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Abstract: The spinal cord is frequently affected in multiple sclerosis (MS), causing motor,
sensory and autonomic dysfunction. A number of pathological abnormalities, including
demyelination and neuroaxonal loss, occur in the MS spinal cord and are studied in vivo with
magnetic resonance imaging (MRI). The aim of this review is to summarise and discuss recent
advances in spinal cord MRI. Advances in conventional spinal cord MRl include improved
identification of MS lesions, recommended spinal cord MRI protocols, enhanced recognition
of MRI lesion characteristics that allow MS to be distinguished from other myelopathies,
evidence for the role of spinal cord lesions in predicting prognosis and monitoring disease
course, and novel post-processing methods to obtain lesion probability maps. The rate of
spinal cord atrophy is greater than that of brain atrophy (-1.78% versus -0.5% per year), and
reflects neuroaxonal loss in an eloquent site of the central nervous system, suggesting that

it can become an important outcome measure in clinical trials, especially in progressive

MS. Recent developments allow the calculation of spinal cord atrophy from brain volumetric
scans and evaluation of its progression over time with registration-based techniques. Fully
automated analysis methods, including segmentation of grey matter and intramedullary
lesions, will facilitate the use of spinal cord atrophy in trial designs and observational studies.
Advances in quantitative imaging techniques to evaluate neuroaxonal integrity, myelin
content, metabolic changes, and functional connectivity, have provided new insights into the
mechanisms of damage in MS. Future directions of research and the possible impact of 7T
scanners on spinal cord imaging will be discussed.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory
demyelinating disease of the central nervous sys-
tem (CNS).! Spinal cord abnormalities are com-
mon in MS, and include a variety of pathological
processes, such as demyelination, neuroaxonal
loss and gliosis, ultimately resulting in chronic
motor, sensory and autonomic dysfunction.!2

Recent improvements in magnetic resonance
imaging (MRI) acquisition protocols and post-
processing have overcome some of the limitations
associated with imaging such a small and mobile
structure, whose imaging is affected by motion
artefacts, caused by breathing, cardiac move-
ment, cerebrospinal fluid (CSF) pulsation and

blood flow.?> Conventional spinal cord MRI pro-
vides information on focal lesions, which is neces-
sary for the diagnosis and prognosis of MS, and is
commonly used in the clinical setting. Advanced
quantitative MRI techniques assess the type and
extent of spinal cord abnormalities, but their use
is essentially limited to research centres.

The aim of this review is to present and discuss
advances in spinal cord imaging in MS. We have
divided the review into the following sections: (1)
Spinal cord lesions on conventional MRI for MS
diagnosis, prognosis and clinical monitoring, and
advances in spinal cord imaging to improve visu-
alization of lesions; (2) Spinal cord atrophy in
relation to MS clinical features, and advances in
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Figure 1. Lesions in MS and NMO.

T2 sagittal and axial (inset] spinal cord MRI of a patient with MS and a patient with AQP4-antibody-positive NMOSD. In
MS (a), MRI shows areas of T2 hyperintensity which extend for a single vertebral level, involve both grey and white matter
in the lateral-posterior part of the cord and have a cylindric shape on the sagittal view and a wedge shape on the axial
view. In AQP4 NMOSD (b), there is a longitudinally extensive transverse myelitis from C1 to C5 and a lesion at T2-T3, with

preferential involvement of the central spine.

MRI, magnetic resonance imaging; MS, multiple sclerosis; NMO, neuromyelitis optica; NMOSD, neuromyelitis optica

spectrum disorder.

imaging analysis methods for spinal cord atrophy
measurement; and (3) Quantitative imaging tech-
niques to obtain insights into the pathogenesis of
MS. Finally, we will consider novel developments
in spinal cord MRI, including the advent of 7T
scanners, and suggest future areas of research.

Spinal cord lesions

Spinal cord lesions on MRI correspond to areas
of demyelination, neuroaxonal loss and gliosis,
affecting spinal cord structure and function.®>
Postmortem spinal cord studies have described a
larger proportion of demyelination in the grey
matter (33%) than in the white matter (20%),
with lesions involving either both grey matter and
white matter, or grey matter isolately.® No differ-
ence in the extent of grey matter demyelination
was seen between different cord levels.®

Characteristics of MS lesions on spinal cord

MRI

Spinal cord lesions are visualized as areas of T2
hyperintensity (Figure 1) and, less commonly, as
areas of T1 hypointensity on conventional spin-
echo sequences. Although T1 hypointensity in
the spinal cord is thought to be rare in MS, a
recent study using inversion-recovery prepared
fast field echo sequence (e.g. heavily T'1-weighted
sequence) at 3T demonstrated that 87% of
patients with MS show T'1 hypointense lesions in
the spinal cord, and most of the lesions seen on

the short-tau inversion-recovery T2-weighted
sequence were hypointense on T1.7

After administration of gadolinium, new inflam-
matory activity, with associated blood-brain bar-
rier breakdown, allows the MS lesions to appear
as areas of T'1 hyperintensity; gadolinium enhance-
ment in the acute spinal cord lesions is generally
nodular and, in 20% of the cases, may have a ring
shape.8-10

MS lesions often occur in the cervical region
(59%), and, less frequently, in the lower thoracic
spinal cord (T7-12; 20%).!! On sagittal scans,
they appear as cylindrical lesions, while on axial
images they appear as wedge-shape lesions. In
sagittal views, they rarely exceed two vertebral
segments in length. On axial scans, MS lesions
involve less than 50% of the cross-sectional area,
occupy preferentially the lateral and posterior
white matter columns and do not spare the grey
matter. However, spinal cord involvement can be
diffuse, as shown by diffuse signal abnormalities
on proton density (PD) images, especially in the
progressive forms of MS; diffuse signal abnormal-
ities in relapsing—remitting MS (RRMS) are asso-
ciated with a poor prognosis.12.13

Recommended spinal cord MR protocols

The protocols recommended for spinal cord MRI
in the clinical setting include both sagittal and
axial scans.!* For sagittal imaging, conventional
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or fast dual-echo spin-echo sequences (PD and
T2-weighted, either in combination or indepen-
dently) are usually considered the gold standard.
A recent study at 1.5T suggested that PD fast
spin-echo sequences detect cord lesions in patients
who have a normal T2 fast spin-echo MRI, and
should therefore be used as a core sequence at
1.5T.15 Either the T2 or PD spin-echo sequence
can be substituted with a short-tau inversion-
recovery (STIR) T2-weighted sequence, which
improves the visibility of MS lesions.!¢ In general,
it is not recommended to use the STIR sequence
on its own because of its susceptibility to
flow-related artefacts and possible lower observer
concordance.!” An alternative to the STIR
sequence or to one of the two dual-echo
T2-weighted sequences, is a heavily T1-weighted
sequence,!® such as phase-sensitive inversion-
recovery (PSIR) or magnetization-prepared rapid
gradient echo (MPRAGE), which improves the
detection of MS lesions in the cervical cord.!® The
three-dimensional (3D) acquisition ofthe MPRAGE
permits multiplanar reconstruction that facilitates
the delineation of lesions.2? A recent 3T study has
reported that a 3D double inversion-recovery
(DIR) sequence for the cervical spinal cord imag-
ing is more sensitive at detecting inflammatory
lesions than conventional two-dimensional (2D)
T2-weighted turbo spin echo (TSE) sequence.?!
However, the DIR sequence of the spinal cord is
not widely used in clinical practice because it is
strongly affected by artefacts, especially in obese
patients, and by magnetic field inhomogeneities,
and its coverage capability is currently limited to
the cervical spine.2!

For axial imaging, possible sequences are 2D or
3D T2-weighted fast spin-echo sequences. A full
cervical cord axial coverage detects more lesions
(9-22%) than sagittal scans alone,!»?2 and can
also exclude lesions in cases of equivocal abnor-
malities on sagittal scans.11:22:23

No significant improvement in lesion detection
was found when using 3T field strength com-
pared with 1.5T.24 Improvements in lesion detec-
tion are expected at 7T, although its application
and relevance requires further studies, especially
in the context of new coil designs and optimized
acquisition times.22526

Although pathological involvement of the spinal
cord grey matter contributes significantly to disa-
bility in RRMS and secondary progressive MS

(SPMS),?7 its assessment with conventional MRI
techniques is not achievable because of insuffi-
cient contrast between tissue compartments and
low spatial resolution. In the research setting,
improved delineation of cervical cord lesions and
their involvement of the white and grey matter are
obtained by using 3D-PSIR in combination with
axial 3D gradient-echo fast field echo (3D-
FFE),?® although this MRI protocol requires a
long acquisition time and has limited coverage of
the cervical cord.

