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Spinal cord evaluation in multiple sclerosis:
clinical and radiological associations, present
and future

®B. Mark Keegan,I Martina Absinta, Julien Cohen-Adad,®> ®Eoin P. Flanagan,I
®Roland G. Henr‘y,4 ®Eric C. Klawiter,5 Shannon Kolind,6 Stephen Krieger,7
®Cornelia Laule,6 John A. Lincoln,8 Steven Messina,I Jiwon Oh,9 Nico Papinutto,4
Seth Aaron Smith'® and ®Anthony Traboulsee®

Spinal cord disease is important in most people with multiple sclerosis, but assessment remains less emphasized in patient care, basic
and clinical research and therapeutic trials. The North American Imaging in Multiple Sclerosis Spinal Cord Interest Group was formed
to determine and present the contemporary landscape of multiple sclerosis spinal cord evaluation, further existing and advanced spinal
cord imaging techniques, and foster collaborative work. Important themes arose: (i) multiple sclerosis spinal cord lesions (differential
diagnosis, association with clinical course); (ii) spinal cord radiological-pathological associations; (iii) ‘critical’ spinal cord lesions; (iv)
multiple sclerosis topographical model; (v) spinal cord atrophy; and (vi) automated and special imaging techniques. Distinguishing
multiple sclerosis from other myelopathic aetiology is increasingly refined by imaging and serological studies. Post-mortem spinal
cord findings and MRI pathological correlative studies demonstrate MRI’s high sensitivity in detecting microstructural demyelination
and axonal loss. Spinal leptomeninges include immune inflammatory infiltrates, some in B-cell lymphoid-like structures. ‘Critical’ de-
myelinating lesions along spinal cord corticospinal tracts are anatomically consistent with and may be disproportionately associated
with motor progression. Multiple sclerosis topographical model implicates the spinal cord as an area where threshold impairment
associates with multiple sclerosis disability. Progressive spinal cord atrophy and ‘silent’ multiple sclerosis progression may be emer-
ging as an important multiple sclerosis prognostic biomarker. Manual atrophy assessment is complicated by rater bias, while auto-
mation (e.g. Spinal Cord Toolbox), and artificial intelligence may reduce this. Collaborative research by the North American
Imaging in Multiple Sclerosis and similar groups with experts combining distinct strengths is key to advancing assessment and treat-
ment of people with multiple sclerosis spinal cord disease.
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Introduction

Demyelinating spinal cord disease is present in most people
with multiple sclerosis. Assessment of multiple sclerosis
spinal cord involvement clinically and radiologically remains
less emphasized than multiple sclerosis brain assessment in
patient care, basic and radiological research and therapeutic
trials. It is likely that this focus on the brain rather than the
spinal cord is from ongoing uncertainty of its clinical and
therapeutic relevance, prior limited resolution of MRI spinal
cord and substantial additional imaging costs. The North
American Imaging in Multiple Sclerosis Spinal Cord
Interest Group was formed to determine the contemporary
landscape of multiple sclerosis spinal cord evaluation and
foster collaborative efforts to further existing and advanced
imaging techniques.
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MRI pathology of the spinal
cord in multiple sclerosis

The spinal cord often has multifocal inflammatory demyelin-
ation in multiple sclerosis.’ Up to 90% of individuals within
the multiple sclerosis spectrum have spinal cord demyeli-
nated plaques detected by MRI (hereafter termed ‘lesions’).

Multiple sclerosis spinal cord lesions involve the entire
cord but are more frequently observed in cervical than thora-
columbar regions.?* Multiple sclerosis-specific lesions in the
cord typically span over one to two vertebral segments, but
rarely over three or more vertebral segments (a distinguish-
ing feature of neuromyelitis optica spectrum disorder and
myelin oligodendrocyte glycoprotein antibody-associated
disease (Table 1; Supplementary Table 1). Spinal cord lesions
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Table | Differential diagnosis of myelopathies: timing of
onset

Onset to nadir, disease category, specific diagnosis®

Hyperacute (<12 h)
Vascular (infarct)
Functional neurologic disorder
Acute/subacute (12 h to 21 days)
Immune-mediated with demyelination
AQP4+ neuromyelitis optica spectrum disorder
Myelin oligodendrocyte glycoprotein antibody-associated disease
Multiple sclerosis
Infectious
(e.g., acute flaccid myelitis, schistosomiasis and West Nile Virus)
Acute/subacute or progressive (12 h to months)
Immune-mediated other
Paraneoplastic
Other neural antibody-associated
Rheum/connective tissue disease associated (e.g., Sjogren’s)
Sarcoid
Progressive (21 days to many months)
Hereditary (e.g., hereditary spastic paraplegia)
Infectious (e.g., HIV, human T-lymphotropic virus type | and syphilis)
Inflammatory demyelinating (e.g., primary progressive multiple sclerosis,
progressive solitary sclerosis)
Neurodegenerative (e.g., amyotrophic lateral sclerosis)
Structural (e.g., spondylosis)
Metabolic (e.g., BI2/N,O, copper and folate)
Tumour (primary, extrinsic or intramedullary metastases)
Vascular (spinal dAVF and cavernoma)

AQP4+ neuromyelitis optica spectrum disorder, aquaporin 4 antibody positive
neuromyelitis optica spectrum disorder; dAVF, dural arteriovenous fistula; N,O,
nitrous oxide. *Time from onset to nadir (bold and underlined), disease category
(italics), specific disease (regular text).

are usually asymmetrical, more frequently involving dorsal
and lateral columns versus anterior columns or central grey
matter (GM). Spinal cord demyelination and axonal loss af-
fect both white matter (WM) and GM,* often without re-
specting GM-WM boundaries or occupying the entire
cross-sectional cord area (Fig. 1).

New multiple sclerosis lesions arise from inflammatory
changes at the blood-brain/spinal cord barrier of post-capillary
venules following radially oriented cord venous drainage,® akin
to perivenular brain lesions. Active MRI demyelinating lesions
typically demonstrate nodular-enhancement or, less frequently,
ring enhancement, with spinal cord oedema. After enhance-
ment resolves, chronic cord lesions remain hyperintense on
T2-weighted or short tau inversion recovery images (although
decrease in size) and iso- or hypointense on conventional
spin-echo T1-weighted sequences or heavily T1-weighted
sequences such as T1-Magnetization-Prepared Rapid
Acquisition Gradient Echo images or phase-sensitive inversion
recovery (PSIR) images.

Chronic active spinal cord lesions are pathologically de-
scribed in progressive multiple sclerosis, in many,”” but not
all, studies.'® Unlike the brain,!" technical issues have limited
the in vivo visualization of chronically inflamed spinal cord le-
sions using susceptibility-based MRI approaches. Recently,
the cervical cord of both multiple sclerosis and non-
neurologically affected subjects was imaged in vivo at 7 T
MRI using an optimized susceptibility-weighted imaging
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protocol.'? Of relevance, this approach allowed the proper
discrimination between the cord WM and GM, as well as
the visualization of the central vein sign and paramagnetic
rim lesions in about two-thirds of multiple sclerosis patients
with spinal cord lesions. '

Similar to the brain, the spinal leptomeninges are enriched
by immune inflammatory infiltrates, sometimes organized
into B-cell lymphoid-like structures of proliferating B cells
and follicular dendritic cells."® Within spinal meninges, these
lymphoid-like structures are described in a small proportion
of progressive multiple sclerosis cases, in association with an
outside-in gradient of subpial cord demyelination and axonal
loss." In the brain, the blood-meningeal barrier disruption
associated with meningeal inflammation has been visualized
as leptomeningeal enhancement on delayed post-contrast
T2-fluid attenuated inversion recovery images.'* Vercellino
et al." have shown focal post-inflammatory leptomeningeal fi-
brosis as a potential pathological substrate that could explain
persistent leptomeningeal enhancement. This imaging finding
has not been reported in the literature for the spinal cord of
multiple sclerosis patients.

Beyond focal demyelinated lesions, pronounced axonal,
neuronal and especially synaptic loss likely results in overall
spinal cord atrophy.*!%'® Pathological findings are largely
confirmed iz vivo by advanced MRI methods highly sensitive
to spinal cord microstructural alterations including demye-
lination and axonal loss.'%'¢17

Spinal cord lesions in
multiple sclerosis diagnosis

MRI visible spinal cord lesions are included in dissemination
in space and dissemination in time criteria of the revised
McDonald diagnostic multiple sclerosis guidelines,” as one
of the four typical areas of central nervous system (CNS) in-
volvement in multiple sclerosis. Primary progressive disease
(primary progressive multiple sclerosis) in adults with iso-
lated spinal cord involvement may be diagnosed with >2
spinal cord lesions with clinical progression>1 year and
with cerebrospinal fluid (CSF) oligoclonal bands.
Radiologically isolated syndrome (RIS) leads to multiple
sclerosis more commonly in those with spinal cord disease.
A multivariable prospective analysis of 317 RIS patients found
that persons < 37 years [hazard ratio =4.04 (95% confidence
interval = 2.00-8.15)], >1 spinal cord lesion [hazard ratio =
5.11(1.99-13.13)] and baseline gadolinium-enhancing lesions
[hazard ratio = 2.09 (1.13-3.87)] were independently associated
with increased conversion to multiple sclerosis at 2 years.'®!”

Differential diagnosis of
spinal cord lesions

A broad differential diagnosis of myelopathies is stratified
by symptom onset speed (hyperacute, acute/subacute and
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Figure | Pathology and MRI of secondary progressive multiple sclerosis. Histological staining and post-mortem 7 T MRl of a secondary
progressive multiple sclerosis patient (female, 78 years old, 25-year disease duration). Focal lesions (arrows) are visible on cervical, thoracic and
lumbar sections, highlighted by myelin (Luxol fast blue) and axon (Bielschowsky) staining, as well as on ex vivo 7 T T2-weighted and myelin water
fraction MRI scans. Modified from Laule et al.® with permission. MWF, myelin water fraction.

