microstructural status of ipsilesional and contralesional corticospinal tract
correlates with motor skill in chronic stroke patients. Hum Brain Mapp. (2009)
30:3461-74. doi: 10.1002/hbm.20770

160. Lundervold AS, Lundervold A. An overview of deep learning in
medical imaging focusing on MRIL Zeitschrift Medizinische Physik. (2019)
29:102-27. doi: 10.1016/j.zemedi.2018.11.002

161. Daducci A, Canales-Rodriguez EJ, Zhang H, Dyrby TB, Alexander

DC, Thiran J-P.  Accelerated microstructure  imaging via  convex
optimization (AMICO) from diffusion MRI data. Neuroimage. (2015)
105:32-44. doi: 10.1016/j.neuroimage.2014.10.026

162. Zhang MZ, Ou-Yang HQ, Liu JE Jin D, Wang CJ, Zhang XC, et al. Utility
of advanced DWTI in the detection of spinal cord microstructural alterations and
assessment of neurologic function in cervical spondylotic myelopathy patients. ] Magn
Reson Imaging. (2022) 55:930-40. doi: 10.1002/jmri.27894

163. Grussu F Schneider T, Zhang H, Alexander DC, Wheeler-Kingshott CA.
Neurite orientation dispersion and density imaging of the healthy cervical spinal cord
in vivo. Neuroimage. (2015) 111:590-601. doi: 10.1016/j.neuroimage.2015.01.045

164. Preziosa P, Pagani E, Meani A, Marchesi O, Conti L, Falini A, et al. NODDI,
diffusion tensor microstructural abnormalities and atrophy of brain white matter and

gray matter contribute to cognitive impairment in multiple sclerosis. ] Neurol. (2022)
429. doi: 10.1016/j.jns.2021.118088

165. Wang Z, Zhang S, Liu C, Yao Y, Shi J, Zhang J, et al. A study

of neurite orientation dispersion and density imaging in ischemic
stroke. Magn Reson Imaging. (2019) 57:28-33. doi: 10.1016/j.mri.2018.
10.018

166. Hodgson K, Adluru G, Richards LG, Majersik JJ, Stoddard G, Adluru
N, et al. Predicting motor outcomes in stroke patients using diffusion spectrum
MRI microstructural measures. Front Neurol. (2019) 10:72. doi: 10.3389/fneur.2019.
00072

167. DiBella E, Sharma A, Richards 1L, Prabhakaran V, Majersik
J,  HashemizadehKolowri S. Beyond diffusion tensor MRI  methods
for improved characterization of the brain after ischemic  stroke:

frontiersin.org


https://doi.org/10.3389/fneur.2024.1282685
https://doi.org/10.1016/j.neuroimage.2014.08.057
https://doi.org/10.3174/ajnr.A5044
https://doi.org/10.1016/j.neuroimage.2013.04.124
https://doi.org/10.1016/j.neuroimage.2013.07.014
https://doi.org/10.1136/jnnp-2018-318830
https://doi.org/10.1016/j.nicl.2017.05.010
https://doi.org/10.1016/j.jneumeth.2020.108908
https://doi.org/10.1002/hbm.24760
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1016/j.tins.2022.05.002
https://doi.org/10.1038/s41591-022-02202-6
https://doi.org/10.1523/JNEUROSCI.1697-08.2008
https://doi.org/10.1161/STROKEAHA.111.000361
https://doi.org/10.3233/RNN-180827
https://doi.org/10.1016/j.expneurol.2016.02.007
https://doi.org/10.1523/JNEUROSCI.0414-09.2009
https://doi.org/10.1016/j.neuchi.2011.04.001
https://doi.org/10.1016/j.neuroimage.2005.08.017
https://doi.org/10.1002/nbm.781
https://doi.org/10.1148/radiol.2301021640
https://doi.org/10.1002/mrm.22924
https://doi.org/10.1002/1522-2594(200101)45:1<1::AID-MRM1001>3.0.CO;2-I
https://doi.org/10.1016/j.clineuro.2021.107001
https://doi.org/10.1038/sc.2010.87
https://doi.org/10.1016/j.expneurol.2012.07.015
https://doi.org/10.1016/j.neuroimage.2008.10.055
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.3389/fnana.2022.993464
https://doi.org/10.1038/s42003-022-03950-4
https://doi.org/10.1002/mrm.28929
https://doi.org/10.1109/EMBC.2014.6943697
https://doi.org/10.1016/j.jot.2018.08.006
https://doi.org/10.1002/hbm.20770
https://doi.org/10.1016/j.zemedi.2018.11.002
https://doi.org/10.1016/j.neuroimage.2014.10.026
https://doi.org/10.1002/jmri.27894
https://doi.org/10.1016/j.neuroimage.2015.01.045
https://doi.org/10.1016/j.jns.2021.118088
https://doi.org/10.1016/j.mri.2018.10.018
https://doi.org/10.3389/fneur.2019.00072
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Oquita et al.

Am ] Neuroradiol. (2022) 43:661-9. doi:

a  review.
7414

10.3174/ajnr. A

168. Mastropietro A, Rizzo G, Fontana L, Figini M, Bernardini B, Straffi
L, et al. Microstructural characterization of corticospinal tract in subacute
and chronic stroke patients with distal lesions by means of advanced

Frontiersin Neurology

12

10.3389/fneur.2024.1282685

diffusion  MRI. Neuroradiology. (2019) 61:1033-45. doi: 10.1007/500234-019-0
2249-2

169. Luo Z, Adluru N, Dean DC, Alexander AL, Goldsmith HH. Genetic and
environmental influences of variation in diffusion MRI measures of white matter
microstructure. Brain Struct Funct. (2022) 227:1-14. doi: 10.1007/s00429-021-02393-7

frontiersin.org


https://doi.org/10.3389/fneur.2024.1282685
https://doi.org/10.3174/ajnr.A7414
https://doi.org/10.1007/s00234-019-02249-2
https://doi.org/10.1007/s00429-021-02393-7
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Moving toward elucidating alternative motor pathway structures post-stroke: the value of spinal cord neuroimaging
	1 Introduction
	2 Evaluation of alternate motor pathway role after stroke: in vivo and clinical studies
	2.1 Reticulospinal pathways
	2.2 Vestibulospinal pathways
	2.3 Rubrospinal pathways

	3 Electrophysiology methods to understand alternative motor pathways
	4 Moving forward: evaluating motor pathways through novel techniques
	4.1 Can we evaluate alternative motor pathways degeneration after stroke in the spinal cord and would it be useful?
	4.2 Ease of evaluation of alternate motor pathways in the spinal cord using diffusion weighted imaging alone
	4.3 Moving forward with improved analysis techniques: use of spinal cord toolbox in spinal cord tract analysis combined with DWI
	4.4 Moving forward with improved imaging techniques: use of neurite orientation dispersion and density imaging

	5 Discussion and future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