Diagnosis of MS supported by spinal cord MR/

The 2017 revised McDonald criteria confirmed
that MRI is the most useful paraclinical test to aid
the diagnosis of MS, and can be used to establish
dissemination of lesions in space (DIS) and time
(DIT) in patients presenting with a clinically iso-
lated syndrome (CIS).2° The spinal cord is one of
the four areas of the CNS where lesions with
characteristics typical of MS are scored to con-
firm DIS. Prior to the 2017 McDonald criteria,
only asymptomatic spinal cord lesions were
scored for DIS, which led to the high specificity of
the DIS criteria; in order to facilitate the scoring
of the criteria, and avoid discussing which lesion
is the symptomatic one in cases of multiple lesions
occurring in the same CNS location, the 2017
revised criteria no longer distinguish between
symptomatic and asymptomatic lesions when
testing the DIS criteria.?® The inclusion of spinal
cord symptomatic lesions for DIS or DIT
increases diagnostic sensitivity, with little or no
reduction in specificity.30-32

While brain MRI is recommended in all patients
who are undergoing investigations for the diagno-
sis of MS, spinal cord MRI is advised when: (1)
The clinical presentation suggests a spinal cord
lesion; (2) The clinical presentation is suggestive
of primary progressive MS (PPMS); (3) Brain
MRI is normal, but there is a strong clinical sus-
picion of MS; (4) Brain MRI findings are incon-
clusive (e.g. ageing).18:29:33 Therefore, spinal cord
MRI is generally recommended in patients with
spinal cord CIS and in those with nonspinal MS
not fulfilling the DIS criteria. It is debated
whether all the remaining CIS patients, who have
nonspinal MS and fulfil DIS criteria on brain
MRI brain, should undergo spinal cord MRI.3*

More recently, patients with clinical features
typical of MS, but showing evidence of pathology
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exclusively in the spinal cord, even with a single
lesion, and whose MRI does not fulfil the DIS
criteria, have been described as two novel clinical
entities: (1) Progressive solitary sclerosis, when
insidiously progressive upper motor neuron
impairment can be attributed to an isolated
demyelinating lesion within the CNS (within the
spinal cord in 90% cases)?>; and (2) Pure spinal
MS, when relapsing episodes of short-segment
myelitis occur over time, in the absence of typical
brain or optic nerve lesions.3¢ Progressive solitary
sclerosis and pure spinal MS are proposed novel
MS phenotypes, characterized by a predominant
spinal cord pathology.

Differential diagnosis of myelopathies

facilitated by spinal cord MR/

MS could be responsible for up to 50% cases of
inflammatory myelopathies and, thus, a number
of conditions should be considered in the differ-
ential diagnosis. These include neuromyelitis
optica spectrum disorders (NMOSDs), myelin
oligodendrocyte glycoprotein-antibody (MOG-
Ab)-associated disease, sarcoidosis, and paraneo-
plastic syndrome, and require different treatment
and management strategies.3”-38 Certain lesion
characteristics on spinal cord MRI may aid the
clinicians to navigate through the differential diag-
nosis of spinal cord inflammatory pathology.!4

NMOSD is responsible for up 50% cases of lon-
gitudinally extensive transverse myelitis (LETM),
defined as T2 hyperintense spinal cord lesions
extending =3 vertebral levels (Figure 1).3® How-
ever, the length of spinal cord lesions in NMOSD
depends on the timing of MRI with respect to
clinical onset.3* NMOSD can also present with
the involvement of <3 vertebral segments.0
Additionally, LETM is not a pathognomonic fea-
ture of NMOSD, and other inflammatory demy-
elinating conditions can cause a LETM.

One of the most important spinal cord MRI fea-
tures differentiating NMOSD from MS, and other
LETM aetiologies, is the presence of bright spotty
lesions (BSLs),%!42 defined as lesions with signal
intensities at least as high as, but not higher than,
that of the surrounding CSF on a T2-weighted
image, and not as low as that of the surrounding
CSF on a T1-weighted image. BSLs are seen in
the majority of patients without LETM, and it is
thought that they indicate severe damage to the
spinal cord. Other spinal cord distinctive features

of NMOSD are lesions occupying =50% axial
cross-sectional area (transversally-extensive lesion),
T1 hypointense lesions, and centrally located or
both centrally and peripherally located lesions.38
Gadolinium enhancement is common in NMOSD,
but variable in its appearances (frequently irregu-
lar and punctuate); ring enhancement is seen in
one-third of NMOSD myelitis episodes and dis-
tinguishes NMOSD from other causes of longitu-
dinally extensive myelopathies, but not from
MS.10 Additionally, NMOSD lesions are more
frequently located in the cervical or dorsal spinal
cord, when compared with the lumbar cord.38

Overall, 20-40% of NMOSD patients negative
for the aquaporin-4 antibody (AQP4-Ab), are
instead MOG-Ab positive.434* The LETM of
MOG-Ab-associated disease is virtually indistin-
guishable from that of NMOSD AQP4-positive
disease.

Spinal cord sarcoidosis is an under-recognized
cause of LETM and can precede symptoms of
systemic and pulmonary sarcoidosis. Linear dor-
sal subpial enhancement extending =2 vertebral
segments and persisting >2 months differentiates
spinal cord sarcoidosis from NMOSD and MS,
where gadolinium enhancement is patchy, diffuse
or ring-like.#>#¢ When linear dorsal subpial
enhancement is combined with central canal
enhancement in cases of sarcoidosis, a ‘trident’
sign on axial post-gadolinium sequences has been
described.46-47

Other important causes of spinal cord lesions are
post-infectious myelitis [e.g. cytomegalovirus
(CMV), herpes simplex virus, varicella zoster,
enterovirus], which often present with LETM, and
are associated with variable radiological appear-
ances on T2, T1 and post-contrast T1-weighted
images.

Noninflammatory myelopathies include vascular
aetiologies (e.g. acute spinal cord infarction), spi-
nal dural arteriovenous fistula, tumours, nutri-
tional deficiencies, infections, and compressive
myelopathies. In these cases, timely diagnosis and
management is crucial to improve clinical
outcomes.37-48

Additional clinical (e.g. hyper-acute or gradually
progressive onset), radiological (e.g. presence of
lesions on brain MRI, abnormalities on chest pos-
itron emission tomography imaging), laboratory
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(e.g. presence of AQP4 and MOG-Abs) features
might be necessary to establish the exact diagno-
sis of myelopathy.384547 The most striking conse-
quence of a more appropriate and widespread use
of spinal cord MRI and additional tests in cases of
spinal cord myelopathy is that the recognition of
an ‘idiopathic’ transverse myelitis is reducing over
time.?’

Prognosis of MRI using spinal cord MR/

In patients with radiologically isolated syndrome
(RIS), the presence of asymptomatic spinal cord
lesions is seen in 64% of patients who later
develop CIS or MS, and in 100% of patients who
later develop PPMS.4°

In patients with CIS, the presence and the num-
ber of spinal cord lesions are associated with
increased risk of clinical conversion to MS and
disability progression, regardless of demograph-
ics, clinical features and brain MRI.5%-52 In con-
trast, the probability of disability progression is
very low in the absence of spinal cord lesions.5?

In established MS, spinal cord lesions are associ-
ated with a higher risk of relapse,>? disability pro-
gression,®*5> and switching of disease modifying
treatment due to poor treatment response.>® Also,
upper cervical cord lesion load, quantified on PSIR
sequences, is greater in progressive forms of MS
than in RRMS, and is associated with disability.>*
In SPMS, spinal cord lesions frequently involve at
least two spinal cord white matter columns and
extend to the grey matter.!> The main limitation
of these studies is that spinal cord coverage was
confined to the upper cervical cord, in order to
minimise physiologic artefacts and enable high-
resolution acquisitions within an acceptable time
frame, thus limiting generalizability to clinical
practice.!3

Monitoring MS with spinal cord MRI

Spinal cord lesions are more likely to be sympto-
matic and leave residual neurological impairment,
due to poor compensatory capacity of the spinal
cord, than brain lesions.>253 Despite this, 58% of
new spinal cord lesions were reported to be
asymptomatic and 25% of patients with RRMS
develop at least one asymptomatic spinal cord
lesion over 1.5years.>” When only patients with
stable RRMS are considered, 10% of them show
subclinical spinal cord lesion activity alone.>3

Interestingly, asymptomatic spinal cord lesions
predict clinical relapses when combined with
asymptomatic brain lesions.5® Thus, spinal cord
MRI could disclose subclinical disease activity in
otherwise clinically stable MS, and could enhance
a more thorough understanding of the course of
MS.58 Asymptomatic spinal cord lesions may not
be restricted to patients with MS, as they have
also been observed in patients with NMOSD,5>°
but more data for NMOSD are needed.

Spinal cord lesion mapping

Recent developments in imaging post-processing
have allowed the creation of probability maps of
spinal cord lesions, which show the probability of
each voxel being ‘lesional’. Single-centre studies
combining 3D T1-weighted FFE and the active
surface model (ASM), a semi-automated voxel-
based analysis of the spinal cord, showed that
patients with SPMS and especially PPMS have
higher lesion counts and volumes, when com-
pared with RRMS, and that lesions are more fre-
quently located in the posterior cord than in the
anterior cord, and in the upper cervical cord than
in the lower cord.”%0 A larger, multicentre study,
employing fully automated methods based on the
Spinal Cord Toolbox (SCT) confirmed that
lesions are more frequently located in the poste-
rior columns in all MS subtypes, and that lesion
mapping at C3 clearly distinguishes between MS
subtypes.f! In particular, high lesion probability
was found in the posterior columns in RRMS,
posterior and lateral cord in SPMS and posterior,
lateral and central regions in PPMS (Figure 2).!
Interestingly, high disability levels were associ-
ated with lateral and central cord involvement.5!

Spinal cord atrophy

An increasing number of studies have focused on
the importance of spinal cord atrophy as a bio-
marker of disability progression and as an out-
come measure in clinical trials.