chronic) (Table 1) and clinical and MRI clues (Table 1;
Supplementary Table 1; Fig. 2).2*!" MRI should include
two complimentary sagittal sequences T2, proton density;
proton dense, short tau inversion recovery and axial T2
images, with gadolinium contrast at onset in all patients
and gadolinium contrast, can be considered for follow-up
images when clinically indicated gadolinium contrast
when clinically indicated and PSIR as optional.”?
Diffusion-weighted imaging is useful when evaluating hyper-
acute, severe myelopathies to assess for spinal cord infarc-
tion although has greater technical challenges than in the
brain that can impact image quality. Initial spine MRI
assesses for extrinsic compression (spondylotic, metastases
and epidural abscess), including intradural extramedullary
tumours (e.g. meningioma) and extradural compressive le-
sions (e.g. epidural abscess, spondylosis or metastases)
After this, the MRI should be reviewed then for intrinsic
spinal cord T2 lesions.”* A subacute myelopathy without
MRI spinal cord T2 hyperintensity can suggest stiff-person
syndrome or, if progressive, a genetic or degenerative
aetiology.”>**> A normal MRI at clinical onset with subse-
quent intrinsic cord T2 hyperintensity may indicate spinal
cord infarction or myelin oligodendrocyte glycoprotein
antibody-associated disease.**** T2 lesion length and axial
location are crucial to narrow the differential diagnosis of

myelopathies  (Table 1; Supplementary Table 1).
Longitudinally extensive T2 lesions extending >3 vertebral
segments are extremely rare in multiple sclerosis and more
typical of aquaporin 4 antibody positive (AQP4+) neuro-
myelitis optica spectrum disorder or myelin oligodendrocyte
glycoprotein antibody-associated disease and other non-
multiple sclerosis myelopathies (Fig. 2).2°%® Occasionally,
multiple short spinal cord T2 lesions can coalesce and arte-
factually appear longitudinally extensive on sagittal images,
but axial images can help identify multiple separate short T2
lesions.*® Central axial lesions are more typical of myelin
oligodendrocyte glycoprotein antibody-associated disease,
AQP4+ neuromyelitis optica spectrum disorder and spinal
cord sarcoidosis while axial T2 lesions restricted to the
GM forming a ‘H sign’ is quite suggestive of myelin oligo-
dendrocyte glycoprotein antibody-associated disease but
can also occur in acute flaccid myelitis (Fig. 2).>%*° Central
axial lesions are more typical of alternative aetiologies such
as the ‘H sign’ in myelin oligodendrocyte glycoprotein
antibody-associated disease.®’ The presence of gadolinium
enhancement and its pattern provide useful clues to the
underlying aetiology, and these are summarized in
Supplementary Table 1 and have been reviewed in detail pre-
viously, and some examples are shown in Fig. 2.”*! Brain
MRI can indicate multiple sclerosis or other inflammatory
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Figure 2 MRI differential diagnosis of myelitis in multiple sclerosis. (A) Myelin oligodendrocyte glycoprotein antibody-associated
disease. (B) Aquaporin 4-lgG positive neuromyelitis optica spectrum disorder (AQP4+ neuromyelitis optica spectrum disorder). (C) Spinal cord
sarcoidosis. (D) Cervical spondylotic myelopathy. Thoracic spine MRI reveals a sagittal T2 lesion in the lower thoracic spine involving the conus
and extending <3 vertebral segments (Ai) with axial T2 images revealing a central T2 lesion (Auii) in a patient with myelin oligodendrocyte
glycoprotein antibody-associated disease. Cervical spine sagittal MRI reveals a longitudinally extensive T2 lesion extending >3 vertebral segments
(Aiii) with T2 hyperintensity restricted to the central GM on axial T2 images forming a H sign (Aiv, arrow) in a patient with myelin
oligodendrocyte glycoprotein antibody-associated disease. Cervical spine sagittal MRI reveals a longitudinally extensive T2 lesion extending >3
vertebral segments (Bi) with central T2 lesion on axial images (Bii) with an elongated ring of enhancement on T | -weighted images post-gadolinium
(Biii) with an open ring on axial T |-weighted images post-gadolinium (Biv) in a patient with AQP4+ neuromyelitis optica spectrum disorder.
Cervical spine sagittal MRI reveals a longitudinally extensive T2 lesion extending >3 vertebral segments (Ci) with central T2 lesion on axial images
(Cii) accompanied by linear dorsal subpial enhancement on sagittal and axial T|-weighted images post-gadolinium (Ciii, Civ) in spinal cord
sarcoidosis. Cervical spine sagittal MRI reveals a T2 lesion extending <3 vertebral segments (Di) with axial T2 images showing some T2
hyperintensity (Dii) and evidence of a transverse band or ‘pancake-like’ enhancement with the width greater than the height (Diii)

circumferentially involving the WM (Div).

demyelinating disorders (i.e. AQP4+ neuromyelitis optica
spectrum disorder and myelin oligodendrocyte glycoprotein
antibody-associated disease). Notably, up to 10% of
patients with cerebral myelin oligodendrocyte glycoprotein
antibody-associated disease attacks may have an initial
normal MRI highlighting the potential for radiologic lag in
myelin oligodendrocyte glycoprotein antibody-associated
disease and repeat MRI within a few weeks may reveal evolv-
ing T2-signal abnormalities.®” Moreover, myelin oligo-
dendrocyte glycoprotein antibody-associated disease T2
lesions are very dynamic, frequently appearing and occasion-
ally disappearing within the same attack differing from mul-
tiple sclerosis and AQP4+ neuromyelitis optica spectrum
disorder in which the lesion number within the attack tends
to be stable.’” Resolution of MRI T2 lesions over time is
more common in myelin oligodendrocyte glycoprotein
antibody-associated disease (80%) than in multiple sclerosis
and AQP4+ neuromyelitis optica spectrum disorder (<10%),
while new asymptomatic cord lesions are more typical of
multiple sclerosis than myelin oligodendrocyte glycoprotein
antibody-associated disease or AQP4+ neuromyelitis optica
spectrum disorder.*® Focal lesional atrophy develops in mul-
tiple sclerosis, but longer segments of atrophy may suggest

AQP4+ neuromyelitis optica spectrum disorder.?’*® Persistent
spinal cord enhancement beyond 3 months argues against mul-
tiple sclerosis.

Contribution to multiple
sclerosis clinical course and
prognosis

Spinal cord lesions occur across the multiple sclerosis
disease spectrum,***5 more frequently in progressive than
relapsing-remitting multiple sclerosis,®® in 30-70% of peo-
ple with RIS and in 30-70% of people with RIS, with higher
numbers seen when PSIR cervical spinal cord imaging is per-
formed versus conventional sagittal T2-based sequences.>”
Despite the diagnostic role of spinal cord lesions, the util-
ity of routine spinal cord monitoring is unclear with studies
showing asymptomatic cord lesions in 12-15% people with
multiple sclerosis and only 6% of scans with new T2 lesion
only in the spinal cord.*®3? One study showed that new cer-
vical spinal cord lesions in clinically stable people with mul-
tiple sclerosis was <2% on routine 3 T MRI spine over a very

G20z Aieniga4 0| uo Jasn |eanuojy ap anbiuyoslkjod 81007 Aq §856/8//S6ESBIL/9/9/0101IB/SWILOOUIRIC/WO0D dNO"dIWapeae//:sd)y Wol) PapEojuMO(]



6 | BRAIN COMMUNICATIONS 2024, fcae395

short follow-up not offering a benefit for routine monitor-
ing.** A retrospective study showed one-third of people
had new T2 demyelinating lesions exclusively within the
spinal cord and were asymptomatic, but gadolinium-
enhancing lesions only within the spinal cord in 16% of pa-
tients monitored arguing strongly for spinal cord MRI as-
sessment given the association with disability accrual.*’
Thus, given the variances in the quality of spinal cord image
acquisition and, therefore, reliability and accuracy in detect-
ing new spinal cord lesions, there is a need for technological
improvements in spinal cord imaging.

The presence of new spinal cord lesions may influence
therapeutic decision-making by increasing the likelihood to
transition to higher efficacy disease-modifying therapy.**
One study showed fully 25% of people with relapsing-
remitting multiple sclerosis developed at least one new
asymptomatic spinal cord lesion over a median follow-up
of 17 months and those with either new asymptomatic spinal
cord or brain lesions were more likely to experience a further
clinical relapse.*® A single-centre retrospective study of 115
multiple sclerosis patients treated with first-line disease-
modifying therapies analysed the presence of no evidence of
disease activity with or without spinal cord imaging. New
spinal cord lesions occurred in 13% of patients and including
spinal cord imaging with routine brain MRI reduced short-
term no evidence of disease activity 3 [absence of relapses,
new lesions and expanded disability status scale (EDSS)
change] by nearly 8% compared with brain MRI alone.**

While the role of routine spinal cord monitoring in
multiple sclerosis is unclear,”” evidence that cord damage is
important in predicting disability is more robust. The pres-
ence of spinal cord lesions is predictive of developing clinic-
ally definite multiple sclerosis in RIS and may have the
greatest prognostic value of all clinical and radiological mea-
sures.'”* Spinal cord lesions in clinically isolated syndrome
(CIS) and early relapsing-remitting multiple sclerosis are as-
sociated with a higher risk of relapse, increased disability and
conversion to secondary progression multiple sclerosis.®>*¢
Retrospective analysis of 207 patients found the presence
of a spinal cord lesion in non-myelitis CIS increased risk of
EDSS > 3.0 at 2 years (adjusted hazard ratio=29.8, 95%
confidence interval = 1.1-786.5, P = 0.042).*° In a study of
178 CIS patients, gadolinium-enhancing (odds ratio = 3.16,
P <0.01) or spinal cord lesions (odds ratio=4.71, P <0.01)
on baseline MRI, performed within 12 weeks of clinical onset,
independently predicted secondary progressive multiple scler-
osis at 15 years.>* New spinal cord lesions over 1-3 years were
associated with an increased risk of secondary progressive
multiple sclerosis.*

Relationships between spinal cord atrophy and clinical
progression are documented in all multiple sclerosis pheno-
types,®"*”*® and tracking spinal cord atrophy over time pro-
vides substantial prognostic value.****° Casserly et al.’!
performed a pooled analysis of 73 MRI studies. Smaller
spinal cord cross-sectional area (CSA), typically measured
at C2-3, was reported in progressive multiple sclerosis (pri-
mary progressive multiple sclerosis/secondary progressive
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multiple sclerosis) compared with relapsing-remitting mul-
tiple sclerosis/CIS and healthy controls. Pooled annual atro-
phy rates were —1.78%/year for all multiple sclerosis types
and —2.08%/year for progressive multiple sclerosis.’’
Moderate correlations are noted between spinal cord CSA
and EDSS,*"°? and spinal cord atrophy also contributes to
non-relapsing smoldering disease associated with clinical
progression. A 12-year longitudinal study reported that si-
lent progression and conversion to secondary progressive
multiple sclerosis are predominantly related to early cervical
cord atrophy (—2.19%/year).*” Both WM and GM spinal
cord tissues are affected by atrophy, but GM atrophy is be-
lieved to start earlier and have the strongest correlation
with disability.*®3-** Given the unmet need to treat progres-
sive multiple sclerosis, biomarkers predicting transition to
progressive multiple sclerosis are crucially needed for evalu-
ating treatment efficacy in clinical trials. By evaluating the
degree of atrophy and its correlation with clinical outcomes,
more effective treatment strategies can be developed, ultim-
ately improving patients’ quality of life and prognosis.
Studies of spinal cord injury and long-term disability in
pediatric onset multiple sclerosis are based on smaller co-
horts with mixed results.'®**> A study of 20 pediatric onset
multiple sclerosis compared with matched healthy controls
showed no differences in CSA,'®* while a study of 125 pedi-
atric onset multiple sclerosis showed that the number of
baseline cervical cord lesions was a moderate predictor
(8=0.22, P=0.05) of higher EDSS 9 years later.'®

‘Critical’ demyelinating
lesions associated with
progressive motor
impairment

Most people with progressive multiple sclerosis have pro-
gressive, asymmetrical myelopathic motor impairment po-
tentially explained by multifocal demyelinating spinal cord
lesions. While some people with spinal cord multiple scler-
osis have diffuse proton dense signal abnormalities especially
in chronic multiple sclerosis and such diffuse signal
abnormalities may be a poor prognostic indicator in
relapsing-remitting multiple sclerosis,”®>” most are seen as
focal, short segment lesions often with isolated tract involve-
ment.*® The specific contribution of any individual demye-
linating lesion is usually uncertain as most people have
innumerable focal cord lesions, making a clear association
between progression and one or more specific demyelinating
lesions challenging. Highly selected cohorts of people where
a specific ‘critical’ demyelinating lesion can be anatomically
associated with progressive motor impairment have been de-
scribed (Fig. 3): (i) ‘progressive solitary sclerosis’ (one CNS
demyelinating lesion anatomically consistent with progres-
sive motor impairment)®”; (ii) ‘progressive paucisclerosis’
(highly restricted, two to five total CNS lesions, with one
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Figure 3 Critical demyelinating lesions of the spinal cord. ‘Critical’ demyelinating lesions of the spinal cord are anatomically associated
with progressive motor impairment in people with multiple sclerosis; they are typically laterally based in the corticospinal tract and have focal
spinal cord atrophy. MRI cervical spine sagittal (A) and axial (B) images showing ‘critical’ demyelinating lesion with T2 signal abnormality in the right
lateral-dorsal cord with focal atrophy (black arrows and arrowhead) in a 53-year-old man with a 5-year history of progressive right upper motor
neuron face-sparing hemiparesis. CSF showed four unique oligoclonal bands. MRI cervical spine sagittal (C) and axial (D) images showing ‘critical’
demyelinating lesion with T2 signal abnormality in the left lateral cord (arrows) with focal atrophy (open arrowhead) in a 59-year-old woman with a
prior history of relapsing-remitting multiple sclerosis and an 8-year history of progressive left face-sparing upper motor neuron hemiparesis.
Additional demyelinating lesion was seen in the lower thoracic spine with no volume loss (not shown). MRI thoracic spine sagittal (E) and axial (F)
images showing ‘critical’ demyelinating lesion with T2 signal abnormality right hemispinal cord (arrows and open arrowhead) in a 58-year-old man
with multiple sclerosis and progressive right lower extremity monoparesis.

‘critical” demyelinating lesion anatomically associated with
progressive motor impairment)®’; and (iii) ‘progressive, ex-
clusively unilateral, hemi- or mono-paresis’ (a ‘critical’ de-
myelinating lesion with >5 CNS lesions).’ ‘Critical’
demyelinating lesions are typically in the spinal cord but oc-
casionally involve supratentorial corticospinal WM tracts,
brainstem or cervicomedullary junction.®®®* ‘Critical’ de-
myelinating lesions are characterized by moderate to severe
focal atrophy, lateral column axial location and larger size
than ‘non-critical’ spinal cord lesions.®® Age of onset of mo-
tor progression is similar in cohorts with ‘critical’ demyelin-
ating lesions as in typical multiple sclerosis, and new
inflammatory multiple sclerosis activity is uncommon in
these cohorts. Those with long-term multiple sclerosis (>25
years) without spinal cord ‘critical’ type lesions maintain a
relapsing multiple sclerosis course without progression,®*
and people with tumefactive multiple sclerosis (mass-like,

large demyelinating brain lesions) are unlikely to have pro-
gressive motor impairment without corticospinal tract spinal
cord lesions.**°

Topographical model of
multiple sclerosis and disease
course

An emerging view of multiple sclerosis disease course is to
conceptualize it as a continuum of relapsing and progressive
mechanisms, and that loss of CNS reserve is the principal dri-
ver of long-term disability accumulation.®® It is hypothesized
that the accelerated loss of brain and spinal cord volume de-
pletes the compensatory mechanisms that constitute neuro-
logical reserve and that progression may become clinically
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apparent as reserve is lost. The topographical model of mul-
tiple sclerosis provides a unified visualization of multiple
sclerosis clinical course across the spectrum of relapsing
and progressive forms of the disease.®”

The topographical model prioritizes lesion localization as
the crucial factor in explicating multiple sclerosis clinical het-
erogeneity and derives clinical course by depicting the specif-
ic relationship between subclinical lesion burden and
variable amounts of reserve intrinsic to different CNS re-
gions.®® In this framework, the CNS is visualized as a pool
of reserve with increasing depth, with the spinal cord and op-
tic nerves at the shallow end, and the cerebral hemispheres
comprising the deep end. To depict disease activity, lesions
rise as focal peaks emerge from the base of the pool; lesions
that cross the clinical threshold cause demonstrable symp-
toms of a multiple sclerosis relapse. In this model, spinal
cord lesions—that shallow pool of reserve—are more likely
to yield acute relapses of pyramidal, sensory and bowel/blad-
der symptoms and lead to long-term disability.*®

The topographical model posits a distinct intersection be-
tween disease topography and loss of functional reserve driv-
ing multiple sclerosis clinical course: as time passes and
functional reserve declines, progression clinically recapitulates
the prior relapse symptoms, incrementally manifesting above
the clinical threshold of a patient’s underlying disease topog-
raphy.®” Thus, cord lesions are particularly apt to re-emerge
insidiously as functional and structural resilience is lost, yield-
ing the multifocal myelopathic symptoms as cardinal manifes-
tations of multiple sclerosis disability progression.

This model draws from an array of empirical work summar-
ized in this review, principally that the presence and number of
spinal cord lesions predict a progressive clinical course, includ-
ing the role of a singular critically located®* upper cervical cord
lesion.®” That the specific clinical features of a patient’s disabil-
ity progression could be topographically mapped to the cer-
vical cord lesion location enhances the ability to model and
predict disease course. Associations between spinal cord vol-
ume*’ and multiple sclerosis outcomes further support the
topographical model framework, as spinal cord atrophy also
correlates with disability accumulation, consistent with a de-
cline of spinal cord reserve as more recently defined by
Sastre-Garriga et al.®” Focusing on advanced and emerging
techniques is imperative for improving multiple sclerosis spinal
cord imaging, as this most prognostically important localiza-
tion is where our imaging is currently least sensitive and where
the signal-to-noise ratio is in great need of optimization.®®

Quantitative analysis with
conventional MRI

Given the clinical relevance of spinal cord lesions, their seg-
mentation and quantification have been attempted for the pre-
diction of disability and clinical progression. The crucial

B. M. Keegan et al.

importance of both sagittal and axial imaging for spinal
cord lesion segmentation is evident in that the detection rate
is higher (up to 22%) compared with sagittal images alone.”’
Manual segmentation of lesions is time-consuming and suffers
from intra-/inter-rater variability,”’ motivating the develop-
ment of robust and automatic tools. Automatic lesion
segmentation, including methods based on deep learning,
has been thoroughly investigated over the past two decades
for brain”*”* and spinal cord data’’; however, the published
methods are not optimally reliable.”* As multiple sclerosis le-
sions are small relative to the structure and various challenges
discussed above need to be met are of interest (spinal cord), al-
gorithms suffer from high class imbalance leading to poor per-
formance. This issue can be mitigated by segmenting lesions in
a template space (i.e. PAMS0 template),”® allowing one to re-
strict the spatial domain where lesions are likely to appear.
Another challenge is that inter-rater variability in ground truth
labels creates a bottleneck in the performance of automatic
segmentation methods’’; however, modelling rater bias is a vi-
able solution.”” A third challenge in artificial intelligence is
that deep segmentation models have a hard time generalizing
to images acquired with different parameters, which is com-
mon in multi-centre studies. To boost deep learning model
generalization, one could aggregate data from multiple hospi-
tals, but legal constraints lead to difficulty in sharing medical
data between institutions. Federated learning can overcome
this issue,”® where each hospital trains a model using their
own data and model weights are then shared in lieu of imaging
data. Model parameters are aggregated and sent back to each
hospital for use and further training, recently demonstrated
for glioblastoma segmentation.”” Federated learning may
not be a panacea however and challenges remain.®’

Spinal cord atrophy

Introduced by Losseff et al. in 1996, spinal cord atrophy is
commonly assessed by calculating CSA of the spinal cord
on a segmented axial MRI image (Table 2).*? While assess-
ment of spinal cord atrophy is informative for understanding
multiple sclerosis and related disability progression, it has
yet to be used routinely in clinical assessments or in clinical
trials. CSA accuracy is mainly limited by image resolution,
so acquiring data with high axial resolution and averaging
CSA across multiple slices (i.e. C2-3 vertebral levels) in-
creases precision. Manual spinal cord CSA and GM segmen-
tation is hampered by rater bias, and various techniques with
differing levels of automation have been developed over the
past 30 years,”” available in software packages,”" like JIM®®
(https:/www.xinapse.com/j-im-9-software/) and  Spinal
Cord Toolbox (https:/spinalcordtoolbox.com/).”®**

There is considerable variability in spinal cord morphology
among individuals, with inter-subject cervical CSA standard
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Table 2 (continued)

Results reported for a longitudinal scenario

MRI protocol and measurement method

Type of study cohort/data used

Manuscript

BRAIN COMMUNICATIONS 2024, fcae395

study arms. 467 + 13.9 per arm using T | w images. 467 + 3.2 per

arm using T2w images

Average CSA between C1/C2and C5 (I.5T) or C7  90% power, 0.05 statistical significance. Treatment effect in a

Casserly et al.’' used to estimate % atrophy commonly seen in

multiple sclerosis
Longitudinal, multi-centre, vendor, field

Valsasina et al.%

hypothetical placebo-controlled randomized clinical trial aimed

(3 T) on 3D Tlw spinal cord images using SCT’s
PropSeg registration-based approach included in

M9

Cohort I: 8 HC and 28 multiple sclerosis patients (10

at reducing atrophy over |-year. 50% treatment effect: SCT:

77/951 per arm (Cohort I/Cohort Il). JIM 9: 52/348 per arm

relapsing-remitting multiple sclerosis/ |8 progressive multiple
sclerosis)—one site Siemens 1.5 T Cohort II: 25 HC and 63

multiple sclerosis patients (54 relapsing-remitting multiple

(Cohort I/Cohort Il). 30% treatment effect: SCT: 21 1/2640 per
arm (Cohort I/Cohort Il). JIM 9: 142/964 per arm (Cohort I/

Cohort Il)

sclerosis/9 progressive multiple sclerosis)—three sites—3 T

scanners of multiple vendors

To try to compare the different studies as much as possible, a selection of some of the results reported (in terms of treatment effect, MRl acquisitions and SC level measured) was made—results were selected for 3 T when also dataat 1.5 T were

available. Notice how power calculations differ considering relapsing-remitting multiple sclerosis/secondary progressive multiple sclerosis and primary progressive multiple sclerosis cohorts. CIS, clinically isolated syndrome; CSA, cross-sectional

area; SCV, spinal cord volume; SCT, Spinal Cord Toolbox; PSIR, phase-sensitive inversion recovery; Tlw, Tl-weighted; T2w, T2-weighted.
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deviation ~9%,%¢87-?3 a sizable figure relative to the antici-

pated multiple sclerosis atrophy rate of ~2%/year.
Evaluating atrophy over time requires repeated MRI scans,
which are prone to scan—rescan variability (subject reposi-
tioning, motion artefacts and noise), and calculating CSA
at each time point poses challenges with analysis pipeline re-
producibility, particularly during image segmentation.”®
Accumulated errors from longitudinal data acquisition and
analysis impair the detection of subtle atrophy rates; how-
ever, calculating atrophy after co-registering data using a
generalized boundary shift integral method can minimize
this issue®” and semi-automatic CSA segmentation meth-
ods®®; however, the extent to which the aforementioned
error accumulation is circumvented depends on the
co-registration quality, underscoring the importance of
evaluating the sensitivity of cutting-edge methods for meas-
uring atrophy rates.