Pathology correlates

Spinal cord atrophy is the consequence of differ-
ent pathological processes, including axonal tran-
section and associated neuroaxonal loss,
demyelination, gliosis, and, ultimately diffuse tis-
sue injury.%2%¢ Although these pathological
abnormalities occur within focal lesions, exten-
sive tissue abnormalities are also present in the
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Figure 2. Lesion probability maps in the spinal cord. Lesion probability maps at the cervical level are shown
for different disease subtypes (from Eden and colleagues®').
CIS, clinically isolated syndrome; PPMS, primary progressive multiple sclerosis; RRMS, relapsing-remitting multiple

sclerosis; SPMS, secondary progressive multiple sclerosis.

normal-appearing spinal cord of MS patients,
and this finding may explain why spinal cord
atrophy occurs independently of spinal cord
lesions.>%3-65 Additionally, spinal cord atrophy
also occurs, at least in part, independently of
brain pathology.2-66:67

Advances in spinal cord atrophy measurements
Spinal cord atrophy is generally measured as the
cross-sectional area at the cervical level, which is
least affected by movement artefacts, yields the
most reproducible results, and provides the best
clinical correlates.%%-72 The most common levels
are C1-C2 and C2-C3, but measurements can
be also made between C1 and C7.73

Atrophy assessment can be done on a variety
of sequences, mainly 3D T1-weighted and
T2*-weighted gradient-echo sequences on dif-
ferent MRI scanners (e.g. Philips, Siemens,
GE)_3,74,75

Methods for spinal cord image segmentation and
atrophy calculation can be classified into three

types: intensity-based, surface-based and image-
based.”® The older methods were fully manual,
while the most recent methods have been semi-
automated or fully automated. For example, JIM
is a surface-based method that automatically out-
lines the cord, after marking the centre of the spi-
nal cord.”” Within the JIM tool, the ASM has
provided more prompt and reproducible meas-
ures of the spinal cord volume, compared with
manual methods.” The ASM offers a considera-
ble reduction in user interaction time, and can be
performed over long spinal tracts. The user needs
to identify landmarks at the extremes of the region
to study, and, then, mark the centerline of the
cord. Sagittally acquired images are then refor-
matted to the axial plane to obtain five contiguous
3-mm slices; the program automatically calcu-
lates the radius and the centre of each axial slice
and, finally, the cross-sectional area is obtained
by averaging these contiguous slices.”® Other
semi-automated method is NeuroQLab (an
image-based method that segments the upper
cervical cord from surrounding nonspinal cord
tissue by using a Gaussian mixture modelling
method).79:80
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Recent efforts have attempted to develop fully
automated methods, such as the SCT, which is
an open-source comprehensive software dedi-
cated to the processing of spinal cord MRI. SCT
is built on previously validated methods and
includes motion correction tools, templates and
algorithms to segment the spinal cord, allowing
standardization and automation of the processing
pipeline.8! The segmentation tool (PropSeg) con-
tained in the first version of SCT has already been
tested on a large cohort of MS patients and
healthy controls. This fully automated intensity-
based image segmentation method has the same
sensitivity as the ASM but has higher inter-rater
reproducibility and is more time efficient.82 A
newer version of SCT also includes a fully auto-
mated framework for intramedullary lesion seg-
mentation, presenting with higher efficiency and
reproducibility in lesion count and volume, when
compared with manual detection.83

A recent study has demonstrated that there is a
systematic difference in the values of the cross-
sectional area between methods, with lower val-
ues provided by fully automated methods (SCT)
than semi-automated methods (NeuroQLab and
JIM)84; a good agreement between these two
semi-automated techniques was observed.8*

When using these methods for spinal cord atro-
phy calculation, the rate of atrophy is estimated
by numerical subtraction of spinal cord cross-
sectional area measurements calculated at different
time points. We have recently applied to the spinal
cord a registration-based technique, called the gen-
eralized boundary shift integral, used for comput-
ing brain atrophy, and have demonstrated that this
method is feasible and may produce a reduction in
sample size needed in clinical trials.85-80 It is
expected that the development and optimization of
registration-based techniques for spinal cord atro-
phy will reduce measurement noise, as it has hap-
pened when registration-based techniques were
first used for computing brain atrophy.8’

There has been a recent shift towards calculating
spinal cord atrophy using brain volumetric
images.8%:88 A recent MAGNIMS study has con-
firmed that the spinal cord cross-sectional area,
calculated at the C1-C2 level using dedicated vol-
umetric MRI of the spinal cord, is similar to that
obtained using volumetric brain MRI.8* Further
studies will aim to validate this new approach,
which has the potential to allow calculation of

spinal cord atrophy without acquiring a dedicated
cord sequence, thereby saving scanning time, in
both clinical trials and observational cohorts.

Spinal cord atrophy in disease phenotypes

Spinal cord atrophy occurs even in early stages of
MS, and has been detected in patients with
CIS.7:89-91 In CIS patients who were followed up
for 5years after onset, the lowest rate of spinal
cord atrophy (—0.1% a year) was observed in
those who remained with a CIS, while the highest
rate (—1.4% a year) was detected in patients who
developed MS and had an expanded disability
status scale (EDSS) at the last time point equal or
greater than 3.52 In general, a high rate of spinal
cord atrophy is observed in the progressive forms
of MS, especially SPMS (—2.2% per year;
Figure 3).73:%1 A recent study has reported yearly
rate of spinal cord atrophy between —0.38% in
RRMS and —0.62% in SPMS.2 A MAGNIMS
multicentre study has detected a rate of —1.22%
per year in patients with stable MS and —2.01%
in patients who deteriorated over time.”?
Interestingly, we found a significant development
of spinal cord atrophy in early PPMS patients
when compared with healthy controls over only 1
year of follow up, but not in patients with estab-
lished SPMS, who had a higher disability and
more atrophic cord than early PPMS patients.?3
Although the rate of atrophy may vary slightly
between studies, because of different cohorts and
different methods, it is consistently reported to be
higher than the rate of brain atrophy, which is
known to be around —0.5% per year in MS
patients.®* A recent meta-analysis of 22 longitudi-
nal studies assessing spinal cord atrophy in all MS
subtypes revealed a pooled rate of spinal cord
atrophy of —1.78% per year, that increased to
—2.08% per year when considering progressive
patients alone.%8

The segmentation of grey matter areas on PSIR
images at 3T allows the evaluation of grey matter
atrophy in MS. Relapsing MS patients show
smaller spinal cord grey matter areas (i.e. higher
atrophy) than age and sex-matched controls,
without significant differences in spinal cord
white matter areas®; the grey matter of progres-
sive MS patients shows the highest degree of
atrophy.%

Only a few studies have examined cervical cord
atrophy in NMOSD and reported conflicting
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Figure 3. Spinal cord atrophy visible on conventional MRI.
Cervical cord MRI with sagittal and C2 axial (inset, used for spinal cord cross-sectional area measurements) views in CIS

(a) and PPMS (b).

CIS, clinically isolated syndrome; MRI, magnetic resonance imaging; PPMS, primary progressive multiple sclerosis.

results. Some studies found more pronounced
spinal cord atrophy in AQP4-positive patients
than patients with MOG-Abs,°® and in MS than
NMOSD,?7 whereas another study found similar
reductions of cross-sectional areas in NMOSD
and MS.%8

Spinal cord atrophy and MS disability

A number of studies have shown associations
between: (1) the extent of spinal cord atrophy at a
single time point and concurrent disability,?® and
(2) the rate of spinal cord atrophy over time and
disability progression.32:75:91,100-102 A recent study
has reported that every 1% increase in the annual
rate of spinal cord volume loss is associated with
a 28% risk of developing disability progression in
the subsequent year.%2 In a longitudinal cohort of
nonspinal CIS, upper cord cross-sectional area
decrease was associated with 5-year increased dis-
ability, measured by the EDSS.52 Within the
EDSS, the subscores that reflect the neurological
functions mediated by spinal cord pathways, such
as the pyramidal, sensory, bowel and bladder
functional scores, correlated with spinal cord
atrophy.193 A higher spinal cord atrophy rate is
associated with a worsening of more specific
measures of motor disability, such as the nine
hole peg test (OHPT) and the 25-foot walking test
(25FW'T).9299 Associations between the develop-
ment of spinal cord atrophy and disability pro-
gression are particularly strong in PPMS. 104

Spinal cord atrophy in clinical trials

Since spinal cord atrophy rates are two-to-three-
times higher than brain atrophy (—1.78% wversus
—0.5% per year), in particular in progressive

MBS, 98,105 and the spinal cord is a very eloquent site
of pathology in MS, spinal cord atrophy has been
considered as an exploratory outcome measure in
phase II and phase III clinical trials, especially in
patients with progressive MS, although much less
frequently than brain atrophy.!% However, clinical
therapeutic trials that incorporated spinal cord
atrophy as an outcome measure did not demon-
strate beneficial drug effects on this metric.107-110
In addition to the possibility that the medications
tested were not effective, there may be other rea-
sons for these negative results, related to methodo-
logical difficulties of calculating spinal cord
atrophy; these include: movement artefacts and
subsequent image noise; the limited spatial resolu-
tion of MRI scanners, which is an important issue,
given the small cord size; multicentre design, with
inter-site variability related to the use of different
scanners with different acquisition settings; and
inter-study variability related to the use of different
methods to calculate spinal cord area.lll:112 Afso,
spinal cord normalization using the intracranial
volume, which aims to reduce the effect of biologi-
cal conditions unrelated to the disease, has been
suggested,®%70:113 but it is not always performed.

There have been encouraging results from recent,
single-centre, phase II clinical trials employing
spinal cord atrophy.93:111 We demonstrated that if
patients at the early stage of PPMS, with mild dis-
ability and a nonatrophic cord are selected, the
sample size necessary to run a trial over only 1
year is achievable.®3

Quantitative spinal cord imaging techniques
Advanced imaging techniques are currently used in
exploratory studies to investigate microstructural
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abnormalities which reflect neurodegeneration,
and to develop new targets for therapeutic
intervention.!1%115 These techniques include
methods that study neuroaxonal integrity [diffu-
sion tensor imaging (DTT) and new models of dif-
fusion], myelin content [magnetization transfer
ratio (MTR), and myelin water imaging], meta-
bolic changes [magnetic resonance spectroscopy
(MRS)], and functional connectivity [functional
MRI (fMRI); Table 1]. However, advanced MRI
techniques remain technically challenging, and
results from studies using different acquisition
protocols are difficult to compare.!16-118 We will
focus on the most recent advances in these tech-
niques and their latest applications to MS
patients, and refer to other manuscripts for more
technical and comprehensive reviews.119-121

Diffusion based techniques

DTI provides quantitative measures of micro-
structural abnormalities, which have been found
to be abnormal in MS when compared with
healthy controls. Recent studies have reported
increased magnitude of diffusion in the direc-
tion perpendicular to the main direction of
fibre bundles [i.e. radial diffusivity (RD)], and
reduced diffusion anisotropy [i.e. fractional ani-
sotropy (FA)] in RRMS with acute spinal cord
involvement, when compared with healthy con-
trols, and in SPMS, when compared with clini-
cally stable RRMS,27117 guggesting reduced
myelin and axonal integrity and impaired neu-
ronal fibre coherence.!?* A combination of DTI
indices could explain up to 77% of the EDSS
variability, suggesting a strong contribution of
spinal cord microstructural changes to irrevers-
ible disability (Table 1).27 A recent study, which
investigated the reproducibility of DTI-derived
measures at C1-C6 between different sites, has
shown the feasibility of multicentre spinal cord
DTI, with adequate matching of the sequence
design across sites, in particular for different
manufacturers.!3> The main advantages of spi-
nal cord DTTI are that it is simple to acquire and
easy to interpret; its main limitation is that the
DTI-derived measures are based on model
approximations that the biological substrate is
likely to violate and have low pathological
specificity.

Q-space imaging (QSI) is a model-free technique
that determines the voxelwise probability density
function of fibre orientation, and seems to be

more sensitive than conventional DTT measures
at detecting MS-related abnormalities.!3® QSI-
derived indices of perpendicular diffusivity are
increased and indices of parallel diffusivity are
decreased in the spinal cord of early PPMS, when
compared with controls, possibly reflecting
increased movement of water in the direction per-
pendicular to the long axis of the cord, due to the
breakdown of myelin and axonal membranes,
even in the absence of a significant degree of spi-
nal cord atrophy.!?%123 Changes in QSI-derived
measures are associated with different measures
of clinical disability, suggesting that they reflect
pathological abnormalities that contribute to neu-
rological deficits (Table 1).122:123 The main limi-
tations of QSI include the need to acquire a large
number of data points, therefore necessitating
long acquisition times, limited directional resolu-
tion, and difficulty in interpreting the probability
density function.

Neurite orientation dispersion and density imaging
(NODDI) is a recently developed multi-compart-
mental diffusion model, providing microstructural
indices related to geometrical complexity of neur-
ite architecture (Figure 4).137 This technique
applied to the spinal cord has been recently vali-
dated by comparison with histology, and a trend
towards lower neurite complexity in demyelinated
lesions, has been demonstrated.!3813° In a pilot
study we found that neurite dispersion index was
reduced in the spinal cord of patients with RRMS
when compared with healthy controls,!?* and a
recent study has described reduced orientation
index in the normal-appearing white matter and
lesions of the spinal cord from six patients with
MS, when compared with eight healthy controls
(Table 1).125 The main findings of brain and spinal
cord NODDI studies is that for similar value of FA
there are different combinations of orientation dis-
persion index and neurite dispersion index, so
NODDI is expected to be more pathologically spe-
cific than DTIL.

Finally, an exploratory study has assessed the fea-
sibility of the spherical mean technique (SMT),
which is another multi-compartmental diffusion
model, in the spinal cord in six patients with MS
and eight controls (Table 1).126 SMT, which is
feasible on standard MRI scanners, enables the
mapping of the neurite density and compartment
diffusivities, and is sensitive in identifying abnor-
mal changes in MS lesions when compared with
healthy white matter.126
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Table 1. Pathological specificity of advanced spinal cord MRI and clinical correlates.

Table shows pathophysiologic mechanism of MS that can be studied with different advanced MRI techniques. Changes occurring in
different MS subtypes and clinical correlates are presented.

Pathophysiologic Advanced MRI Changes in MS Clinical correlates Reference
mechanisms technique (compared with controls) (if abnormal)
Neuroaxonal DTI [FA, RD, MD) MD, FA = in RIS EDSS 27.116.117
integrity RD ™1 in RRMS and SPMS Upper limb function
MD 111 in RRMS and SPMS Lower limb function
FA 44! in RRMS and SPMS
Qsl ADCxy, FWHMxy, POxy ™71 in Spasticity 122,123
PPMS Postural instability
ADCz, FWHMz, POz 444 in Sensory dysfunction
PPMS
NODDI (v, 0DI) v, ¥4 in RRMS lesions 124,125
0DI ™11 in RRMS NAWM
0DI ™1 in RRMS lesions
SMT (V) V,, 44 in RRMS 126
MRS (NAA/Cr) 34 in PPMS, RRMS and EDSS 127
SPMS Upper limb function
Lower limb function
MRS (NAA) 3 in PPMS EDSS 122
Spasticity
Postural instability
Sensory dysfunction
MRS (Gix) 34 in PPMS Postural instability 122
Myelin content MTR dinRIS EDSS flexl28 127
34 in RRMS
Myelin water L in PPMS EDSS 130,131
fraction 34 in RRMS Lower limb function
MTSat n/a EDSS 132
Lower limb function
Astrocytic MRS 71 in PPMS lesions Postural instability 122

activation and
proliferation

Functional
connectivity

[Myo-inositol]

BOLD fMRI

344 in RRMS lesions
™1 in RRMS peri-lesional
area

133

ADC, apparent diffusion coefficient; BOLD, blood oxygenation level-dependent; Cr, creatinine; DTI, diffusion tensor imaging; EDSS, expanded
disability status scale; FA, fractional anisotropy; fMRI, functional MRI; FWHM, full-width half-maximum; Glx, glutamate and glutamine; MD,
mean diffusivity; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; MS, multiple sclerosis; MT, magnetization
transfer; MTR, magnetization transfer ratio; MTSat, quantitative MT saturation; NAA, N-acetyl-aspartate; NAWM, normal-appearing white
matter; NODDI, neurite orientation dispersion and density imaging; ODI, orientation dispersion index; POxy, zero displacement probability;

PPMS, primary progressive MS; QSI, g-space imaging; RD, radial diffusivity; RIS, radiologically isolated syndrome; RRMS, relapsing-remitting
MS; SMT, spherical mean technique; V,,, axonal volume fraction; v,,, intra-neurite volume fraction.

An in vivo study of the spinal cord, which fits, would be important to establish the limitations
studies and compares several biophysical models, and the advantages of each model and the clinical
similar to what has been done in the brain,!¥® potential of the latest models. Reducing the
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Figure 4. NODDI in the spinal cord.
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NODDI provides tissue-specific indices related to geometrical complexity of neurite architecture. Cervical spinal cord
NODDI maps of IVF (estimating the amount of free water), NDI (estimating the number of neurites), and ODI (estimating the
variability of neurite orientations) are shown from healthy controls and patients with MS (courtesy Dr Francesco Grussu,

University College London, UK).

IVF, isotropic volume fraction; MS, multiple sclerosis; NDI, neurite density index; NODDI, neurite orientation dispersion and

density imaging; ODI, orientation dispersion index.

acquisition times, without sacrificing the accuracy
of the derived indices, may be possible with the
latest techniques.!2¢ The development of more
advanced hardware (high-field MRI scanners),
software (localization, gating, and motion com-
pensation), and coils (such as multi-channel
phased-array coils) will contribute to expand the
use of diffusion-derived metrics in MS clinical
practice and trials.120

Techniques reflecting myelin content

MTR is a quantitative technique measuring the
magnetization exchange between freely mobile
protons and those associated with macromole-
cules such as myelin, providing an indirect esti-
mate of myelin content, in addition to neuroaxonal
integrity and water content. A large study carried
out in patients with MS reported lower MTR val-
ues in patients with a higher EDSS, than those
with a lower EDSS, independent of lesion load,28
suggesting that this measure can detect clinically
relevant differences beyond conventional imag-
ing. Reduced MTR values were found in the cer-
vical spinal cord of 60 patients with early RRMS
when compared with 34 age-matched controls, in
the absence of spinal cord atrophy.!2° This study
also showed that the main contribution to low
MTR levels is from the normal-appearing spinal
cord tissue, since the effect of the lesions is
minimal.!?® In patients, there was a correlation
between lower MTR and higher lesion load.!?®
Some evidence for reduced MTR values were
also found in the cervical cord of patients with

RIS,116 although this finding requires further con-
firmation. Of note, the distribution of MTR
reduction in the spinal cord periphery and bar-
ycentre supports a spatial pattern of microstruc-
tural damage that resembles that in the brain, 129141
and suggests that MTR abnormalities in a region
involving the pia mater and subpial cord occur
early in the course of MS and are more marked in
those with a progressive course.!42 Clinical corre-
lates of MTR are reported in Table 1.

Myelin water imaging has been validated as a
technique that provides a marker for myelin, 143,144
but it has been applied to the spinal cord in only
a few studies. Myelin water fraction varies along
the spinal cord proportionally to the white matter
area fraction.14> In patients with cervical spondy-
lotic myelopathy, myelin water imaging shows
high specificity in detecting impaired spinal cord
conduction, when compared with conventional
imaging (e.g. T2 signal intensity) which only pro-
vides a measurement of the extent of spinal cord
compression.146 In MS, spinal cord myelin water
fraction decreased by 11% in PPMS, but not in
healthy controls,!3° and was associated with disa-
bility scores (Table 1),147 suggesting progressive
demyelination in this disease subtype, that is
related to progressive disability accrual. Cervical
spinal cord myelin water volume fraction progres-
sively decreases in MS, but not in NMOSD, in
the absence of clinical relapses, suggesting that
neurodegenerative and demyelinating processes
occur continuously in MS, but not in NMOSD
where inflammation might dominate.13!
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MTR and myelin water imaging appear to pro-
vide complementary information. Although MTR
is not pathologically specific, it is commonly
available and fast to acquire, while myelin water
imaging is more specific as a myelin marker but
requires more complicated post-processing and is
not a sequence product.