As CSA is an important emerging multiple sclerosis biomark-
er, minimizing inter-subject variability is crucial for detecting
subtle atrophy at a given statistical power.?” Various bio-
logical markers have been assessed as explanatory variables
to reduce CSA variability. The relationship between CSA
and age remains inconclusive, despite reports of smaller
cord areas in older individuals.®® Weight and neck length
were also evaluated.®®**”% Currently, there is no universally
agreed-upon method for normalizing CSA and GM area,®®
although total intracranial volume and spinal canal area
seem promising normalization metrics,*¢7%7

Another source of variability is that, typically, CSA is
computed at a given vertebral reference; however, the spinal
and vertebral level’s correspondence varies across indivi-
duals by age and height, as well as within individuals by
head tilt. CSA variability is mitigated by using a CNS ana-
tomical reference other than the spine. For example, comput-
ing CSA at a certain distance from the pontomedullary
junction shows lower intra-subject variability compared
with a vertebral-based method.”*”*

Images require good cord/CSF contrast for CSA computa-
tion and good GM/WM contrast for reliable GM tissue as-
sessment. For 3D acquisitions, isotropic voxels are
preferred over anisotropic to minimize partial volume bias
arising from spinal cord curvature with respect to the im-
aging slice. However, the long scan times for obtaining high-
resolution isotropic data may be prohibitive, and having
higher resolution in the axial plane orthogonal to the cord
axis is ideal. 2D data are commonly acquired axially, with
slices orthogonal to the cord, and in-plane resolution as
high as 0.5x 0.5 mm? and moderate slice thickness ~3—
5 mm to increase signal-to-noise ratio while minimizing par-
tial volume effects due to spine curvature. The preferred
choice between isotropic voxels (say 1 mm isotropic)
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compared with higher axial in-plane (compared with
0.5 mm x 0.5 mm x 4 mm) depends on the degree to which
the axial slices can be oriented perpendicular to the cord
axis which in turn is dependent on the individual spine curva-
ture and more generally which regions of the spine are in-
cluded in the field of view. 3D acquisitions are generally
more efficient for signal-to-noise ratio per unit acquisition
time while shorter 2D acquisitions can be more robust to mo-
tion artefacts and partial volume effects for smaller trans-
axial field of views. The choice of 2D versus 3D, therefore,
also depends on scan time restrictions and coverage needs.

The cord is not always perfectly orthogonal to the slice,
which increases partial volume and CSA/GM area bias,
and requires corrections to the computed area to account
for partial volume and slice angulation with respect to the
main axis of the spinal cord. Artefacts can arise from motion,
sensitivity to shimming (spin echo preferred over gradient
echo to overcome signal dropout biasing segmentation)
and ghosting affecting the spinal cord area. The 3D
T2-weighted fast spin echo is robust to motion and suscepti-
bility artefacts and provides excellent cord/CSF contrast-
to-noise ratio, with a resolution of 0.8 mm isotropic at 3 T
using product coils. 3D-Magnetization-Prepared Rapid
Gradient Echo/inversion recovery spoiled gradient recalled
echo is another popular pulse sequence.*”>”””® CSA esti-
mates depend on spinal cord delineation, which depends
on relaxation parameters (hence sequence choice of repeti-
tion time, echo time, flip angle, etc.).?”

Protocols for separation of cervical and lumbar GM and
WM have been successfully applied in large cohorts of
healthy volunteers, amyotrophic lateral sclerosis and mul-
tiple sclerosis.’?:8¢:73:76:29-10% Thege methods are based on
2D T2*-weighted sequences (often multi-echo: Multi-Echo
Data Image Combination; MEDIC, multi-echo fast field
echo; mFFE, MERGE) and strongly T1-weighted 2D
protocols (single-slice PSIR, radially sampled averaged mag-
netization inversion recovery acquisition),>%86:73:76.98,104
Different MRI acquisition protocols to assess spinal cord at-
rophy for the three main vendors (Siemens®, GE® and
Philips®) have been proposed.”®*” The field’s most complete
work, the so-called spine-generic protocol, included proto-
cols to assess atrophy and advanced quantitative MRI meth-
ods, involved 42 centres worldwide and resulted in an
open-access quantitative MRI database (n=260).""'0°
The spine-generic protocol is currently being used in a
6-year longitudinal study of 300 people with multiple scler-
osis where spinal cord atrophy is one of the study
biomarkers.'®

While the results from research studies suggest that spinal
cord atrophy is a very important biomarker for clinical
management, the various challenges discussed above need
to be met before spinal cord atrophy can provide the
necessary precision required for single subject inference.
Additional examples include confounding effects of such as
pseudo-atrophy similar to that seen in the brain with inter-
feron therapy.'®” However, the outlook is promising with
the recent advancements in longitudinal processing and

BRAIN COMMUNICATIONS 2024, fcae395 | |

better understanding of the acquisition methods. For cohort
studies and clinical trials, current acquisition strategies and
atrophy estimation methods are sufficiently powered.

Given the vast availability of brain MRI compared with
more limited dedicated spinal cord MRI, some researchers
are assessing atrophy found on the brain MRI in the lower
brainstem and what is imaged of the upper cervical spinal
cord. Since brain acquisitions are very commonly sagittal,
it is possible to increase their field of view in the head/foot
direction to include a few vertebral levels of the upper cer-
vical cord, without increasing the acquisition time. When
dedicated spinal cord acquisitions are not available, these
brain acquisitions extended to the upper cervical cord can
be used to reliably assess CSA.*” To be able to do so,
however, it is fundamental to correctly deal with gradient
non-linearity distortions.”” Dedicated spinal cord imaging
is preferable, and certainly brain MRI does not satisfactorily
image the majority of the cervical spinal cord and none of the
thoracic spinal cord.'?%110

Advanced spinal cord
imaging techniques

While conventional MRI methods can provide high-contrast
images of the spinal cord that permit lesion identification and
assessment of volume and atrophy, these types of clinical
scans offer limited specificity and sensitivity to the many
pathological processes that can occur in multiple sclerosis.
To tackle this challenge, numerous advanced imaging techni-
ques have been developed over the last three decades to
probe different aspects of spinal cord structure and function
(Fig. 4).

Magnetization transfer (MT) imaging and variants, there-
of, including MT saturation, quantitative MT and inhomo-
geneous MT, are widely used in spinal cord research
studies. MT probes magnetization exchange between macro-
molecular protons and protons in free water, where the MT
ratio (MTR) quantifies changes in either proton pool.'!*!'*
MT saturation combines MT with T;-weighted imaging,
which enhances the contrast between tissues with different
MT effects and Ty relaxation times. Quantitative MT mea-
sures bound pool properties, including size, exchange rate
and relaxation times.'" Finally, inhomogeneous MT is an
emerging method that isolates the MT signal dependence
on dipolar order relaxation times within motion-constrained
molecules, leading to proposed greater myelin lipid specifi-
city.!'® Evidence of spinal cord microstructural damage in
multiple sclerosis is well documented in the MT literature,
both in vivo and post-mortem.''*!!” Cross-sectional ana-
lysis demonstrates reduced relapsing-remitting multiple
sclerosis cervical cord MTR and inhomogeneous MTR rela-
tive to matched controls,”>1%!1? and that MTR abnormal-
ities can be both focal and diffuse."'® Longitudinal
monitoring reveals reductions in cervical cord MTR at 2
and 3 years, as well as correlations between subject-specific

G20z Aieniga4 0| uo Jasn |eanuojy ap anbiuyoslkjod 81007 Aq §856/8//S6ESBIL/9/9/0101IB/SWILOOUIRIC/WO0D dNO"dIWapeae//:sd)y Wol) PapEojuMO(]



B. M. Keegan et al.

BRAIN COMMUNICATIONS 2024, fcae395

12 |

Downloaded from https://academic.oup.com/braincomms/article/6/6/fcae395/7879588 by Ecole Polytechnique de Montreal user on 10 February 2025

*AIAISNYIP [eIped ‘QY ‘1 2AnEIRUEND ‘| |Jb ‘Xapul uoisiadsip uonelualio | ‘ANAISNYIP UBsW ‘. ‘UOIIDEI} SWN|OA Je[n[|9d-BIuUl vy | N ‘uonde.y Juswiaedwod sidoaost ‘Os|4