A recent paper investigated the role of spinal
cord magnetization transfer (MT) saturation
(MTSat), which is a quantitative MT saturation
technique, minimally affected by T1 relaxation
and field inhomogeneity, and demonstrated that
MTSat correlates with disability more strongly
than MTR, suggesting higher sensitivity to tis-
sue damage for future clinical applications
(Table 1).132

Finally, quantitative MT (gMT) applied at 3T
with reasonable acquisition time showed excel-
lent grey/white contrast and sensitivity to MS
pathology (lesions).148

Metabolic imaging techniques

IH-MRS estimates the levels of metabolites, as
long as they are available in relatively high con-
centrations.!¥® The most commonly estimated
metabolites are total N-acetyl-aspartate (NAA; a
marker of neuronal mitochondrial metabolism
and, more in general, of neuronal integrity);
NAA/Cr (NAA values normalized by voxel creati-
nine); glutamate and its precursor glutamine
(Glx; whose reduction indicates chronic neuroax-
onal degeneration); and myo-inositol (a marker of
glial cell activation and proliferation). A recent
investigation of MRS at 3T using i vivo and
postmortem experiments reported an extended
metabolic profile of the spinal cord, thereby indi-
cating the rich information which can be provided
by this technique.150

When MRS was applied to patients with early
PPMS, lower NAA, lower Glx, and higher myo-
inositol, in particular within lesions, were detected
in patients compared with normal-appearing tis-
sue in healthy controls.’?2 Metabolic changes
within the spinal cord occurred in the absence of
significant spinal cord atrophy, pointing towards
early neuroaxonal loss and tissue remodelling,
and were associated with disability measures.!22
When including patients at different disease
stages, lower NAA/Cr was associated with spinal
cord atrophy and with disability progression

during follow up (Table 1).127 Also, diffuse lesions
were characterized by lower NAA/Cr when com-
pared with focal lesions.127

MRS may assist with the differential diagnosis of
myelopathies. It has been used to define the met-
abolic profile of different spinal cord tumours
(e.g. strongly reduced NAA and strongly increased
myo-inositol in the ependymoma, or absence of
significant metabolic changes in extradural
tumours, such as the schwannoma), and trau-
matic spinal cord injury (reduced NAA).15!

23Na-MRS has been investigated in the brains of
MS patients in several studies,!>2153 that have
shown increased total sodium concentration in
the MS lesions and normal-appearing tissue in
patients when compared with controls, suggesting
either an expansion of the extracellular compart-
ment as a consequence of neuroaxonal loss, or an
accumulation of sodium in the swollen axonal ter-
minals with ongoing degeneration.!!* Advances in
sodium imaging acquisition and analysis have
allowed application of this metabolic technique to
the spinal cord of healthy controls,!>* and patients
with MS;155 preliminary findings mirror brain
results, with higher total sodium concentration in
patients with MS than healthy controls.

Functional MRI

Very few studies have investigated the resting
state blood oxygenation level-dependent (BOLD)
signal in the spinal cord mainly because its
sensitivity and reliability are still suboptimal
and technical limitations are significant.!® In a
7T fMRI study measuring the BOLD signal, spi-
nal cord functional networks were generally
intact in RRMS (Table 1). However, increased
connectivity was found at the boundaries of
lesions, possibly indicating compensatory
changes to demyelination/axonal loss, or disrup-
tion of inhibitory spinal interneurons.!33

Future research

Ultra-high-field (7T) scanners have appeared in
recent years. 7T MRI of the spinal cord can
potentially overcome limitations of 1.5 and 3T
scanners, by improving spatial resolution, increas-
ing the contrast-to-noise ratio, and allowing bet-
ter characterization of white and grey matter.157-158
However, 7T spinal cord MRI remains techni-
cally challenging due to motion artefacts and field
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inhomogeneities, and requires time-consuming
acquisition and complex post-processing. New
coils that reduce field inhomogeneities and allow
whole spine coverage will help to overcome these
limitations and develop this exciting tool in MS.
Preliminary reports have shown increased sensi-
tivity and spatial accuracy in characterizing
pathology in the spinal cord than lower field
MRI'ISQ

In addition to spinal cord imaging at 7T, future
research will focus on: (1) Developing and opti-
mizing methods and techniques that can over-
come the technical challenges posed by imaging
the spinal cord, (2) Clarifying the use of asympto-
matic lesions for monitoring MS and their added
value to brain asymptomatic lesions, (3)
Developing and optimizing quantitative MRI
techniques, which provide biomarkers reflecting
pathological abnormalities that contribute to dis-
ability, (4) Optimizing registration-based tech-
niques for computing spinal cord atrophy, which
will increase precision and reduce variability of
spinal cord atrophy quantification and translate it
into the design of clinical trials.

The ultimate goal of future spinal cord imaging
research is to characterize in vivo axonal pathol-
ogy and other pathological abnormalities in a
clinical setting, thereby improving our under-
standing of the disease mechanisms and monitor
the clinical course of MS and its response to
treatment.

Funding

The study was supported by the National Institute
for Health Research University College London
Hospitals Biomedical Research Centre, UK.

Conflict of interest statement

MM has received research grants form ECTRIMS-
MAGNIMS and Merck, and honoraria from
Biogen, Merck and Sanofi-Genzyme.

CP served on scientific advisory boards for
Actelion, Biogen, Genzyme, Hoffmann-La Roche
Ltd, Merck Serono, Novartis, Sanofi, and Teva;
he has received consulting or speaking fees,
research support, and travel grants from Allergan,
Almirall, Biogen, Genzyme, Hoffmann-La Roche
Ltd, Merck Serono, Novartis, Sanofi, and Teva.
OC is a Consultant for Merck, Roche, Teva,
Biogen and Novartis.

SR, AI, and AT have nothing to disclose.

ORCID iDs

Marcello Moccia https://orcid.org/0000-0003
-2613-3090

Olga Ciccarelli https://orcid.org/0000-0001
-7485-1367

References
1. Thompson A]J, Baranzini SE, Geurts ], et al.
Multiple sclerosis. Lancer 2018; 391: 1622-1636.

2. Kearney H, Miller DH and Ciccarelli O. Spinal
cord MRI in multiple sclerosis - diagnostic,
prognostic and clinical value. Nat Rev Neurol
2015; 11: 327-338.

3. Losseff N, Webb S, O’Riordan ], er 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: 701-708.

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

5. Lassmann H. Spinal cord pathology in multiple
sclerosis. Lancet Neurol 2015; 14: 348-349.

6. Gilmore CP, B6 L, Owens T, er al. Spinal cord
Gray matter demyelination in multiple sclerosis
— a novel pattern of residual plaque morphology.
Brain Pathol 2006; 16: 202-208.

7. Valsasina P, Aboulwafa M, Preziosa P, ez al.
Cervical cord T1-weighted hypointense lesions at
MR imaging in multiple sclerosis: relationship to
cord atrophy and disability. Radiology 2018; 288:
234-244.

8. Trop I, Bourgouin PM, Lapierre Y, ez al.
Multiple sclerosis of the spinal cord : diagnosis
and follow-up with contrast-enhanced MR and
correlation with clinical activity. AJNR Am ¥
Neuroradiol 1998; 19: 1025-1033.

9. Klawiter E, Benzinger T, Roy A, ez al. Spinal
cord ring enhancement in multiple sclerosis. Arch
Neurol 2010; 67: 1395-1398.

10. Zalewski NL, Morris PP, Weinshenker BG,
et al. Ring-enhancing spinal cord lesions in
neuromyelitis optica spectrum disorders. ¥ Neurol
Neurosurg Psychiarry 2017; 88: 218-225.

11. Weier K, Mazraeh J, Naegelin Y, ez al. Biplanar
MRI for the assessment of the spinal cord in
multiple sclerosis. Mult Scler 20125 18: 1560—
1569.

12. Lycklama a, Nijeholt GJ, Barkhof F, Scheltens P,
et al. MR of the spinal cord in multiple sclerosis :

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://orcid.org/0000-0003-2613-3090
https://orcid.org/0000-0003-2613-3090
https://orcid.org/0000-0001-7485-1367
https://orcid.org/0000-0001-7485-1367

Therapeutic Advances in Neurological Disorders 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

relation to clinical subtype and disability. AFNR
Am J Neuroradiol 1997; 18: 1041-1048.

Kearney H, Miszkiel KA, Yiannakas MC,

et al. Grey matter involvement by focal cervical
spinal cord lesions is associated with progressive
multiple sclerosis. Mult Scler 20165 22: 910-920.

Ciccarelli O, Cohen J, Reingold S, ez al. Spinal
cord involvement in multiple sclerosis and
neuromyelitis optica spectrum Disorders. Lancer
Neurol 2019; 18: 185-197.

Chong AL, Chandra RV, Chuah KC, ez al.
Proton density MRI increases detection of
cervical spinal cord multiple sclerosis lesions
compared with T2-weighted fast spin-echo.
AFNR Am J Neuroradiol 2016; 37: 180—184.

Philpott C and Brotchie P. Comparison of MRI
sequences for evaluation of multiple sclerosis of
the cervical spinal cord at 3 T. Eur ¥ Radiol 2011;
80: 780-785.

Bot JCJ, Barkhof F, Lycklama a, Nijeholt GJ,
et al. Comparison of a conventional cardiac-
triggered dual spin-echo and a fast STIR
sequence in detection of spinal cord lesions
in multiple sclerosis. Eur Radiol 2000; 10:
753-758.

Rovira A and De Stefano N. MRI monitoring
of spinal cord changes in patients with multiple
sclerosis. Curr Opin Neurol 20165 29: 445-452.

Alcaide-Leon P, Pauranik A, Alshafai L, ez al.
Comparison of Sagittal FSE T2, STIR, and
T1-weighted phase-sensitive inversion recovery in
the detection of spinal cord lesions in MS at 3T.
AFNR Am F Neuroradiol 2016; 37: 970-975.

Nair G, Absinta M and Reich DS. Optimized
T1-MPRAGE sequence for better visualization of
spinal cord multiple sclerosis lesions at 3T. A¥NR
Am J Neuroradiol 2013; 34: 2215-2222.

Riederer I, Karampinos DC, Settles M, et al.
Double inversion recovery sequence of the
cervical spinal cord in multiple sclerosis and
related inflammatory diseases. AYNR Am ¥
Neuroradiol 2015; 36: 219-225.

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. AFNR Am § Neuroradiol
20165 37: 963-969.

Breckwoldt MO, Gradl J, Héhnel S, ez al.
Increasing the sensitivity of MRI for the detection
of multiple sclerosis lesions by long axial coverage
of the spinal cord: a prospective study in 119
patients. ¥ Neurol 2017; 264: 341-349.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hagens MH], Burggraaff J, Kilsdonk ID, ez al.
Three-Tesla MRI does not improve the diagnosis
of multiple sclerosis. Neurology 2018; 91:
e249—e257.

Dula AN, Pawate S, Dortch RD, ez al. Magnetic
resonance imaging of the cervical spinal cord

in multiple sclerosis at 7T. Mult Scler 2017; 22:
320-328.

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

Kearney H, Schneider T, Yiannakas MC,

et al. Spinal cord grey matter abnormalities

are associated with secondary progression and
Physical disability in multiple sclerosis. ¥ Neurol
Neurosurg Psychiarry 20155 86: 608-614.

Kearney H, Miszkiel KA, Yiannakas MC, er al.
A pilot MRI study of white and grey matter
involvement by multiple sclerosis spinal cord
lesions. Mult Scler Relat Disord 2013; 2: 103-108.

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

Filippi M, Rocca MA, Ciccarelli O, er al. MRI
criteria for the diagnosis of multiple sclerosis:
MAGNIMS consensus guidelines. Lancet Neurol
2016; 15: 292-303.

Brownlee WJ, Swanton JK, Miszkiel KA, ez al.
Should the symptomatic region be included in
dissemination in space in MRI criteria for MS?
Neurology 2016; 87: 680—-683.

Tintore M, Otero-Romero S, Rio ], er al.
Contribution of the symptomatic lesion in
establishing MS diagnosis and prognosis.
Neurology 2016; 87: 1368-1374.

Bot JCJ and Barkhof F. Spinal-cord MRI

in multiple sclerosis: conventional and
nonconventional MR techniques. Neuroimaging
Chin N Am 2009; 19: 81-99.

Barkhof F. Spinal cord MRI should always
be performed in clinically isolated syndrome
patients: yes. Mult Scler 2014; 20: 1688—-1689.

Keegan BM, Kaufmann TJ, Weinshenker BG,

et al. Progressive solitary sclerosis: gradual motor
impairment from a singleCNSdemyelinating
lesion. Neurology 20165 87: 1713-1719.

Schee JP and Viswanathan S. Pure spinal
multiple sclerosis: a possible novel entity within
the multiple sclerosis disease spectrum. Mulr Scler
2018.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

M Moccia, S Ruggieri et al.

37. Zalewski NL, Flanagan EP and Keegan BM.
Evaluation of idiopathic transverse myelitis
revealing specific myelopathy diagnoses.
Neurology 2018; 90: e96—e102.

38. Pekcevik Y, Mitchell CH, Mealy MA, ez al.
Differentiating neuromyelitis optica from other
causes of longitudinally extensive transverse
myelitis on spinal magnetic resonance imaging.
Mulr Scler 20165 22: 302-311.

39. Asgari N, Pernille H, Skejoe B, er al. Evolution
of longitudinally extensive transverse myelitis in
an aquaporin-4 IgG-positive patient. Neurology
2013; 81: 95-96.

40. Flanagan EP, Weinshenker BG, Krecke KN,
et al. Short myelitis lesions in aquaporin-4-IgG-
positive neuromyelitis optica spectrum disorders.
FAMA Neurol 2015; 72: 81-87.

41. Yonezu T, Ito S, Mori M, ez al. “Bright spotty
lesions” on spinal magnetic resonance imaging
differentiate neuromyelitis optica from multiple
sclerosis. Mulr Scler 20145 20: 331-337.

42. Hyun J-W, Kim S-H, Jeong I, er al. Bright
spotty lesions on the spinal cord : an additional
MRI indicator of neuromyelitis optica spectrum
disorder ? ¥ Neurol Neurosurg Psychiatry 2015; 86:
1280-1282.

43. Sato DK, Callegaro D, Lana-Peixoto M, et al.
Distinction between MOG antibody- positive
and AQP4 antibody-positive NMO spectrum
disorders. Neurology 2014; 82: 474-481.

44. Hamid SHM, Whittam D, Mutch K, er al. What
proportion of AQP4 - IgG - negative NMO
spectrum disorder patients are MOG - IgG
positive? A cross sectional study of 132 patients. ¥
Neurol 2017; 264: 2088-2094.

45. Flanagan EP, Kaufmann TJ, Krecke KN, ez al.
Discriminating long myelitis of neuromyelitis
optica from sarcoidosis. Ann Neurol 2016; 79:
437-447.

46. Jolliffe EA, Keegan BM and Flanagan EP.
Trident sign trumps Aquaporin-4-IgG ELISA
in diagnostic value in a case of longitudinally
extensive transverse myelitis. Mulr Scler Relar
Disord 2018; 23: 7-8.

47. Zalewski NL, Krecke KN, Weinshenker BG,
et al. Central canal enhancement and the trident
sign in spinal cord sarcoidosis. Neurology 2016;
87: 743-744.

48. Zalewski N, Rabinstein A, Brinjikji W, ez al.
Unique gadolinium enhancement pattern in
spinal dural arteriovenous fistulas. ¥AMA Neurol
2018; 75: 1542-1545.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kantarci OH, Lebrun C, Siva A, et al. Primary
progressive multiple sclerosis evolving from
radiologically isolated syndrome. Ann Neurol
20165 79: 288-294.

Arrambide G, Rovira A, Sastre-Garriga J, et al.
Spinal cord lesions: a modest contributor to
diagnosis in clinically isolated syndromes but a
relevant prognostic factor. Mult Scler 2018; 24:
301-312.

Sombekke MH, Wattjes MP, Balk L], ez al.
Spinal cord lesions in patients with clinically
isolated syndrome: a powerful tool in diagnosis
and prognosis. Neurology 2013; 80: 69-75.

Brownlee W], Altmann DR, Da Mota PA,

et al. Association of asymptomatic spinal cord
lesions and atrophy with disability 5 years after a
clinically isolated syndrome. Mult Scler 2017; 23:
665-674.

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

Kearney H, Altmann DR, Samson RS, ez al.
Cervical cord lesion load is associated with
disability independently from atrophy in MS.
Neurology 20155 84: 367-373.

D’Amico E, Patti F, Leone C, er al. Negative
prognostic impact of MRI spinal lesions in the
early stages of relapsing—remitting multiple
sclerosis. Mult Scler — Exp Transl Clin 2016; 2:
1-7.

Sacca F, Lanzillo R, Signori A, et al.
Determinants of therapy switch in multiple
sclerosis treatment-naive patients: a real-life
study. Mulr Scler 2018.

Ruggieri S, Logoteta A, Tinelli E, ez al.
Measuring disease activity in multiple sclerosis:
the essential role of spinal cord MRI monitoring.
Mulr Scler 2018; 24: 308.

Cortese R and Ciccarelli O. Clinical monitoring
of multiple sclerosis should routinely include
spinal cord imaging — Yes. Mult Scler 2018; 24:
1536-1537.

Flanagan E, Weinshenker M, Krecke K, ez al.

Asymptomatic myelitis in neuromyelitis optica
and autoimmune aquaporin-4 channelopathy.
Neurol Clin Pract 20155 5: 175-1717.

Rocca MA, Valsasina P, Damjanovic D, er al.
Voxel-wise mapping of cervical cord damage in
multiple sclerosis patients with different clinical
phenotypes. ¥ Neurol Neurosurg Psychiarry 2013;
84: 35-41.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

Therapeutic Advances in Neurological Disorders 12

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Eden D, Gros C, Badji A, et al. Spatial
distribution of multiple sclerosis lesions in the
cervical spinal cord. Brain 2019; 142:633-646.

Trapp B, Peterson ], Ransohoff R, er al. Axonal
transection in the lesions of multiple sclerosis. N
Engl ¥ Med 1998; 338: 278-285.

Schmierer K, McDowell A, Petrova N, er al.
Quantifying multiple sclerosis pathology in post
mortem spinal cord using MRI. Neuroimage 2018;
182: 251-258.

Petrova N, Carassiti D, Altmann DR, et al.
Axonal loss in the multiple sclerosis spinal cord
revisited. Brain Pathol 2018; 28: 334-348.

Agosta F and Filippi M. MRI of spinal cord
in multiple sclerosis. ¥ Neuroimaging 2007; 17:
46S-498S.

Ruggieri S, Petracca M, Miller A, et al.
Association of deep gray matter damage with
cortical and spinal cord degeneration in primary
progressive multiple sclerosis. ¥AMA Neurol
2015; 72: 1466-1474.