‘UonDe. SWN|OA Jenj[@3e.3ul ‘JAD]H Adoanosiue [euonded) ‘4 ‘ANAISNYIP 21d0DSOUDIW SSIDASURIY DILINAU-BAIXD ‘SNVYL-VYLXT ‘AUAISNYIp ueaw 31d0dS0UdIW DI1INBU-BIXD ‘Q-VYLXT ‘SuiSew
J0sua1 uoIsNYIp ‘v | d “uawiedwod 51do.os] 3Y3 JO USR03 UOISNYIP ‘44|Q AHAISNIP [BIXE ‘Y “UOIssIuId Yam pasn . 0 18 Buljiyas ul 9 31y wody payipow 3 ul SuiSews uoisnyq "uoissiwad
UM pasn || “ID 19 YIS Ul 4 W Ul | | dAnEIRUEND 38ewep [e4n1dnuis 03 dsuodsad ul swsiueydaw Aioresuadwod Juasaidau Aew A11ANO3UUOD pasea.dul SUNSISENS ‘SILBW [BINIINIISOIIIW
UOISNJIP YIIM $S9IE[9.L1I0D SSWIISWOS YDIYM ‘AIAIIDSUUOD Ul SUOIIEISI[E [BDO| S9IBJISUOWISP [Y|4] [BUONDUN) 91BIS-SUNSY (4) "XSPUl UOISIadSIP UOIIBIUSLIO PUB UOIIDEBI) SWIN|OA JB|N|[9J..1IUI ‘UODER.Y
Juswiaedwod 51do.a30s! ‘UOIIDE.L} SWIN|OA Je|N||93-Bq3ul ‘ANAISNYIP 21d0ISO.IDIW 3SIDASURI] I1INSU-BAIXS ‘AIIAISNYIP UBSW 1dOSOUDIW 1INBU-BIIXD ‘QudWIedwod 51doa30s! 33 JO JUSIDIYYS0D UoISNYIp
‘LUAISNYIP [eIPRJ ‘AUAISNYIP UBSW ‘Y74 ‘AUAISNYIP [BIXE SEB UdNS soL3dw 9onpoud o3 Suigew Aisusp pue uoistadsip uoneIuaLIO 931nau pue anbjuysal ueaw [edluayds ‘Buidew Josual uoisnyip (3)
3ulpn[dul s2.4n3e3) [BINIINJISOIDIW PUE SILIIDW PAIE[J-UOISNYIP 1DBIIXS 0 ISIX S|opouwl [edisAydoiq pue [eonewayiew Juatayip Auel, ‘sdew Jaysueay uoyoud apiwe Aq paynuenb sapndad pue suezoud
YIM pa3eldosse suojo.d apiwe $33933p A[323.1pul J9jsueJ) uopeanies a3ueydxa [ed1wayd) (@) 9ousanbas A19A023. UOISISAUl OYd3-Ulds € JO UOIIDNIISUODII [BDJ B UO PIseq S| pue uopedylauenb eaue
Joj aueraodwi 9q 03 UMOYs U33q sey Jeya Snbjuyd) [BIXE SY3 WO JUSIYIP 95uanbas & uo paseq si |od010.d [2318es SIYy3 3BYI paIou 3q p|noys 31 ‘suoiss| yS1ysiy sdisy yY|Sd (D) sawin uonexead T
Uo paseq sJ4aAe|Iq Ulj2AW Y1 USIMI] J9IBM WO [eusis saejos! SuiSew uondel) 4a1em Ul (g) ‘Jood punoq aya jo sanuadoud aunseaw 03 sWie | || 9ANEINUENY) “IUSWIISE JSUULDS-J3IUl 9SBIIDUI
03 9ouapuadap ! | s93Npad YdIym ‘UoneanIes | | 9IB|Nd[ed 01 pasn 3q ued dewl (M| |) PaIySiom-! ] \ "|0JIU0D paydIBW B O3 dAIIE[3J pJod Jeulds [eq3uaA Y31 9y Ul uoisa| padeys-a8pam e uiyim
YL Ul @seaudap & smoys juedidnued gy ue ul dew Y] |y [BIXE PJOD [BIIAIDD dAIIEIUDSDIARI W "Y L |\ 9Y2 SAPIACId (O |\/UO ] N—HO 1 |A) Olred pazijew.ou ay3 Buidewi o1 Jolud jood Jejndsjowoidew
a3 1eanaes AjjenJed o1 paijdde si 1eys as|nd 9oueUOSSU-JO UB (JJO | |4|) INOYIM PUE (UO ] |\]) YIIM UEDS & 9AjoAul ued Suidew | | () *p402 [eulds ay3 ul sanbiuysa) SuiSew pasueApy  24nSi4

2
e Gr- - oS

wedonied , z 7 P
SN ue jo dew |10 ,
pepoouUa-Io _ , @

T
SNVHL-VHLXTI dWN-VH.LXI 4410

edonied

[eUoIOD [epibes S|y ue Jo dew v

[M leuonouny ajejs Bunsay 4

uopoel4
Ja5ep
uieAn

[ )
(S1d) WL :.W'ulm.@.c__ _JesLN

I (jonuoo) Y1 !

K19A0281 UOISIBAUI
sBueyox3 [eolwayd (] aAljIsuas aseyd Jajsuel] COZMNS@C@NS_




Spinal cord evaluation in multiple sclerosis

MTR change and EDSS.>* Strong correlations between 2-
and S-year cervical cord MTR suggest that changes at 2 years
may predict changes at 5 years.>* MTR and inhomogeneous
MTR cervical cord normal-appearing WM z-scores also cor-
relate with disability measures.'

Another common advanced imaging technique to study
multiple sclerosis spinal cord is diffusion MRI, which probes
water movement within tissue in different directions and
compartments. Many different mathematical and biophysic-
al models exist to extract different diffusion-related metrics
and microstructural features from diffusion data, including
diffusion tensor imaging, diffusion kurtosis imaging, neurite
orientation dispersion and density imaging, diffusion basis
spectrum imaging, g-space imaging and spherical mean
technique.'?°"'%? Like MT, diffusion is widely used in mul-
tiple sclerosis research studies to demonstrate spinal cord
microstructural abnormalities."'”'*° Cervical cord fraction-
al anisotropy (FA) is consistently reduced, and diffusivity
measures are elevated in multiple sclerosis, as well
as in CIS who converted to clinically definite multiple
sclerosis.”*'2312 FA of the lateral funiculi can be a predictor
of EDSS,’? and mean cord FA correlates with nine-hole peg
test in relapsing-remitting multiple sclerosis.'** Lower FA
also significantly correlates with longer latencies measured
on the tibialis anterior muscle.'*® Reduced cervical cord
neurite orientation dispersion and density imaging-
derived neurite density index correlates with increased
EDSS,'*” and spherical mean technique-derived apparent
axonal volume fraction is reduced in lesions and normal-
appearing WM compared with controls.'*® Finally, increased
g-space imaging-derived perpendicular diffusivity is asso-
ciated with disability worsening, where higher cervical cord
perpendicular diffusivity (and lower CSA) at baseline pre-
dicts worse disability at 3 years.'*’

Numerous other advanced imaging methods are emerging
that show promise for studying multiple sclerosis spinal cord
pathology. Resting-state functional MRI demonstrates lesions
are associated with local alterations in connectivity,'*° and cer-
vical cord dorsal network functional connectivity correlates
with FA, radial and mean diffusivity, suggesting increased con-
nectivity may represent compensatory mechanisms in response
to structural damage.'** Myelin water imaging reveals cervical
cord abnormalities in relapsing-remitting multiple sclerosis and
progressive multiple sclerosis and associations with EDSS and
nine-hole peg test in progressive patients.'*"!* The creation
of normative myelin water fraction atlases can be used to high-
light cervical cord myelin abnormalities in individual pa-
tients.'>® Quantitative susceptibility mapping has the
potential to inform on both myelin and iron by quantifying
the relative susceptibility between tissues; however, this meth-
od has not yet been applied to multiple sclerosis spinal
cord"®3* Amide proton transfer chemical exchange satur-
ation transfer, which indirectly detects amide protons asso-
ciated with proteins and peptides, shows multiple sclerosis
cord normal-appearing WM amide proton transfer signals
are significantly different from controls.'*> Magnetic
resonance spectroscopy quantifies metabolites, including
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n-acetyl-aspartate, related to neuronal integrity and mitochon-
drial function. Studies have shown reduced spinal cord
n-acetyl-aspartate, as well as correlations between cord n-
acetyl-aspartate and EDSS.''*'3¢ Cervical cord n-acetyl-
aspartate/creatine can also differentiate between focal and
diffuse lesions and is significantly associated with cord atrophy,
as well as disability progression.'*” Sodium imaging reports in-
creases in relapsing-remitting multiple sclerosis spinal cord to-
tal sodium concentration, which correlates with reduced FA
and decreased mediolateral stability."*® Improvements in posi-
tron emission tomography (PET) hardware, reconstruction
and post-processing raises the possibility of quantitative PET
imaging in multiple sclerosis spinal cord, but no studies are re-
ported to date.'®’

However, despite the availability of many advanced im-
aging techniques that can provide specific and quantitative
information about multiple sclerosis microstructure, several
obstacles hinder their widespread translation to clinical prac-
tice, particularly for spinal cord imaging. Technical chal-
lenges include artefacts caused by cardiac and respiratory
motion, swallowing and CSF pulsations, and the inherently
low signal to noise and poor imaging resolution due to the
spinal cord’s ability to move and small size—comparable
with one’s smallest finger. Harmonization of data acquisi-
tion and analysis across different sites and vendors is essen-
tial but not straightforward, and specialized pulse
sequences may not be available on all systems. In some in-
stances, data acquisition and analysis may also be time-
consuming, limiting the feasibility for patient studies.
Finally, to identify abnormalities, data from multiple scler-
osis must be compared to healthy controls. The relatively
small number of normative atlases limits wide-scale imple-
mentation. These challenges both demonstrate the critical
need and present an opportunity, for continued spinal cord
imaging research, with particular emphasis on robustness
and ease of implementation for clinical translation.

Conclusion

Growing evidence increasingly confirms the importance of
spinal cord involvement in multiple sclerosis, supporting
the need to further advance clinical and research use of spinal
cord imaging to investigate multiple sclerosis. The North
American Imaging in Multiple Sclerosis provides a structural
framework by experts from a variety of institutions combin-
ing distinct strengths. Collaborative research by the North
American Imaging in Multiple Sclerosis, and similar groups,
is key to advancing assessment and treatment of spinal cord
disease and ultimately improving outcomes for people living
with multiple sclerosis.

Supplementary material

Supplementary material is available at Brain Communications
online.

G20z Aieniga4 0| uo Jasn |eanuojy ap anbiuyoslkjod 81007 Aq §856/8//S6ESBIL/9/9/0101IB/SWILOOUIRIC/WO0D dNO"dIWapeae//:sd)y Wol) PapEojuMO(]


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae395#supplementary-data

14 | BRAIN COMMUNICATIONS 2024, fcae395

Acknowledgements

The authors thank Ms. Karie Krantz and Ms. Lea Dacy for
the administrative assistance.

Funding

The authors report no funding source directly for this
submission.

Competing interests

B.M.K.: consulting EMD Serono, royalties Oxford
University Press Mayo Clinic Cases in Neuroimmunology.
M.A.: consulting Biogen, Abata Therapeutics, Sanofi-
Genzyme and GSK. E.P.F.: grants or contracts UCB, NIH
and Medimmune/Viela Bio/Horizon Therapeutics; royalties
UpToDate; honoraria Pharmacy Times; Patents DACH1-
IgG as a biomarker of paraneoplastic autoimmunity; partici-
pation on a Data Safety Monitoring Board Alexion,
Genentech, Horizon Therapeutics and UCB, MOG project;
and leadership or fiduciary roles Journal of the
Neurological Sciences and Neuroimmunology Reports.
R.G.H.: grants or contracts Roche/Genentech and Atara;
consulting Roche/Genentech Boston Pharma QIA and LLC;
honoraria Sanofi; and participation on a Data Safety
Monitoring Board Roche and Novartis. E.C.K: grants or con-
tracts AbbVie, Biogen, Genentech; consulting Banner Life
Sciences, EMD Serono, Galen/Atlantica Genentech,
Greenwich  Biosciences, INmune Bio, Myrobalan
Therapeutics, OM1 and TG Therapeutics, honoraria
BioPharm Communications, MJH Lifesciences; and partici-
pation on a Data Safety Monitoring Board Tiziana Life
Sciences. S.K: grants Roche and Biogen. S.K.: grants or con-
tracts Biogen BMS Novartis Sanofi; consulting Baim
Institute Biogen Cycle EMD Serono Genentech Novartis
Ootave Genzyme/Sanofi TG Therapeutics; and honoraria
Biogen EMD Serono Genentech TG Therapeutics. N.P.: re-
search support Race to Erase MS. A.T.: grants or contracts
Hilton Foundation, Roche, AbbVie, honoraria Biogen and
Roche, support for attending meetings EMD Serono; and par-
ticipation on a Data Safety Monitoring Board Sanofi
Genzyme, Roche. J.C.-A., C.L.; J.A.L., S.M., J.O. and
S.A.S.: no competing interests.

Data availability

Data sharing is not applicable to this article as no new data
were created or analysed in this study.