Evangelou N, Del.uca G, Owens T, ez al.
Pathological study of spinal cord atrophy in
multiple sclerosis suggests limited role of local
lesions. Brain 2005; 128: 29-34.

Casserly C, Seyman EE, Alcaide-Leon P,

et al. Spinal cord atrophy in multiple sclerosis:
a systematic review and meta-analysis. ¥
Neuroimaging 2018; 28: 556-586.

Healy BC, Arora A, Hayden DL, ez al.
Approaches to normalization of spinal cord
volume: application to multiple sclerosis. ¥
Neuroimaging 20125 22: el2-e19.

Oh J, Seigo M, Saidha S, er al. Spinal
cord normalization in multiple sclerosis. ¥
Neurotmaging 2014; 24: 577-584.

Schlaeger R, Papinutto ND, Zhu AH, ez al.
The association between thoracic spinal cord
gray matter atrophy and disability in Multiple
Sclerosis. FAMA Neurol 2015; 72: 897-904.

Hua LH, Donlon SL, Sobhanian M], er al.
Thoracic spinal cord lesions are influenced by the
degree of cervical spine involvement in multiple
sclerosis. Spinal Cord 20155 53: 520-525.

Rocca M, Valsasina P, Meani A, et al. Cranio-
caudal patterns of cervical cord atrophy
progression in MS according to disease
phenotype and clinical worsening: a multicenter
study. Mult Scler 2018; 24: 102-103.

Horsfield MA, Sala S, Neema M, et al. Rapid
semi-automatic segmentation of the spinal cord

75.

76.

717.

78.

79.

80.

81.

82.

83.

84.

85.

from magnetic resonance images: application in
multiple sclerosis. Neuroimage 2010; 50: 446—
455.

Daams M, Weiler F, Steenwijk MMD, et al.
Mean upper cervical cord area (MUCCA)
measurement in long-standing multiple sclerosis:
relation to brain findings and clinical disability.
Mulr Scler 20145 20: 1860-1865.

De Leener B, Taso M, Adad JC, et al.
Segmentation of the human spinal cord.
MAGMA 2016; 29: 125-153.

Xinapse. Cord finder — Introduction, http://
www.xinapse.com/Manual/ (2018, accessed 28
December 2018).

Kearney H, Yiannakas M, Abdel-Aziz K, et al.
Improved MRI quantification of spinal cord
atrophy in multiple sclerosis. ¥ Magn Reson
Imaging 2014; 39: 617-623.

Lukas C, Hahn HK, Bellenberg B, ez al.
Sensitivity and reproducibility of a new

fast 3D segmentation technique for clinical
MR-based brain volumetry in multiple sclerosis.
Neuroradiology 2004; 46: 906-915.

Liu XY, Lukas XC, Steenwijk XMD, ez al.
Multicenter validation of mean upper cervical
cord area measurements from head 3D
T1-weighted MR imaging in patients with
multiple sclerosis. AFNR Am F Neuroradiol 2016;
37: 749-754.

De Leener B, Lévy S, Dupont SM, ez al. SCT:
Spinal Cord Toolbox, an open-source software
for processing spinal cord MRI data. Neuroimage
2017; 145: 24-43.

Yiannakas MC, Mustafa AM, De Leener B, ez al.
Fully automated segmentation of the cervical
cord from T1-weighted MRI using PropSeg:
application to multiple sclerosis. NeuroImage Clin
2015; 10: 71-77.

Gros C, De Leener B, Badji A, ez al.

Automatic segmentation of the spinal cord and
intramedullary multiple sclerosis lesions with
convolutional neural networks. Neuroimage 2019;
184: 901-915.

Lukas C, Prados F, Valsasina P, et al.
Quantification of spinal cord atrophy in MS:
which software, which vertebral level, spinal
cord or brain MRI? A multi-centric, longitudinal
comparison of three different volumetric
approaches. Mulr Scler 2018; 24: 88-89.

Prados F, Yiannakas M, Cardoso M, et al.
Atrophy computation in the spinal cord using the
Boundary Shift Integral. ISMRM. 2017.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
http://www.xinapse.com/Manual/
http://www.xinapse.com/Manual/

M Moccia, S Ruggieri et al.

86. Prados F and Barkhof F. Spinal cord atrophy
rates. Ready for prime time in multiple sclerosis
clinical trials? Neurology 2018; 91: 157-158.

87. Altmann DR, Jasperse B, Barkhof F, ez al.
Sample sizes for brain atrophy outcomes in trials
for secondary progressive multiple sclerosis.
Neurology 2009; 72: 595-601.

88. Liu Z, Yaldizli O, Pardini M, ez al. Cervical
cord area measurement using volumetric brain
magnetic resonance imaging in multiple sclerosis.
Mult Scler Relar Disord 20155 4: 52-57.

89. Biberacher V, Boucard CC, Schmidt P, et al.
Atrophy and structural variability of the upper
cervical cord in early multiple sclerosis. Mult Scler
2015; 21: 875-884.

90. Rocca MA, Horsfield MA, Sala S, ez al. A
multicenter assessment of cervical cord atrophy
among MS clinical phenotypes. Neurology 2011;
76:2096-2102.

91. Hagstrom IT, Schneider R, Bellenberg B, ez al.
Relevance of early cervical cord volume loss
in the disease evolution of clinically isolated
syndrome and early multiple sclerosis: a 2-year
follow-up study. ¥ Neurol 2017; 264: 1402-1412.

92. Tsagkas C, Magon S, Gaetano L, ez al. Spinal cord
volume loss. A marker of disease progression in
multiple sclerosis. Neurology 2018; 91: €349—e358.

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

94. Eshaghi A, Prados F, Brownlee W7, et al.
Deep gray matter volume loss drives disability
worsening in multiple sclerosis. Ann Neurol 2018;
83:210-222.

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

96. Chien C, Scheel M, Schmitz-Hubsch T, ez al.
Spinal cord lesions and atrophy in NMOSD
with AQP4-IgG and MOG-IgG associated
autoimmunity. Mult Scler 2018.

97. Liu'Y, Wang J, Daams M, er al. Differential
patterns of spinal cord and brain atrophy in
NMO and MS. Neurology 2015; 84: 1465-1472.

98. Schneider R, Bellenberg B, Kleiter I, ez al.
Cervical cord and ventricle affection in
neuromyelitis optica. Acta Neurol Scand 2017,
135: 324-331.

99. Kearney H, Rocca M, Valsasina P, ez al.
Magnetic resonance imaging correlates of

physical disability in relapse onset multiple
sclerosis of long disease duration. Mulr Scler
2014; 20: 72-80.

100.Cohen AB, Neema M, Arora A, et al. The
relationships among MRI-defined spinal cord
involvment, brain involvment and disability in
multiple sclerosis. ¥ Neurovmaging 2012; 22:
122-128.

10

—_

.Aymerich FX, Auger C, Alonso ], et al. Cervical
cord atrophy and long-term disease progression
in patients with primary-progressive multiple
sclerosis. AFTNR Am § Neuroradiol 2018; 39:
399-404.

102.Lukas C, Knol DL, Sombekke MH, ez al.
Cervical spinal cord volume loss is related to
clinical disability progression in multiple sclerosis.
¥ Neurol Neurosurg Psychiarry 2015; 86: 410-418.

103.Lukas C, Sombekke M, Bellenberg B, ez al.
Relevance of spinal cord abnormalities to clinical
disability in multiple sclerosis: MR imaging
findings in a large cohort of patients. Radiology
2013; 269: 542-552.

104.Tsagkas C, Magon S, Gaetano L, er al.
Preferential spinal cord volume loss in
primary progressive multiple sclerosis.
Mulr Scler 2018.

105.Bonati U, Fisniku LK, Altmann DR, ez al.
Cervical cord and brain grey matter atrophy
independently associate with long-term MS
disability. ¥ Neurol Neurosurg Psychiatry 2011; 82:
471-472.

106.Tur C, Moccia M, Barkhof F, er al. Assessing
treatment outcomes in multiple sclerosis trials
and in the clinical setting. Nat Rev Neurol 2018;
14: 75-93.

107.Singhal T, Tauhid S, Hurwitz S, ez al. The effect
of glatiramer acetate on spinal cord volume
in relapsing-remitting multiple sclerosis. ¥
Neuroimaging 2017; 27: 33-36.

108.Yaldizli O, MacManus D, Stutters J, ez al. Brain
and cervical spinal cord atrophy in primary
progressive multiple sclerosis: results from a
placebo-controlled phase III trial INFORMS).
Mult Scler 20155 22: 30-31.

109.Dupuy SL, Khalid F, Healy BC, ez al. The effect
of intramuscular interferon beta-1a on spinal cord
volume in relapsing-remitting multiple sclerosis.
BMC Med Imaging 20165 16: 56.

110.Kapoor R, Furby J, Hayton T, er al. Lamotrigine
for neuroprotection in secondary progressive
multiple sclerosis: a randomised, double-blind,
placebo-controlled, parallel-group trial. Lancet
Neurol 20105 9: 681-688.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

Therapeutic Advances in Neurological Disorders 12

111.Papinutto N, Bakshi R, Bischof A, er al. Gradient
nonlinearity effects on upper cervical spinal cord
area measurement from 3D T1-weighted brain
MRI acquisitions. Magn Reson Med 2018; 79:
1595-1601.

112.Durand-Dubief F, Belaroussi B, Armspach JP,
et al. Reliability of longitudinal brain volume loss
measurements between 2 sites in patients with
multiple sclerosis: comparison of 7 quantification
techniques. AFYNR Am F Neuroradiol 2012; 33:
1918-1924.