References

1. Kuhlmann T, Moccia M, Coetzee T, et al. Multiple sclerosis pro-
gression: Time for a new mechanism-driven framework. Lancet
Neurol. 2023;22(1):78-88.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

B. M. Keegan et al.

Thompson AJ, Banwell BL, Barkhof F, et al. Diagnosis of multiple
sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol.
2018;17(2):162-173.

Kerbrat A, Gros C, Badji A, et al. Multiple sclerosis lesions in mo-
tor tracts from brain to cervical cord: Spatial distribution and cor-
relation with disability. Brain. 2020;143(7):2089-2105.

Petrova N, Carassiti D, Altmann DR, Baker D, Schmierer K.
Axonal loss in the multiple sclerosis spinal cord revisited. Brain
Pathol. 2018;28(3):334-348.

Laule C, Yung A, Pavolva V, ef al. High-resolution myelin water
imaging in post-mortem multiple sclerosis spinal cord: A case re-
port. Mult Scler. 2016;22(11):1485-1489.

Waldman AD, Catania C, Pisa M, Jenkinson M, Lenardo M], De
Luca GC. Histopathological characterization of staged lesion top-
ography in the multiple sclerosis spinal cord. bioRxiv. [Preprint]
doi:10.1101/2022.06.14.22276413

Luchetti S, Fransen NL, van Eden CG, Ramaglia V, Mason M,
Huitinga I. Progressive multiple sclerosis patients show substantial
lesion activity that correlates with clinical disease severity and sex:
A retrospective autopsy cohort analysis. Acta Neuropathol. 2018;
135(4):511-528.

Trobisch T, Zulji A, Stevens NA, et al. Cross-regional homeostatic
and reactive glial signatures in multiple sclerosis. Acta
Neuropathol. 2022;144(5):987-1003.

Waldman AD, Catania C, Pisa M, Jenkinson M, Lenardo M],
DeLuca GC. The prevalence and topography of spinal cord demye-
lination in multiple sclerosis: A retrospective study. Acta
Neuropathol. 2024;147(1):51.

Petrova N, Nutma E, Carassiti D, et al. Synaptic loss
in multiple sclerosis spinal cord. Amn Neurol. 2020;88(3):
619-625.

Bagnato F, Sati P, Hemond CC, et al. Imaging chronic active le-
sions in multiple sclerosis: A consensus statement. Brain. 2024;
147(9):2913-2933.

Clarke MA, Witt AA, Robison RK, et al. Cervical spinal cord
susceptibility-weighted MRI at 7T: Application to multiple scler-
osis. Neuroimage. 2023;284:120460.

Reali C, Magliozzi R, Roncaroli F, Nicholas R, Howell OW,
Reynolds R. B cell rich meningeal inflammation associates with in-
creased spinal cord pathology in multiple sclerosis. Brain Pathol.
2020;30(4):779-793.

Absinta M, Vuolo L, Rao A, et al. Gadolinium-based MRI charac-
terization of leptomeningeal inflammation in multiple sclerosis.
Neurology. 2015;85(1):18-28.

Vercellino M, Costantini G, Cogoni M, et al. Association of MRI
leptomeningeal enhancement with disability worsening in progres-
sive multiple sclerosis: A clinical and post-mortem study. Mulz
Scler. 2023;29(13):1526-1539.

Schmierer K, Miquel ME. Magnetic resonance imaging correlates
of neuro-axonal pathology in the MS spinal cord. Brain Pathol.
2018;28(5):765-772.

McDowell AR, Petrova N, Carassiti D, et al. High-resolution
quantitative MRI of multiple sclerosis spinal cord lesions. Magn
Reson Med. 2022;87(6):2914-2921.

De Meo E, Bonacchi R, Moiola L, et al. Early predictors of 9-year
disability in pediatric multiple sclerosis. Ann Neurol. 2021;89(5):
1011-1022.

Lebrun-Frénay C, Rollot F, Mondot L, et al. Risk factors and time
to clinical symptoms of multiple sclerosis among patients with
radiologically isolated syndrome. JAMA Netw Open. 2021;
4(10):¢2128271.

Murphy OC, Barreras P, Villabona-Rueda A, Mealy M, Pardo CA.
Identification of specific causes of myelopathy in a large cohort of
patients initially diagnosed with transverse myelitis. ] Neurol Sci.
2022;442:120425.

Solomon AJ, Arrambide G, Brownlee W], et al. Differential diag-
nosis of suspected multiple sclerosis: An updated consensus ap-
proach. Lancet Neurol. 2023;22(8):750-768.

G20z Aieniga4 0| uo Jasn |eanuojy ap anbiuyoslkjod 81007 Aq §856/8//S6ESBIL/9/9/0101IB/SWILOOUIRIC/WO0D dNO"dIWapeae//:sd)y Wol) PapEojuMO(]


https://doi.org/10.1101/2022.06.14.22276413

Spinal cord evaluation in multiple sclerosis

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wattjes MP, Ciccarelli O, Reich DS, et al. 2021
MAGNIMS-CMSC-NAIMS consensus recommendations on the
use of MRI in patients with multiple sclerosis. Lancet Neurol.
2021;20(8):653-670.

Cacciaguerra L, Sechi E, Rocca MA, Filippi M, Pittock SJ,
Flanagan EP. Neuroimaging features in inflammatory myelopa-
thies: A review. Front Neurol. 2022;13:993645.

Zalewski NL, Rabinstein AA, Krecke KN, et al. Characteristics of
spontaneous spinal cord infarction and proposed diagnostic cri-
teria. JAMA Neurol. 2019;76(1):56-63.

Sechi E, Krecke KN, Pittock SJ, ez al. Frequency and characteristics
of MRI-negative myelitis associated with MOG autoantibodies.
Mult Scler. 2021;27(2):303-308.

Asnafi S, Morris PP, Sechi E, et al. The frequency of longitudinally
extensive transverse myelitis in MS: A population-based study.
Mult Scler Relat Disord. 2020;37:101487.

Mustafa R, Passe TJ, Lopez-Chiriboga AS, et al. Utility of MRI en-
hancement pattern in myelopathies with longitudinally extensive
T2 lesions. Neurol Clin Pract. 2021;11(5):e601-e611.

Qiu W, Wu JS, Zhang MN, et al. Longitudinally extensive myelop-
athy in Caucasians: A West Australian study of 26 cases from the
Perth Demyelinating Diseases Database. | Newurol Neurosurg
Psychiatry. 2010;81(2):209-212.

Maloney JA, Mirsky DM, Messacar K, Dominguez SR, Schreiner
T, Stence NV. MRI findings in children with acute flaccid paralysis
and cranial nerve dysfunction occurring during the 2014 entero-
virus D68 outbreak. Am | Neuroradiol. 2015;36(2):245-250.
Dubey D, Pittock SJ, Krecke KN, et al. Clinical, radiologic, and
prognostic features of myelitis associated with myelin oligo-
dendrocyte glycoprotein autoantibody. JAMA Neurol. 2019;
76(3):301-309.

Ciccarelli O, Cohen JA, Reingold SC, Weinshenker BG;
International Conference on Spinal Cord Involvement and
Imaging in Multiple Sclerosis and Neuromyelitis Optica
Spectrum Disorders. Spinal cord involvement in multiple sclerosis
and neuromyelitis optica spectrum disorders. Lancet Neurol.
2019;18(2):185-197.

Cacciaguerra L, Abdel-Mannan O, Champsas D, et al. Radiologic
lag and brain MRI lesion dynamics during attacks in MOG
antibody-associated disease. Neurology. 2024;102(10):€209303.
Sechi E, Krecke KN, Messina SA, et al. Comparison of MRI lesion
evolution in different central nervous system demyelinating disor-
ders. Neurology. 2021;97(11):e1097-e1109.

Oh J, Chen M, Cybulsky K, et al. Five-year longitudinal changes in
quantitative spinal cord MRI in multiple sclerosis. Mult Scler.
2021;27(4):549-558.

Brownlee W], Altmann DR, Prados F, et al. Early imaging predic-
tors of long-term outcomes in relapse-onset multiple sclerosis.
Brain. 2019;142(8):2276-2287.

Bussas M, El Husseini M, Harabacz L, et al. Multiple sclerosis lesions
and atrophy in the spinal cord: Distribution across vertebral levels
and correlation with disability. Neuroimage Clin. 2022;34:103006.
Alcaide-Leon P, Cybulsky K, Sankar S, et al. Quantitative
spinal cord MRI in radiologically isolated syndrome. Neurol
Neuroimmunol Neuroinflamm. 2018;5(2):e436.

Ostini C, Bovis F, Disanto G, et al. Recurrence and prognostic va-
lue of asymptomatic spinal cord lesions in multiple sclerosis. | Clin
Med Res. 2021;10(3):463.

Granella F, Tsantes E, Graziuso S, Bazzurri V, Crisi G, Curti E.
Spinal cord lesions are frequently asymptomatic in relapsing-
remitting multiple sclerosis: A retrospective MRI survey.
J Neurol. 2019;266(12):3031-3037.

Lim TRU, Kumaran SP, Suthiphosuwan S, et al. Limited utility of
adding 3T cervical spinal cord MRI to monitor disease activity in
multiple sclerosis. Mult Scler. 2024;30(4-5):505-515.

Ruggieri S, Prosperini L, Petracca M, et al. The added value of
spinal cord lesions to disability accrual in multiple sclerosis.
J Neurol. 2023;270(10):4995-5003.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

BRAIN COMMUNICATIONS 2024, fcae395 | 15

Dallera G, Affinito G, Caliendo D, et al. The independent contribu-
tion of brain, spinal cord and gadolinium MRI in treatment deci-
sion in multiple sclerosis: A population-based retrospective
study. Mult Scler Relat Disord. 2023;69:104423.

Zecca C, Disanto G, Sormani MP. Relevance of asymptomatic
spinal MRI lesions in patients with multiple sclerosis. Mult Scler.
2016;22(6):782-791.

Di Sabatino E, Gaetani L, Sperandei S, ef al. The no evidence of dis-
ease activity (NEDA) concept in MS: Impact of spinal cord MRL.
J Neurol. 2022;269(6):3129-3135.

Lebrun-Frenay C, Kantarci O, Siva A, Sormani MP, Pelletier D,
Okuda DT. Radiologically isolated syndrome: 10-year risk esti-
mate of a clinical event. Ann Neurol. 2020;88(2):407-417.
Arrambide G, Rovira A, Sastre-Garriga ], et al. Spinal cord lesions:
A modest contributor to diagnosis in clinically isolated syndromes
but a relevant prognostic factor. Mult Scler. 2018;24(3):301-312.
Bischof A, Papinutto N, Keshavan A, et al. Spinal cord atrophy
predicts progressive disease in relapsing multiple sclerosis. Ann
Neurol. 2022;91(2):268-281.

Rocca MA, Valsasina P, Meani A, et al. Spinal cord lesions and
brain grey matter atrophy independently predict clinical worsening
in definite multiple sclerosis: A 5-year, multicentre study. | Neurol
Neurosurg Psychiatry. 2022;94(1):10-18.

Sastre-Garriga J, Pareto D, Battaglini M, et al. MAGNIMS consensus
recommendations on the use of brain and spinal cord atrophy mea-
sures in clinical practice. Nat Rev Neurol. 2020;16(3):171-182.
Lukas C, Knol DL, Sombekke MH, et al. Cervical spinal cord vol-
ume loss is related to clinical disability progression in multiple
sclerosis. ] Neurol Neurosurg Psychiatry. 2015;86(4):410-418.
Casserly C, Seyman EE, Alcaide-Leon P, et al. Spinal cord atrophy
in multiple sclerosis: A systematic review and meta-analysis.
] Neuroimaging. 2018;28(6):556-586.

Song X, Li D, Qiu Z, et al. Correlation between EDSS scores and
cervical spinal cord atrophy at 3T MRI in multiple sclerosis: A sys-
tematic review and meta-analysis. Mult Scler Relat Disord. 2020;
37:101426.

Bonacchi R, Pagani E, Meani A, et al. Clinical relevance of multi-
parametric MRI assessment of cervical cord damage in multiple
sclerosis. Radiology. 2020;296(3):605-615.

Schlaeger R, Papinutto N, Panara V, et al. Spinal cord gray matter
atrophy correlates with multiple sclerosis disability. Ann Neurol.
2014;76(4):568-580.

Suleman S, Harwood M, Kang P, Narayan R, Hughes JN.
Assessment of cervical spinal cord volume in pediatric-onset mul-
tiple sclerosis. Clin Imaging. 2022;90:44-49.

Lycklama a Nijeholt GJ, Barkhof F, Scheltens P, et al. MR of the
spinal cord in multiple sclerosis: Relation to clinical subtype and
disability. Am | Neuroradiol. 1997;18(6):1041-1048.

Kearney H, Miszkiel KA, Yiannakas MC, Altmann DR, Ciccarelli
O, Miller DH. Grey matter involvement by focal cervical spinal
cord lesions is associated with progressive multiple sclerosis.
Mult Scler. 2016522(7):910-920.

Gass A, Rocca MA, Agosta F, et al. MRI monitoring of pathologic-
al changes in the spinal cord in patients with multiple sclerosis.
Lancet Neurol. 2015;14(4):443-454.

Keegan BM, Kaufmann TJ, Weinshenker BG, et al. Progressive
solitary sclerosis: Gradual motor impairment from a single CNS
demyelinating lesion. Neurology. 2016;87(16):1713-1719.
Keegan BM, Kaufmann TJ, Weinshenker BG, et al. Progressive mo-
tor impairment from a critically located lesion in highly restricted
CNS-demyelinating disease. Mult Scler. 2018;24(11):1445-1452.
Sechi E, Keegan BM, Kaufmann TJ, Kantarci OH, Weinshenker
BG, Flanagan EP. Unilateral motor progression in MS:
Association with a critical corticospinal tract lesion. Neurology.
2019;93(7):€628-¢634.

Jackson-Tarlton CS, Flanagan EP, Messina SA, et al. Progressive
motor impairment from “critical” demyelinating lesions of the cer-
vicomedullary junction. Mult Scler. 2023;29(1):74-80.

G20z Aieniga4 0| uo Jasn |eanuojy ap anbiuyoslkjod 81007 Aq §856/8//S6ESBIL/9/9/0101IB/SWILOOUIRIC/WO0D dNO"dIWapeae//:sd)y Wol) PapEojuMO(]



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

| BRAIN COMMUNICATIONS 2024, fcae395

Keegan BM, Messina SA, Hanson D, et al. MR imaging features of
critical spinal demyelinating lesions associated with progressive
motor impairment. Am | Neuroradiol. 2024;45(7):943-950.
Sechi E, Messina S, Keegan BM, et al. Critical spinal cord lesions
associate with secondary progressive motor impairment in long-
standing MS: A population-based case-control study. Mult Scler.
2021;27(5):667-673.

Jackson-Tarlton CS, Keegan BM, Fereidan-Esfahani M, et al.
Spinal cord and brain corticospinal tract lesions are associated
with motor progression in tumefactive multiple sclerosis. Mult
Scler Relat Disord. 2023;73:104614.

Vollmer TL, Nair KV, Williams IM, Alvarez E. Multiple sclerosis
phenotypes as a continuum: The role of neurologic reserve. Neurol
Clin Pract. 2021;11(4):342-351.

Laitman BM, Cook K, Fletcher M, Krieger SC. The topographical
model of MS: Empirical evaluation of the recapitulation hypoth-
esis. Mult Scler | Exp Transl Clin. 2018;4(4):2055217318806527.
Krieger S. On cave paintings and shallow waters—The case for ad-
vancing spinal cord imaging in multiple sclerosis. JAMA Neurol.
2022;79(1):9-10.

Sastre-Garriga ], Rovira A, Garcia-Vidal A, et al. Spinal cord re-
serve in multiple sclerosis. ] Neurol Neurosurg Psychiatry. 2023;
94(7):502-510.

Galler S, Stellmann JP, Young KL, ez al. Improved lesion detection
by using axial T2-weighted MRI with full spinal cord coverage in
multiple sclerosis. Am | Neuroradiol. 2016;37(5):963-969.
Vincent O, Gros C, Cohen JP, Cohen-Adad J. Automatic segmen-
tation of spinal multiple sclerosis lesions: How to generalize across
MRI contrasts? arXiv. [Preprint] doi:10.48550/arXiv.2003.04377
Commowick O, Combes B, Cervenansky F, Dojat M. Automatic
methods for multiple sclerosis new lesions detection and segmenta-
tion. Frontiers Media SA; 2023.

Cerri S, Puonti O, Meier DS, et al. A contrast-adaptive method for
simultaneous whole-brain and lesion segmentation in multiple
sclerosis. Neuroimage. 2021;225:117471.

Hitziger S, Ling WX, Fritz T, D’Albis T, Lemke A, Grilo J.
Triplanar U-Net with lesion-wise voting for the segmentation of
new lesions on longitudinal MRI studies. Front Neurosci. 2022;
16:964250.

Gros C, De Leener B, Badji A, ef al. Automatic segmentation of
the spinal cord and intramedullary multiple sclerosis lesions
with convolutional neural networks. Neuroimage. 2019;184:
901-915.

De Leener B, Fonov VS, Collins DL, Callot V, Stikov N,
Cohen-Adad J. PAMS50: Unbiased multimodal template of the
brainstem and spinal cord aligned with the ICBM152 space.
Neuroimage. 2018;165:170-179.

Nichyporuk B, Cardinell ], Szeto ], et al. Cohort bias adaptation in
aggregated datasets for lesion segmentation. In: Domain adapta-
tion and representation transfer, and affordable healthcare and
Al for resource diverse global health. Springer International
Publishing; 2021:101-111.

Sheller MJ, Edwards B, Reina GA, et al. Federated learning in
medicine: Facilitating multi-institutional collaborations without
sharing patient data. Sci Rep. 2020;10(1):12598.

Khan M1, Jafaritadi M, Alhoniemi E, Kontio E, Khan SA. Adaptive
weight aggregation in federated learning for brain tumor segmenta-
tion. In: Brainlesion: Glioma, multiple sclerosis, stroke and
traumatic brain injuries. Springer International Publishing;
2022:455-469.

Bak M, Madai VI, Celi LA, et al. Federated learning is not a cure-
all for data ethics. Nat Mach Intell. 2024;6(4):370-372.

Cawley N, Tur C, Prados F, et al. Spinal cord atrophy as a primary
outcome measure in phase Il trials of progressive multiple sclerosis.
Mult Scler. 2018;24(7):932-941.

Moccia M, Prados F, Filippi M, et al. Longitudinal spinal cord at-
rophy in multiple sclerosis using the generalized boundary shift in-
tegral. Ann Neurol. 2019;86(5):704-713.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

B. M. Keegan et al.

Tsagkas C, Magon S, Gaetano L, et al. Preferential spinal cord vol-
ume loss in primary progressive multiple sclerosis. Mult Scler.
2019;25(7):947-957.

Montalban X, Hauser SL, Kappos L, et al. Ocrelizamab versus pla-
cebo in primary progressive multiple sclerosis. N Engl | Med.
2017;376(3):209-220.

Moccia M, Valsecchi N, Ciccarelli O, Van Schijndel R, Barkhof F,
Prados F. Spinal cord atrophy in a primary progressive multiple
sclerosis trial: Improved sample size using GBSI. Neuroimage
Clin. 2020;28:102418.

Papinutto N, Asteggiano C, Bischof A, et al. Intersubject variability
and normalization strategies for spinal cord total cross-sectional
and gray matter areas. | Neuroimaging. 2020;30(1):110-118.
Bautin P, Cohen-Adad J. Minimum detectable spinal cord atrophy
with automatic segmentation: Investigations using an open-access
dataset of healthy participants. Newuroimage Clin. 2021;32:
102849.

Valsasina P, Horsfield MA, Meani A, et al. Improved assessment of
longitudinal spinal cord atrophy in multiple sclerosis using a
registration-based approach: Relevance for clinical studies.
J Magn Reson Imaging. 2022;55(5):1559-1568.

Losseff NA, Webb SL, O’Riordan JI, ez al. Spinal cord atrophy and
disability in multiple sclerosis. A new reproducible and sensitive
MRI method with potential to monitor disease progression.
Brain. 1996;119(Pt 3):701-708.

Weeda MM, Middelkoop SM, Steenwijk MD, et al. Validation of
mean upper cervical cord area (MUCCA) measurement techniques
in multiple sclerosis (MS): High reproducibility and robustness to
lesions, but large software and scanner effects. Neuroimage Clin.
2019;24:101962.

Branco LMT, Rezende TJR, Reis F, Franca MC Jr. Advanced
structural magnetic resonance imaging of the spinal cord:
Technical aspects and clinical use. Semin Ultrasound CT MR.
2023;44(5):464-468.

Mariano R, Messina S, Roca-Fernandez A, Leite MI, Kong Y,
Palace JA. Quantitative spinal cord MRI in MOG-antibody dis-
ease, neuromyelitis optica and multiple sclerosis. Brain. 2021;
144(1):198-212.

Kesenheimer EM, Wendebourg MJ, Weigel M, er al
Normalization of spinal cord total cross-sectional and gray
matter areas as quantified with radially sampled averaged magnet-
ization inversion recovery acquisitions. Front Neurol. 2021;12:
637198.

Bédard S, Cohen-Adad J. Automatic measure and normalization of
spinal cord cross-sectional area using the pontomedullary junc-
tion. Front Neuroimaging. 2022;1:1031253.

Bédard S, Bouthillier M, Cohen-Adad J. Pontomedullary junction
as a reference for spinal cord cross-sectional area: Validation
across neck positions. Sci Rep. 2023;13(1):13527.

Nigri A, Dalla Bella E, Ferraro S, et al. Cervical spinal cord atrophy
in amyotrophic lateral sclerosis across disease stages. Ann Clin
Transl Neurol. 2023;10(2):213-224.

Papinutto N, Bakshi R, Bischof A, et al. Gradient nonlinearity ef-
fects on upper cervical spinal cord area measurement from 3D
T;-weighted brain MRI acquisitions. Magn Reson Med. 2018,
79(3):1595-1601.

Papinutto N, Henry RG. Evaluation of intra- and interscanner re-
liability of MRI protocols for spinal cord gray matter and total
cross-sectional area measurements. | Magn Reson Imaging.
2019;49(4):1078-1090.

Cohen-Adad J, Alonso-Ortiz E, Abramovic M, et al. Generic ac-
quisition protocol for quantitative MRI of the spinal cord. Nat
Protoc. 2021;16(10):4611-4632.

Cohen-Adad ], Alonso-Ortiz E, Alley S, et al. Comparison of mul-
ticenter MRI protocols for visualizing the spinal cord gray matter.
Magn Reson Med. 2022;88(2):849-859.

Yiannakas MC, Liechti MD, Budtarad N, et al. Gray vs. white
matter segmentation of the conus medullaris: Reliability and

G20z Aieniga4 0| uo Jasn |eanuojy ap anbiuyoslkjod 81007 Aq §856/8//S6ESBIL/9/9/0101IB/SWILOOUIRIC/WO0D dNO"dIWapeae//:sd)y Wol) PapEojuMO(]


https://doi.org/10.48550/arXiv.2003.04377

Spinal cord evaluation in multiple sclerosis

102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

variability in healthy volunteers. | Newuroimaging. 2019;29(3):
410-417.

Biieler S, Yiannakas MC, Damjanovski Z, Freund P, Liechti MD,
David G. Optimized multi-echo gradient-echo magnetic resonance
imaging for gray and white matter segmentation in the lumbosa-
cral cord at 3 T. Sci Rep. 2022;12(1):16498.

Tsagkas C, Huck-Horvath A, Cagol A, et al. Anterior horn atro-
phy in the cervical spinal cord: A new biomarker in progressive
multiple sclerosis. Mult Scler. 2023;29(6):702-718.

Block V], Cheng S, Juwono J, et al. Association of daily physical
activity with brain volumes and cervical spinal cord areas in mul-
tiple sclerosis. Mult Scler. 2023;29(3):363-373.

Cohen-Adad ], Alonso-Ortiz E, Abramovic M, et al. Open-access
quantitative MRI data of the spinal cord and reproducibility across
participants, sites and manufacturers. Sci Data. 2021;8(1):219.
Oh ], Arbour N, Giuliani F, et al. The Canadian prospective cohort
study to understand progression in multiple sclerosis (CanProCo):
Rationale, aims, and study design. BMC Neurol. 2021;21(1):418.
Matusche B, Litvin L, Schneider R, et al. Early spinal cord pseu-
doatrophy in interferon-beta-treated multiple sclerosis. Eur |
Neurol. 2023;30(2):453-462.

Haider L, Chung K, Birch G, et al. Linear brain atrophy measures
in multiple sclerosis and clinically isolated syndromes: A 30-year
follow-up. | Neurol Neurosurg Psychiatry. 2021;92(8):839-846.
Fuchs TA, Dwyer MG, Jakimovski D, et al. Quantifying disease
pathology and predicting disease progression in multiple sclerosis
with only clinical routine T2-FLAIR MRI. Neuroimage Clin.
2021;31:102705.

Liptak Z, Berger AM, Sampat MP, et al. Medulla oblongata vol-
ume: A biomarker of spinal cord damage and disability in multiple
sclerosis. Am | Neuroradiol. 2008;29(8):1465-1470.

. Smith AK, Dortch RD, Dethrage LM, Smith SA. Rapid, high-

resolution quantitative magnetization transfer MRI of the human
spinal cord. Neuroimage. 2014;95:106-116.

Schilling KG, By S, Feiler HR, ez al. Diffusion MRI microstructural
models in the cervical spinal cord—Application, normative values,
and correlations with histological analysis. Neuroimage. 2019;
201:116026.

Chen Y, Haacke EM, Bernitsas E. Imaging of the spinal cord in mul-
tiple sclerosis: Past, present, future. Brain Sci. 2020;10(11):857.
Sled JG. Modelling and interpretation of magnetization transfer
imaging in the brain. Neuroimage. 2018;182:128-135.

York EN, Thrippleton M], Meijboom R, Hunt DPJ, Waldman
AD. Quantitative magnetization transfer imaging in relapsing-
remitting multiple sclerosis: A systematic review and meta-
analysis. Brain Commun. 2022;4(2):fcac088.

Alsop DC, Ercan E, Girard OM, et al. Inhomogeneous magnetiza-
tion transfer imaging: Concepts and directions for further develop-
ment. NMR Biomed. 2023;36(6):¢4808.

Schmierer K, McDowell A, Petrova N, Carassiti D, Thomas
DL, Miquel ME. Quantifying multiple sclerosis pathology in post
mortem spinal cord using MRI. Neuroimage. 2018;182:251-258.
Combes B, Kerbrat A, Ferré JC, et al. Focal and diffuse cervical
spinal cord damage in patients with early relapsing-remitting
MS: A multicentre magnetisation transfer ratio study. Mult Scler.
2019;25(8):1113-1123.

Rasoanandrianina H, Demortiére S, Trabelsi A, ef al. Sensitivity of
the inhomogeneous magnetization transfer imaging technique to
spinal cord damage in multiple sclerosis. Am ] Neuroradiol.
2020;41(5):929-937.

Lakhani DA, Schilling KG, Xu J, Bagnato F. Advanced multicom-
partment diffusion MRI models and their application in multiple
sclerosis. Am | Neuroradiol. 2020;41(5):751-757.

Hori M, Maekawa T, Kamiya K, e al. Advanced diffusion MR im-
aging for multiple sclerosis in the brain and spinal cord. Magn
Reson Med Sci. 2022;21(1):58-70.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

BRAIN COMMUNICATIONS 2024, fcae395 | 17

Kreiter D], van den Hurk J, Wiggins CJ, Hupperts RMM, Gerlach
OHH. Ultra-high field spinal cord MRI in multiple sclerosis:
Where are we standing? A literature review. Mult Scler Relat
Disord. 2022;57:103436.

Combes AJE, O’Grady KP, Rogers BP, et al. Functional connectiv-
ity in the dorsal network of the cervical spinal cord is correlated
with diffusion tensor imaging indices in relapsing-remitting mul-
tiple sclerosis. Neuroimage Clin. 2022;35:103127.

Wolanczyk M, Bladowska J, Kottowska A, et al. Diffusion tensor
imaging of normal-appearing cervical spinal cords in patients with
multiple sclerosis: Correlations with clinical evaluation and cere-
bral diffusion tensor imaging changes. Preliminary experience.
Adv Clin Exp Med. 2020;29(4):441-448.

Dostal M, Keikovsky M, Stulik J, ez al. MR diffusion properties of
cervical spinal cord as a predictor of progression to multiple scler-
osis in patients with clinically isolated syndrome. | Neuroimaging.
2021;31(1):108-114.

Lee CY, Huisinga JM, Choi IY, Lynch SG, Lee P. Correlation be-
tween spinal cord diffusion tensor imaging and postural response
latencies in persons with multiple sclerosis: A pilot study. Magn
Reson Imaging. 2020;66:226-231.

Collorone S, Cawley N, Grussu F, et al. Reduced neurite density in
the brain and cervical spinal cord in relapsing-remitting multiple
sclerosis: A NODDI study. Mult Scler. 2020;26(13):1647-1657.
By S, Xu J, Box BA, Bagnato FR, Smith SA. Multi-compartmental
diffusion characterization of the human cervical spinal cord in vivo
using the spherical mean technique. NMR Biomed. 2018;31(4):
e3894.

Cortese R, Tur C, Prados F, et al. Ongoing microstructural changes
in the cervical cord underpin disability progression in early pri-
mary progressive multiple sclerosis. Mult Scler. 2021;27(1):28-38.
Conrad BN, Barry RL, Rogers BP, et al. Multiple sclerosis lesions
affect intrinsic functional connectivity of the spinal cord. Brain.
2018;141(6):1650-1664.

Lee LE, Vavasour IM, Dvorak A, et al. Cervical cord myelin abnor-
mality is associated with clinical disability in multiple sclerosis.
Mult Scler. 2021;27(14):2191-2198.

Laule C, Vavasour IM, Zhao Y, et al. Two-year study of cervical
cord volume and myelin water in primary progressive multiple
sclerosis. Mult Scler. 2010;16(6):670-677.

Liu H, Ljungberg E, Dvorak AV, et al. Myelin water fraction and
intra/extracellular water geometric mean T normative atlases for
the cervical spinal cord from 3T MRI. | Neuroimaging. 2020,
30(1):50-57.

Combes AJE, Clarke MA, O’Grady KP, Schilling KG, Smith SA.
Advanced spinal cord MRI in multiple sclerosis: Current techni-
ques and future directions. Neuroimage Clin. 2022;36:103244.
By S, Barry RL, Smith AK, ez al. Amide proton transfer CEST of the
cervical spinal cord in multiple sclerosis patients at 3T. Magn
Reson Med. 2018;79(2):806-814.

Basha MAA, Bessar MA, Ahmed AF, Elfiki IM, Elkhatib THM,
Mohamed AME. Does MR spectroscopy of normal-appearing cer-
vical spinal cord in patients with multiple sclerosis have diagnostic
value in assessing disease progression? A prospective comparative
analysis. Clin Radiol. 2018;73(9):835.€1-835.¢9.

Bellenberg B, Busch M, Trampe N, Gold R, Chan A, Lukas C.
1H-magnetic resonance spectroscopy in diffuse and focal cervical
cord lesions in multiple sclerosis. Eur Radiol. 2013;23(12):
3379-3392.

Solanky BS, Prados F, Tur C, et al. Sodium in the
relapsing-remitting multiple sclerosis spinal cord: Increased con-
centrations and associations with microstructural tissue anisot-
ropy. | Magn Reson Imaging. 2020;52(5):1429-1438.

Brier MR, Taha F. Measuring pathology in patients with multiple
sclerosis using positron emission tomography. Curr Neurol
Neurosci Rep. 2023;23(9):479-488.

G20z Aieniga4 0| uo Jasn |eanuojy ap anbiuyoslkjod 81007 Aq §856/8//S6ESBIL/9/9/0101IB/SWILOOUIRIC/WO0D dNO"dIWapeae//:sd)y Wol) PapEojuMO(]



	Spinal cord evaluation in multiple sclerosis: clinical and radiological associations, present and future
	Introduction
	MRI pathology of the spinal cord in multiple sclerosis
	Spinal cord lesions in multiple sclerosis diagnosis
	Differential diagnosis of spinal cord lesions
	Contribution to multiple sclerosis clinical course and prognosis
	‘Critical’ demyelinating lesions associated with progressive motor impairment
	Topographical model of multiple sclerosis and disease course
	Quantitative analysis with conventional MRI
	Multiple sclerosis lesion segmentation

	Spinal cord atrophy
	How to compute atrophy
	Intra- and inter-subject variability
	Normalization methods
	Acquisition methods

	Advanced spinal cord imaging techniques
	Conclusion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References