113.Valsasina P, Rocca MA, Horsfield MA, et al. A
longitudinal MRI study of cervical cord atrophy in
multiple sclerosis. ¥ Neurol 2015; 262: 1622—-1628.

114.Moccia M and Ciccarelli O. Molecular and
metabolic imaging in multiple sclerosis.
Neuroimaging Clin N Am 2017; 27: 343-356.

115.Moccia M, de Stefano N and Barkhof F. Imaging
outcome measures for progressive multiple
sclerosis trials. Mult Scler 20175 23: 1614-1626.

116.Alcaide-Leon P, Cybulsky K, Sankar S, ez al.
Quantitative spinal cord MRI in radiologically
isolated syndrome. Neurol Neuroimmunol
NeuroInflammation 2018; 5: 1-9.

117.Toosy AT, Kou N, Altmann D, ez al. Voxel-
based cervical spinal cord mapping of diffusion
abnormalities in MS-related myelitis. Neurology
2014; 83: 1321-1325.

118.Martin AR, Aleksanderek I, Cohen-Adad ], er al.
Translating state-of-the-art spinal cord MRI
techniques to clinical use: a systematic review of
clinical studies utilizing DTI, MT, MWF, MRS,
and fMRI. Neurolmage Clin 20165 10: 192-238.

119.Enzinger C, Barkhof F, Ciccarelli O, ez al.
Nonconventional MRI and microstructural
cerebral changes in multiple sclerosis. Nar Rev
Neurol 20155 11: 676—-686.

120.Cohen Y, Anaby D and Morozov D. Diffusion
MRI of the spinal cord : from structural studies
to pathology. NMR Biomed 2017; 30: €3592.

121.Stroman P, Wheeler-Kingshott C, Bacon M,
et al. The current state-of-the-art of spinal cord
imaging: methods. Neuroimage 2014; 84: 1070—
1081.

122.Abdel-Aziz K, Schneider T, Solanky BS, ez al.
Evidence for early neurodegeneration in the
cervical cord of patients with primary progressive
multiple sclerosis. Brain 2015; 138: 1568-1582.

123.Cortese R, Prados F, Moccia M, et al. Evidence
for progressive neurodegeneration in the cervical
cord of patients with early primary progressive MS
during 3-year follow-up. Mult Scler 2017; 23: 262.

124.Tona F, Cawley N, Grussu F, ez al. Neurite
orientation dispersion and density imaging
(NODDI) of the spinal cord in relapsing
remitting multiple sclerosis. ECTRIMS 2016 -
London. Mult Scler 20165 22: 513-514.

125.By S, Xu J, Box BA, ez al. Application and
evaluation of NODDI in the cervical spinal cord
of multiple sclerosis patients. Neurolmage Clin
2017; 15: 333-342.

126.By S, Xu ], Box BA, ez al. Multi-compartmental
diffusion characterization of the human cervical
spinal cord in vivo using the spherical mean
technique. NMR Biomed 2018; 31: €3894.

127.Bellenberg B, Busch M, Trampe N, ez al.
1H-magnetic resonance spectroscopy in diffuse
and focal cervical cord lesions in Multiple
Sclerosis. Eur Radiol 2013; 23: 3379-3392.

128.0h ], Saidha S, Chen M, er al. Spinal cord
quantitative MRI discriminates between disability
levels in multiple sclerosis. Neurology 2013; 80:
540-547.

129.Combes B, Kerbrat A, Ferré JC, er al. Focal and
diffuse cervical spinal cord damage in patients
with early relapsing—remitting MS: a multicentre
magnetisation transfer ratio study. Mulr Scler
2018; 1352458518781999.

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

131.Combes AJE, Matthews L, Lee JS, ez al. Cervical
cord myelin water imaging shows degenerative
changes over one year in multiple sclerosis but
not neuromyelitis optica spectrum disorder.
NeuroImage Clin 2017; 16: 17-22.

132.Lema A, Bishop C, Malik O, ez al. A comparison
of magnetization transfer methods to assess
brain and cervical cord microstructure in
multiple sclerosis. ¥ Neuroimaging 2017; 27:
221-226.

133.Conrad BN, Barry RL, Rogers BP, ez al. Multiple
sclerosis lesions affect intrinsic functional
connectivity of the spinal cord. Brain 2018; 141:
1650-1664.

134.Klawiter E, Schmidt R, Trinkaus K, ez al. Radial
diffusivity predicts demyelination in ex vivo
multiple sclerosis spinal cords. Neuroimage 2011;
55:1454-1460.

135.Samson RS, Lévy S, Schneider T, ez al. ZOOM
or Non-ZOOM ? Assessing spinal cord diffusion
tensor imaging protocols for multi- centre studies.
PL0oS One 2016; 11: e0155557.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

M Moccia, S Ruggieri et al.

136.Farrell JAD, Smith SA, Gordon-lipkin EM, ez al.
High b-value g-space diffusion-weighted MRI of
the human cervical spinal cord in vivo : feasibility
and application to multiple sclerosis. Magn Reson
Med 2008; 59: 1079-1089.

137.Zhang H, Schneider T, Wheeler-Kingshott
C, et al. NODDI.: practical in vivo neurite
orientation dispersion and density imaging of the
human. Neuroimage 2012; 16: 1000-1016.

138.Grussu F, Schneider T, Tur C, et al. Neurite
dispersion: a new marker of multiple sclerosis
spinal cord pathology? Ann Clin Transl Neurol
2017; 4: 663-679.

139.Grussu F, Schneider T, Zhang H, er al. Neurite
orientation dispersion and density imaging of the
healthy cervical spinal cord in vivo. Neuroimage
2015; 111: 590-601.

140.Panagiotaki E, Schneider T, Siow B, ez al.
Compartment models of the diffusion MR
signal in brain white matter: a taxonomy and
comparison. Neurovmage 20125 59: 2241-2254.

141.Liu Z, Pardini M, Yaldizli O, er al. Magnetization
transfer ratio measures in normal-appearing
white matter show periventricular gradient
abnormalities in multiple sclerosis. Brain 2015;
138: 1239-1246.

142. Kearney H, Yiannakas MC, Samson RS, ez al.
Investigation of magnetization transfer ratio-derived
pial and subpial abnormalities in the multiple
sclerosis spinal cord. Brain 2014; 137: 2456-2468.

143.Laule C, Kozlowski P, Leung E, et al. Myelin
water imaging of multiple sclerosis at 7 T :
correlations with histopathology. Neuroimage
2008; 40: 1575-1580.

144.Laule C, Yung A, Pavolva V, et al. High-
resolution myelin water imaging in post-mortem
multiple sclerosis spinal cord : a case report. Mult
Scler 2016; 22: 1485-1489.

145.Minty EP, Bjarnason TA, Laule C, et al. Myelin
water measurement in the Spinal Cord. Magn
Reson Med 2009; 61: 883-892.

146.Liu H, MacMillian EL, Jutzeler CR, ez al.
Assessing structure and function of myelin in
cervical spondylotic myelopathy Evidence of
demyelination. Neurology 2017; 89: 602-610.

147.Kolind S, Seddigh A, Combes A, et al. Brain and
cord myelin water imaging: a progressive multiple
sclerosis biomarker. Neurolmage Clin 2015; 9:
574-580.

148.Smith AK, Dortch RD, Dethrage LM, et al.
Rapid, high-resolution quantitative magnetization
transfer MRI of the human spinal cord.
Neuroimage 2014; 95: 106—-116.

149.Wyss PO, Hock A and Kollias S. The
application of human spinal cord magnetic
resonance spectroscopy to clinical studies : a
review. Semin Ultrasound CT MRI 2017; 38:
153-162.

150.Hock A, Wilm B, Zandomeneghi G, et al.
Neurochemical profile of the human cervical
spinal cord determined by MRS. NMR Biomed
20165 29: 1464-1476.

151.Hock A, Henning A, Boesiger P, ez al. H-MR
spectroscopy in the human spinal cord. A¥NR
Am J Neuroradiol 2013; 34: 1682—-1689.

152.Petracca M, Vancea RO, Fleysher L, ez al. Brain
intra- and extracellular sodium concentration in
multiple sclerosis: a 7 T MRI study. Brain 2016;
139: 795-806.

153.Paling D, Solanky BS, Riemer F, ez al. Sodium
accumulation is associated with disability and
a progressive course in multiple sclerosis. Brain
2013; 136: 2305-2317.

154.Solanky BS, Riemer F, Golay X, et al. Sodium
quantification in the spinal cord at 3T. Magn
Reson Med 2013; 69: 1201-1208.

155.Solanky BS, Prados F, Yiannakas MC,
et al. Associations between tissue sodium
concentration, age and cross-sectional area in the
healthy spinal cord. ISMRM 2017.

156.Wheeler-Kingshott C, Stroman P, Schwab ],
et al. The current state-of-the-art of spinal cord
imaging: applications. Neuroimage 2014; 84:
1082-1093.

157.Massire A, Taso M, Besson P, ez al. Neurolmage
high-resolution multi-parametric quantitative
magnetic resonance imaging of the human
cervical spinal cord at 7T. Neuroimage 2016; 143:
58-69.

158. Massire A, Rasoanandrianina H, Taso M, et al.
Feasibility of single-shot multi-level multi-angle
diffusion tensor imaging of the human cervical
spinal cord at 7T. Magn Reson Med 2018; 80:
947-957.

159.Cohen-Adad J, Zhao W, Keil B, er al. 7-T MRI
of the spinal cord can detect lateral corticospinal
tract abnormality in amyotrophic lateral sclerosis.
Muscle Nerve 20135 47: 760-762.

Visit SAGE journals online
journals.sagepub.com/
home/tan

®SAGE journals

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan



