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Abstract: Spinal cord imaging in multiple sclerosis (MS) plays a significant role in diagnosing and
tracking disease progression. The spinal cord is one of four key areas of the central nervous system
where documenting the dissemination in space in the McDonald criteria for diagnosing MS. Spinal cord
lesion load and the severity of cord atrophy are believed to be more relevant to disability than white
matter lesions in the brain in different phenotypes of MS. Axonal loss contributes to spinal cord
atrophy in MS and its degree correlates with disease severity and prognosis. Therefore, measures of
axonal loss are often reliable biomarkers for monitoring disease progression. With recent technical
advances, more and more qualitative and quantitative MRI techniques have been investigated in an
attempt to provide objective and reliable diagnostic and monitoring biomarkers in MS. In this article,
we discuss the role of spinal cord imaging in the diagnosis and prognosis of MS and, additionally,
we review various techniques that may improve our understanding of the disease.

Keywords: multiple sclerosis; spinal cord; magnetic resonance imaging; spinal cord atrophy;
magnetization transfer ratio; diffusion imaging; disability

1. Introduction

Multiple sclerosis (MS) is a chronic, inflammatory, autoimmune, neurodegenerative disease
characterized by a wide range of symptoms. Pathological damage in the central nervous system (CNS),
from the brain to the spinal cord (SC), is common in different stages of MS [1,2]. As part of the CNS,
the SC connects neurons in the brain down to peripheral nerves via ventral (primarily motor nerve)
and dorsal (primarily sensory nerve) nerve roots. The tubular-like SC is surrounded by cerebrospinal
fluid (CSF) through all segments from C1 to approximately the L1/L2 vertebral level. In imaging,
the transverse section of the SC shows symmetrical peripheral white matter fibers with a central
butterfly or H-shaped grey matter (GM) region [3].

The cross-sectional area (CSA) of the SC typically ranges from 67 to 101 mm2 at the cervical level
in adulthood [4–6]. These dimensions and the anatomical configuration of the SC make magnetic
resonance imaging (MRI) one of the most suitable techniques to image the SC in vivo and it has been
widely used for decades in clinical and research settings. MRI provides rich image contrast which
comes from the differences between the MR tissue properties such as proton density (PD), longitudinal
relaxation time (T1), transverse relaxation time (T2), and the molecular environment. Typical SC lesions
in MS appear most commonly in the cervical area and mainly in the periphery of the SC, as focal or
diffuse hyperintense lesions on T2 weighted (T2W) images caused by increased water content and
prolonged T2 during the inflammatory and demyelination process.

A number of studies have suggested that SC lesions and atrophy are stronger predictors of
disability in MS than other measures, however, no consensus has been reached on which methods
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provide the best measures. [1,2,7–10]. Despite the fact that various qualitative and quantitative
MRI metrics have been used over the past two decades in both routine practice and research in
diagnosing MS and its progression, there are still several major challenges related to sensitivity,
specificity, reproducibility and reliability. These technical challenges include: image artifacts caused by
respiratory and cardiac motion; swallowing and CSF pulsations; fatty tissue influence; susceptibility
artifacts at air/tissue interfaces when a gradient echo-based sequence is used; mobility of the SC;
insufficient signal-to-noise ratio (SNR); imaging resolution; and the lack of normative data.

In this article, we discuss the clinical relevance of SC MRI in the diagnosis, prognosis and response
to treatment in MS. Moreover, we review various MRI techniques used for imaging the SC and its
involvement in MS. Finally, we present the most recent advances and the use of ultra-high field SC
MRI in MS.

We initially searched PubMed from the year 2000 onward using the following terms for papers
written in the English language: (‘MS’ or ‘multiple sclerosis’) and (‘MRI’ or ‘MR’ or ‘magnetic resonance’)
in the ‘title’ as well as ‘spinal cord’ by itself being in the ‘title’ or ‘abstract’. The search resulted in
540 articles, including 126 review articles. Since we were aiming to prepare a narrative review in the
current topic, we reviewed the abstracts of most of these articles, and selected relevant citations for
each sub-topic based on our knowledge. In addition, we identified more articles from the references of
the articles we reviewed.

2. Spinal Cord MRI and the McDonald Criteria in MS Diagnosis

The SC is one of four areas of the CNS required to document dissemination in space (DIS)
and dissemination in time (DIT) given in the McDonald criteria for diagnosing MS [11]. The 2017
McDonald criteria included both symptomatic and asymptomatic SC lesions, while only asymptomatic
lesions appear to account for DIS and DIT in previous versions (2001, 2005 and 2010) [12]. As part of
the diagnostic criteria, DIS can be demonstrated by one or more T2-hyperintense lesions seen on MRI in
at least two of the four regions of the CNS: the SC, periventricular, juxtacortical and infratentorial brain
regions, while DIT is associated with new or gadolinium-enhancing lesions [11]. Although brain MRI
imaging is most commonly used in MS diagnosis and/or tracking the disease progression, SC imaging
is recommended for a complete study (at least at the cervical level) whenever possible [1,2,11,13,14].
Further, SC MRI is also recommended in MS patients with a primary progressive (PPMS) course, in cases
where MS is not commonly diagnosed (older patients) and where the presentation is non-specific and
the diagnosis needs to be further supported.

SC MRI is more straightforward than brain MRI in fulfilling the McDonald criteria and
differentiating MS from MS mimics. A recent study demonstrated that the MRI DIS criteria in
the brain are often misunderstood and misapplied both by neurology residents and MS specialists.
T2 hyper-intense lesions in the brain were incorrectly identified by 61% of residents and 48% of
specialists for periventricular lesions, and incorrectly identified by 72% of residents and 47% of
specialists in juxtacortical lesions; in contrast, a majority of these participants correctly assessed SC
MRI [15]. Moreover, T2 hyper-intense lesions in the brain are non-specific to MS, while SC lesions are
more specific and contribute to a more accurate diagnosis of MS. Therefore, there is strong motivation
to continue to refine and apply SC MRI in MS studies.

3. Spinal Cord Atrophy

A number of pathological processes, such as axonal loss, demyelination, and gliosis contribute to
spinal cord atrophy in MS [16]. Spinal cord atrophy can be seen in early MS, even in cases of clinically
isolated syndrome (CIS); however, results are conflicting [9,17]. Traditionally, the measures of cervical
cord CSA along with correlations to disability measured by the expanded disability status scale (EDSS)
are typically used in MS studies to reflect SC atrophy [4,5]. Given the limitation of imaging resolution
and the resulting partial volume effects, physiological variation, and the different sequences used
in measuring CSA of the cervical cord in different studies, a consensus is yet to be reached on how
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to use SC CSA as a primary outcome measure in clinical trials. Two recent systematic reviews and
meta-analysis articles concluded that SC atrophy measured by cervical cord CSA moderately correlated
with clinically measured disability in MS [6,9]. The early work by Losseff and colleagues demonstrated
reproducible CSA measurements at the cervical cord level using an inversion recovery (IR)-based T1
weighted (T1W) sequence, and described a strong correlation (r = −0.7, p < 0.001) between cervical
cord CSA and EDSS in a medium sized cohort (n = 60) of MS patients [4]. In another study involving
150 patients with relapsing-remitting MS (RRMS) and secondary progressive MS (SPMS) phenotypes,
a strong correlation (r = −0.75, p < 0.001) was found between cervical cord CSA and EDSS in all MS
patients, and a sub-group analysis showed significant correlations both in RRMS (r = −0.38, p = 0.004,
n = 93) and SPMS (r = −0.4, p = 0.0021, n = 57) along with a significant difference in CSA mean values
between the two sub-groups, In this study, CSA was an independent predictor of disability in both
MS phenotypes [5]. Longitudinal studies demonstrated an overall 1.78% annual decrease in cervical
cord CSA in patients with MS, and 2.08% in progressive MS, a much higher rate than the annual brain
volume loss in MS, which is estimated at between 0.5% and 1% [6]. However, other studies reported
very weak correlations (r > −0.3) between cervical cord CSA and EDSS in MS [18–22].

Despite the large variation of correlations between SC CSA and disability scores in the literature,
cervical cord CSA robustly measures SC atrophy in MS versus controls, with notable progression in
progressive phenotypes, thereby providing a potential viable objective measure relevant to clinical
outcomes. In addition, it is quite common in a brain imaging session to cover the cervical cord
down to the C2/C3 level, making cervical cord CSA measurements clinically practical with automatic
segmentation tools. Finally, a recent 3T study using combined imaging of the brain and SC has
reported the cervical cord GM T2 lesion load and the fractional anisotropy value in the lateral funiculi
as independent predictors of disability in RRMS and the cervical cord GM CSA as an independent
predictor of disability in progressive MS [23].

Over the last decade, overcoming traditional limitations of CSA measurement has become a
major focus in SC imaging. A new technique, the generalized boundary shift integral (GBSI), is a
registration-based measurement of spinal cord atrophy that has overcome past challenges and measures
cord atrophy more accurately than segmentation-based techniques. In a comparative longitudinal
study, GBSI showed less variability than CSA, similar rates of cord atrophy and better differentiation
between healthy controls and different subtypes of MS patients. The results of these studies support
the use of GBSI, especially for longitudinal studies, as higher accuracy in SC atrophy measurement
can be achieved [24,25]. In a similar study in PPMS patients, the GBSI-based measurements of spinal
cord atrophy were clinically meaningful in a relatively low sample size, making GBSI cord atrophy a
potential secondary outcome measure in clinical trials in MS [26].

4. Spinal Cord MRI in Multiple Sclerosis

It has been over three decades since the initial application of SC MRI in MS [27]. To date,
qualitative assessment of SC lesions has been utilized in the current consensus of MS diagnostic criteria
for demonstrating DIS and DIT [11,13,14]. However, today, quantitative MRI techniques are used more
and more in assessing disease progression and determining prognosis [28]. In addition, spinal cord
MR spectroscopy (MRS) and functional MRI (fMRI) have started to be used in the research setting [29].

4.1. Qualitative MRI

4.1.1. Standardized SC MRI Protocol in MS

In the standardized SC MRI protocol, a dual-echo turbo spin echo (TSE) sequence is commonly
used to provide a proton density weighted (PDW) image from the short echo time, along with the
standard T2W from the second echo. A PDW image is expected to better depict diffuse lesions in
the cord than the T2W image [30]. Given that the T2 weighted fluid attenuated inversion recovery
(FLAIR) image is not sensitive in detecting white matter SC lesions [31–33], either a short-tau inversion
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recovery (STIR) image or T1 weighted IR image are used [13,14]. In the latter case, an inversion
time (TI) is chosen to null the signal of normal-appearing SC to increase lesion contrast thanks to the
difference in their T1 values [34–38]. To null the normal-appearing cord tissue, the inversion time
is chosen to be roughly 69% of the normal-appearing SC T1 value. Poonawalla et al. demonstrated
that 40% of SC lesions clearly detected by this optimized T1 weighted IR sequence were not visible
on the PDW and T2W images from the dual-echo FSE scan [34]. Another means to enhance contrast
is using phase-sensitive inversion recovery (PSIR). Compared to the STIR, PDW and T2W image,
the PSIR images have been shown to have significantly higher lesion to normal-appearing spinal
cord contrast [34]. Furthermore, the PSIR sequence was superior in visualizing diffuse lesions than
STIR [34,39]. The PSIR reconstruction takes advantage of the slower growth of long T1 components and
uses the sign (whether the tissue is positive or negative) to increase the contrast between lesions and
normal-appearing spinal cord. It avoids the loss of contrast for subtle diffuse lesions, suppresses the
signal from CSF, and creates hypo-intense lesion intensity. Therefore, the PSIR image is recommended
along with the conventional magnitude reconstruction.

A group of clinicians and scientists representative of the American Academy of Neurology,
the Radiological Society of North American, and the American Society of Neuroradiology have
summarized a standardized SC MRI protocol which is recommended if the brain MRI is not sufficient
to demonstrate DIS or if the symptoms are related to the SC [13]. This SC MRI protocol consists of a
T1W, PDW, and either a STIR or PSIR set of sequences collected in the sagittal plane, and a T2W scan
collected in the axial plane focusing on the lesion segments [13]. Gadolinium-enhanced T1W is also
recommended in this protocol. The European collaborative research network also has a consensus,
MRI in multiple sclerosis (MAGNIMS), for appropriate criteria in diagnosing MS [14]. The MAGNIMS
protocol recommends SC MRI to demonstrate DIS if patients have clinical isolated syndrome (CIS)
suggestive of SC involvement. The protocol proposes using T2W, STIR, double inversion recovery
(DIR), and gadolinium-enhanced T1W for imaging the entire SC since a notable portion of SC lesions
in MS are associated with the thoracolumbar segments [14,40–42].

4.1.2. Emerging Sequences in Addition to the Standardized SC MRI Protocol

The present standard T1 weighted sequence in the brain imaging, coined T1 weighted
magnetization prepared rapid gradient echo (T1W-MPRAGE), which is an IR-based 3D sequence,
has also been optimized to image SC lesions in MS [37,42]. A study by Nair et al. demonstrated
that T1W-MPRAGE was able to depict focal and diffuse lesions in the cervical and thoracic SC more
conspicuously (with better contrast-to-noise ratio (CNR)) than other contrasts like STIR, T2W and
T2*W [42]. A second IR-based sequence sensitive to intracortical MS lesions in the brain, DIR, has been
suggested for imaging MS SC in a study by Riederer and colleagues in a clinical 3T setting [43]. It also
has superb lesion detectability compared to conventional T2W [43]. The beauty of this approach is that
both normal appearing SC and CSF are suppressed, leaving a hyper-intense lesion, while the major
difficulty is the low SNR in the image. However, it is not widely used in clinical practice because it is
easily affected by artifacts and magnetic field inhomogeneities and takes a long time to acquire the
data. MP2RAGE is another IR-based sequence with two gradient echo acquisition kernels following
the inversion pulse, that has been used in the brain to quantify T1 [44] and has recently been used
in imaging SC lesions in MS [45]. The latter study showed improved visibility of cervical lesions
compared to STIR and T2W, with a 62% increased detection of lesions at 3T in a cohort of patients with
all MS phenotypes, including RRMS, SPMS and PPMS [45].

4.2. Quantitative MRI

Quantitative MRI techniques have been studied in imaging the SC in MS including the
quantification of relaxometry, proton density, magnetization transfer, and microscopic water proton
motion via diffusion, to name a few of interest to imaging the SC in MS (Table 1). These quantitative MRI
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approaches provide great potential in monitoring disease progression when compared to structural
measures such as CSA, cord volume, or lesion load.

Table 1. Representative spinal cord quantitative MRI studies in patients with multiple sclerosis.

Article qMRI
Methods B0 Study Cohorts Main Findings

Filippi M.
Neurology
(2000) [46]

MTR 1.5T

RRMS (n = 52)
SPMS (n = 33)
PPMS (n = 11)

HC (n = 21)

• All MS vs. HC: lower MTR of the CC (p = 0.006),
PPMS (p = 0.01);

• PPMS vs. HC: lower mean MTR (p = 0.01)
and histogram peak height (p = 0.02);

• SPMS vs. RRMS: lower histogram peak height
(p = 0.03).

Valsasina p.
NeuroImage
(2005) [47]

DTI 1.5T
RRMS (n = 21)
SPMS (n = 23)
HC (n = 17)

• All MS vs. HC: decreased FA of the CC (p = 0.008);
• RRMS vs. SPMS: no difference on FA (p = 0.2);
• FA (r = −0.48, p = 0.001) and MD (r = 0.36, p = 0.02)

correlate with EDSS.

Zackowski KM.
Brain

(2009) [48]
MTC 3T

RRMS (n = 23)
SPMS (n = 11)
PPMS (n = 8)
HC (n = 18)

• MS vs. HC: increased MTCSF in LC (p = 0.008)
but not DC and GM.

• MTCSF of DC correlates with EDSS (r = 0.41),
sway (r = 0.32), toe vibration (r = 0.58), and ankle
strength (r = 0.39);

• MTCSF of LC correlates with EDSS (r = 0.59),
ankle strength (r = −0.45) and walk velocity
(r = −0.51).

Laule C.
Multiple

Sclerosis Journal
(2010) [49]

MWF 1.5T

PPMS (n = 24)
HC (n = 24)

Longitudinal
(2 years)

• MS vs. HC: no difference on MWF at baseline
(p = 0.12), but 10.5% decrement at year −2 (p = 0.01);

• No correlation for MWF vs. EDSS;
• Treatment vs. placebo: no difference on MWF of

the cord.

Oh J.
Neurology
(2013) [50]

MTR, DTI 3T
RRMS (n = 69)
SPMS (n = 36)
PPMS (n = 19)

• Low-lesion/high-EDSS vs. low-lesion/low-EDSS:
decreased FA (p = 0.03) and MTR (p = 0.003);
and increased MD (p = 0.003) and AD (p = 0.003);

• High-lesion/high-EDSS vs. high-lesion/low-EDSS:
decreased FA (p = 0.02); increased MD (p = 0.02)
and AD (p = 0.01); but no difference on MTR
(p = 0.17).

Raz E.
American
Journal of

Neuroradiology
(2013) [51]

DKI, DTI 3T RRMS (n = 21)
HC (n = 16)

• RRMS vs. HC: decreased FA in NAWM (p = 0.01);
decreased MK in NAGM (p = 0.01);

• Lesions vs. NASC: decreased FA and MK
(p < 0.001); increased MD (p < 0.001);

• High EDSS vs. low EDSS: decreased FA,
MK (p < 0.01), increased MD (p < 0.01) in WC and
GM but not WM;

• Correlation: No correlation for DTI metrics
and EDSS.

By S.
NeuroImage

Clinical
(2017) [52]

DTI,
NODDI,

DKI
3T RRMS (n = 6)

HC (n = 8)

• NODDI, MS vs. HC: increased ODI in lesions
(p < 0.001) and NAWM (p = 0.002);

• DTI, MS vs. HC: increased RD in lesions (p = 0.005)
and NAWM (p = 0.01); decreased FA in lesions
(p < 0.001) and NAWM (p < 0.001);

• DKI, MS vs. HC: decreased RK in lesions (p < 0.001)
and NAWM (p = 0.016).

9-HPT = 9-Hole peg test. ADC = Apparent diffusion coefficient. AD = Axial diffusivity. RD = Radio diffusivity.
B0 = MRI field strength. CC = Cervical cord. CSA = Cross-sectional area of SC. DC = Dorsal column. DTI = Diffusion
tensor imaging. EDSS = Expanded disability status scale. FA = Fractional anisotropy. FWHM = Full width at half
maximum of the displacement probability density function. HC = Healthy control. IHMTR = Inhomogeneous
magnetization transfer ratio. GM = Grey matter. LC = Lateral column. MD = Mean diffusivity. MK = Mean kurtosis.
MS = Multiple sclerosis. MTR = Magnetization transfer ratio. MTCSF = CSF-normalized MTC signal intensity.
MWF = Myelin water fraction. NAWM = Normal-appearing white matter. NAGM = Normal-appearing grey matter.
NDI = Neurite density index. NODDI = Neurite orientation dispersion and density imaging. ODI = Orientation
dispersion index. P0 = zero displacement probability. PPMS = Primary Progressive MS. QSI = Q-space imaging.
RD = Radial diffusivity. RK = Radial kurtosis. RRMS = Relapsing-remitting MS. SPMS = Secondary Progressive MS.
TWT = 25-foot timed walk test. WC = Whole cord.
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Table 1. Cont.

Article qMRI
Methods B0 Study Cohorts Main Findings

Collorone S.
Multiple Sclerosis

Journal
(2019) [53]

NODDI 3T RRMS (n = 27)
HC (n = 18)

• MS vs. HC: decreased NDI in DC, LC, GM and WC
(all p = 0.02).

• EDSS correlates with NDI values of the WC
(r = −0.68, p = 0.015) and DC (r = −0.69, p = 0.012).

Rasoanandrianina
H.

American Journal
of Neuroradiology

(2020) [54]

MTR, DTI 3T
RRMS (n = 13)
SPMS (n = 6)
HC (n = 19)

• MS vs. HC: decreased IHMTR (p < 0.05) and MTR
(p = <0.05) in NAWM; and decreased FA (p < 0.05),
IHMTR (p < 0.001) and MTR (p < 0.05) in lesions;

• EDSS correlates with IHMTR (r = −0.73) and MTR
(r = −0.81) z scores.

• Compared with HC, patients with MS had
significantly decreased.

Oh J.
Multiple Sclerosis

Journal
(2020) [55]

MTR, DTI 3T

RRMS (n = 45)
PPMS (n = 30)
Longitudinal

(5 years)

• Changes over 2 years: decreased MTR (p = 0.04);
• Changes over 5 years: decreased MTR (p = 0.03)

and SC-CSA (p = 0.009);
• Follow-up EDSS at 2- and 5-year correlate with

subject-specific changes of FA, MD, AD, MTR and
SC-CSA (r = −0.5 at 2-year, r = −0.47 at 5 year).

Cortese R.
Multiple Sclerosis

Journal
(2020) [56]

QSI 3T

PPMS (n = 23)
HC (n = 23)

Longitudinal
(3 years)

• Changes over 3 years in MS: increased ADC
(p = 0.027); decreased P0 (p = 0.042) and CSA
(p < 0.001);

• MS vs. HC: greater rate of decrease in P0 (p = 0.02)
and CSA (p < 0.001);

• 3 years P0 changes correlates with 9-HPT
(r = −0.34); 3 years FWHM correlates with 9-HPT
(r = −0.24) and TWT (r = −0.46).

9-HPT = 9-Hole peg test. ADC = Apparent diffusion coefficient. AD = Axial diffusivity. RD = Radio diffusivity.
B0 = MRI field strength. CC = Cervical cord. CSA = Cross-sectional area of SC. DC = Dorsal column. DTI = Diffusion
tensor imaging. EDSS = Expanded disability status scale. FA = Fractional anisotropy. FWHM = Full width at half
maximum of the displacement probability density function. HC = Healthy control. IHMTR = Inhomogeneous
magnetization transfer ratio. GM = Grey matter. LC = Lateral column. MD = Mean diffusivity. MK = Mean kurtosis.
MS = Multiple sclerosis. MTR = Magnetization transfer ratio. MTCSF = CSF-normalized MTC signal intensity.
MWF = Myelin water fraction. NAWM = Normal-appearing white matter. NAGM = Normal-appearing grey matter.
NDI = Neurite density index. NODDI = Neurite orientation dispersion and density imaging. ODI = Orientation
dispersion index. P0 = zero displacement probability. PPMS = Primary Progressive MS. QSI = Q-space imaging.
RD = Radial diffusivity. RK = Radial kurtosis. RRMS = Relapsing-remitting MS. SPMS = Secondary Progressive MS.
TWT = 25-foot timed walk test. WC = Whole cord.

4.2.1. Relaxometry and Proton Density

The quantification of relaxometry including T1, T2, and T2*, as well as PD, are well established
in the field of brain MRI, but have been less investigated in imaging the SC. These quantitative
metrics provide not only objective assessment of pathological lesions across subjects, instruments and
time points but also the basis for other quantitative approaches. Moreover, the optimization of
imaging parameters to obtain the best image contrast needs the precise knowledge of relaxivities in
normal-appearing tissues and pathologies. By varying one imaging parameter such as inversion time,
repetition time (TR), echo time (TE), or flip angle, a set of data acquired with all the other imaging
parameters unchanged can be used for fitting tissue properties for T1, T2, T2* and PD, respectively [57].

Rasoanandrianina and colleagues optimized the MP2RAGE sequence for in vivo SC T1 mapping
at 3T [58]. This method uses a look-up table to estimate T1 values relative to the MP2RAGE signal
intensity which is insensitive to radiofrequency fields and has been well-established in mapping the
brain [58,59]. The T1 values of dorsal and lateral columns measured by MP2RAGE were 925 and 888
ms, respectively [58]. Despite the discrepancy of regional T1 values of the SC from these studies [58–61]
which only involved a few healthy control subjects, clinical investigations of quantitative T1 assessment
in MS population are warranted. Up to the time of submission of this manuscript, there are no studies
on MS using relaxometry and PD for SC imaging.
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4.2.2. Magnetization Transfer

Magnetization transfer (MT) MRI utilizes the frequency difference between bound water protons
in macromolecules and free water protons and their interactions. Generally, an MT pulse is applied
to selectively saturate the bound pool, thereby modifying the contrast between tissues with different
macromolecular content. Myelin-rich tissue such as white matter (WM) has restricted water motion and
a broad range of resonance frequency offsets relative to the resonance frequency of free water protons.
By using an off-resonance radiofrequency pulse to prepare the magnetization, the consequent imaging
kernel produces saturated signals for tissues with abundant macromolecules, giving images with
magnetization transfer contrast (MTC). Consequently, demyelinated WM tissues are less saturated than
normal myelinated WM tissues. This myelin sensitive MT imaging is more specific to demyelination in
spinal cord lesions than qualitative contrasts which reflect not only demyelination but also inflammation,
increased water content, edema, gliosis and axonal loss.

The first large MS cohort study using SC MTR by Filippi and colleagues observed overall
significantly lower MTR of the cervical cord in MS than healthy subjects. Rather than looking into
lesions and normal-appearing cord MTR values, the study used a histogram-based analysis on the
entire cervical cord. There were no significant differences of histogram-based MTR measures between
patients with RRMS and healthy controls, but patients with PPMS had significantly lower mean MTR
and peak height than controls. Patients with SPMS also had significantly lower peak height than
patients with RRMS, suggesting that MTR could be an independent predictor of motor disability [46].
Oh et al. aimed to correlate MTR of the SC with clinical disability levels in patients with MS mimicking
the clinicoradiologic paradox. Their study categorized a large cohort of MS patients into four subgroups
by low- and high-lesion loads counted on conventional MRI combined with low- and high-disability
levels assessed by EDSS scores. They found that the MTR values measured over the whole cord
cross-sectional images at the C3−4 level were significantly lower in the low-lesion high-disability
subgroup than those in low-lesion low-disability subjects, while there was no significant difference in
the two subgroups with high-lesion loads [50]. An explanation is that MTR reflects the overall myelin
density and, thereby the degree of demyelination. When there is high lesion load in the SC, the axonal
loss dominates the level of disability and the myelin-sensitive measures are then less strongly correlated
with EDSS scores. The main problem with a significant number of MTR methods is that although the
means between two matched populations can be significantly different, there is often a major overlap
of the two distributions; therefore, the use of this particular method for MS prognosis on an individual
basis is quite limited.

Calculating MTR requires two scans with and without an MT pulse and has a lower SNR than the
original images. Furthermore, it requires image co-registration due to the mobility of the SC. Smith and
colleagues proposed using CSF-normalized MT (MTCSF) to quantitatively assess the MT effect in
the SC since CSF is insensitive to MT pulse and surrounding the cord on all image slices [62]. In a
well-designed study, Zackowski and colleagues utilized the MTCSF for column-specific analyses in
MS patients to distinguish abnormalities in individual WM columns of the cord related to specific
functions. Compared with controls, the column-specific analyses showed that the SPMS cohort had
significantly higher lateral and dorsal columns MTCSF as well as grey matter of the cord. Only the
lateral column in the PPMS cohort had significantly higher MTCSF values than controls, while none of
the column-specific MTCSF values reached statistical differences in the RRMS cohort. Sensorimotor
abnormalities in MS patients moderately correlated with MTCSF signal intensities of the relevant
column suggesting that the MTCSF signals have increased specificity for demyelination. In all disease
subtypes, both lateral column and posterior column MTCSF were significantly correlated with EDSS.
The study introduced a new biomarker, the column-specific MTCSF, that not only correlates with
sensorimotor disability but also explains their variance [48]. In a recent longitudinal study using a
wide spectrum of quantitative SC MRI measures by Oh and colleagues, to assess disease progression
over 5 years in RRMS and progressive MS, SC MTR at C3-4 level was the only measure significantly
decreased at 2 and 5 years, followed by CSA that was significantly decreased only at 5 years MS [55].
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The subject-specific longitudinal changes in cervical cord MTR correlated with disability measured by
follow-up EDSS scores. The study also reported strong correlations between the 2 year and 5 year
subject-specific MTR changing rates suggesting that the 2-year course changes could be used to predict
the long-term progression in MS [55].

4.2.3. Diffusion Imaging

Diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI) provide morphological,
pathophysiological, and functional information about biological tissues. DWI utilizes strong directional
gradients to diphase molecular water motion (diffusion), thus it reflects not only the water content but
also the integrity of the biological tissue’s microstructure [63]. Similarly, DTI uses diffusion gradients in
many (at least six) directions to acquire a diffusion tensor matrix that can be mathematically calculated
as three orthogonal eigenvectors (λ1, λ2, λ3) reflecting the dominant water motion direction (λ1)
in biological tissue and the minor motion in the two perpendicular directions (λ2, λ3). The major
eigenvector (λ1) is typically used as axial diffusivity (AD), while the average of the other two
eigenvectors (λ2, λ3) is called radial diffusivity (RD), and the mean value of the three eigenvectors is
the mean diffusivity (MD). The fractional anisotropy (FA) ranging from 0 to 1 calculated with these
three eigenvectors is used to reflect the degree of fiber organization. Diffusion kurtosis imaging (DKI),
a non-zero statistical index, can be calculated from a set of data with different b-values reflecting
the heterogeneous diffusion environments and the degree of diffusion restriction of the tissue [64].
To emphasize slow diffusion in neuronal tissues, a set of high b-values are used with q-space analysis to
calculate the displacement distribution function of water molecules for a given diffusion time, so-called
q-space imaging (QSI) [65]. Multi-compartment modeling of diffusion MRI, neurite orientation
dispersion and density imaging (NODDI) and spherical mean technique (SMT), two other DTI analysis
methods, are also of interest in imaging the SC [66–68]. These various diffusion imaging metrics have
been broadly used in assessing the integrity and microstructure of the SC in MS [47,50,51,53,55,56,69–79].
Over the years, a number of different diffusion imaging models of the spinal cord have been used.

DTI: Valsasina and colleagues assessed DTI metrics on a 1.5T MRI in a large cohort of MS patients.
The study demonstrated that FA and MD histograms of the SC were significantly different in MS
compared to controls, and correlated with clinical disability measures [47]. Oh et al. employed DTI on
a 3T MRI to assess disease progression in RRMS and progressive MS, but there were no significant
changes captured at 2 and 5 years for all DTI metrics [55]. However, the subject-specific longitudinal
changes on DTI indices were correlated with disability measured by EDSS.

QSI: Cortese and colleagues studied the longitudinal changes of QSI metrics as markers of
neurodegeneration and independent predictors of disability progression in patients with early
PPMS [56]. They found that higher perpendicular diffusivity derived from QSI at baseline was
associated with clinically measured disability at 3 year follow-up. The QSI changes in patients with
PPMS were independent of the decrease in cord CSA and the number of new cord lesions. Similarly,
another study using QSI also found that increased perpendicular diffusivity in the columns and the
whole cord was associated with increased disability scores [79]. These studies suggest that QSI has the
potential to serve as a monitoring biomarker in MS which reflects microstructural abnormalities in
the SC.

DKI: In one of the few studies that investigated global and regional GM and WM microstructural
abnormalities in RRMS using DKI and DTI, Raz and colleagues reported significantly elevated global
MD and significantly decreased global FA and mean kurtosis (MK) in RRMS, compared with controls.
All three parameters differentiated lesions from normal-appearing spinal cord tissue. Notably, FA,
MD and MK were able to differentiate patients with low and high EDSS scores using global and GM
regional analyses, but none of them worked for WM regional analysis [51]. These findings suggest that
DKI is more specific for assessing GM microstructural abnormalities than MD and FA and can provide
additional and complementary information to DTI.
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NODDI: Unlike other multi-compartmental diffusion models, NODDI only uses two b-values
for mapping neurite orientation, density and dispersion [80]. Collorone and colleagues evaluated
the clinical relevance of spinal cord NODDI indices at 3T and found that the neurite density index
(NDI) of WM was significantly lower in patients with RRMS than those in controls, suggesting
dominant axonal degeneration. Interestingly, the lower NDI values in the spinal cord, but not in
the brain, correlated significantly with greater disability measured by EDSS [53]. In a comparative
study, By and colleagues used NODDI indices with DKI and DTI in a small cohort of RRMS and
demonstrated the reproducibility of these diffusion metrics. Although DKI-derived mean and radial
kurtosis, DTI-derived FA and RD were all significantly different between RRMS and controls, the
NODDI-derived orientation dispersion index demonstrated superb contrast between normal-appearing
WM and lesions in MS [81]. The same group demonstrated the feasibility and reproducibility of SMT
in SC imaging and observed decreased apparent axonal volume fraction in normal-appearing WM and
lesions in a small cohort of RRMS patients [68]. These various diffusion models provide meaningful
quantitation reflecting underlying microstructural changes in the SC that are potential viable diagnostic
or monitoring biomarkers in MS.

4.2.4. Myelin and Myelin Water Imaging

In the CNS, oligodendrocytes in the CNS form a myelin sheath surrounding the axons.
Direct imaging of myelin, a major portion of CNS, or the ratio of myelin protons relative to the
total tissue protons could be very specific in demyelinating disorders such as MS. Pathological changes
including demyelination, axonal degeneration, and disruption of myelin junctions could alter the
myelin bilayer trapped water content and the intra- and extra-cellular water content in biological tissue.
A few emerging MRI techniques are more specific to myelin-related pathologies in MS, including
myelin water fraction (MWF), ultrashort echo time (UTE) sequences, and quantitative susceptibility
mapping (QSM), to name a few. MWF employs multiexponential fitting on multi-echo data to extract
the short T2 compartment along with the long T2 compartment of the signal [82].

MWF: Laule and colleagues examined a subgroup of PPMS patients who participated in a 2-year
multi-center, randomized controlled trial, and found significantly decreased MWF from baseline to
year 2 in the PPMS cohort, but not in matched healthy controls. However, the difference in change
in MWF between the two groups only approached significance and no significant correlation was
found between MWF and EDSS at baseline, EDSS change or T2 lesion load. All participants were on
glatiramer acetate (GA), as part of a trial evaluating the efficacy of GA in PPMS. A treatment effect of
GA was not detected on the change in MWF change over the study period. Despite the small sample
size, this preliminary study was the first one to demonstrate a significant decrease in the SC MWF
overtime [49]. Although MWF is myelin-specific, it is still not directly imaging the myelin. In this
regard, UTE sequences have the potential to image the myelin proton (very short T2) in the SC WM,
but this approach is still largely not investigated in the MS population [83].

QSM: QSM is another quantitative method that could be used for myelin-specific imaging. It uses
local magnetic properties inherent in biological tissue molecular composition to quantify the relative
susceptibility between tissues [81]. Wei and colleagues used a deep learning-based single-step QSM
reconstruction to process the entire image [84]. This study demonstrated the potential of using QSM
in imaging the SC. Although there has been recent interest in using QSM as a potential marker for
assessing iron levels in the CNS, there are no studies using QSM in SC imaging in MS yet.

4.3. MR Spectroscopy

Proton MRS utilizes chemical shift to analyze metabolite composition in tissue. By suppressing
the overwhelming signal of water and fat acquired from a large voxel, the small signals from various
metabolites can be differentiated. The spectra (whose signals are separated by parts per million
(ppm) relative to the water frequency) include a measure of n-acetyl-aspartate (NAA), choline (cho),
creatine (cr), glutamate-glutamine, and myo-inositol (M-ins), to name a few of interest to the SC
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MRS in MS. NAA is a marker of neuronal integrity and mitochondrial function. A large number of
research studies demonstrated reduced NAA levels in the SC in patients with MS compared with
controls [76,79,85–88]. The low NAA level correlates with disability measured by EDSS scores in
MS, reflecting both axonal degeneration and mitochondrial dysfunction [85,86]. A recent study by
Basha and colleagues in a medium cohort of MS patients found significantly lower tNAA/cr and
tNAA/cho ratios as well as increased M-ins in MS patients compared to healthy controls. A significant
correlation was found between tNAA/cr and EDSS score, but no correlation between tNAA/cr and CSA
was observed. MRS is a valuable tool and can provide important information about MS progression,
even before the actual appearance of the MS lesions and may guide treatment decisions [89]. Given this
capacity, MRS is a very promising imaging modality and its use may increase in the near future.

4.4. Functional MRI

Functional MRI (fMRI) explores the signal intensity changes in specific CNS regions trigged by
neuronal activity. The signal intensity changes under stimuli or neuronal activity are believed to
come from either the blood oxygenation level-dependent (BOLD) effect or the signal enhancement
by extravascular protons (SEEP) effect. Unlike the BOLD effect, which utilizes T2* weighted signal
changes associated with deoxyhemoglobin modulation in response to neuronal activities, the SEEP
effect detects extracellular fluid density changes relative to neuronal activities by using PDW spin-echo
acquisitions [90,91].

Although not used in current clinical practice, fMRI has been applied to the spinal cord in only
a small number of research MS studies [92–98]. Interestingly, Valsasina and colleagues described
increased spinal cord recruitment in both SPMS and PPMS, but increased tactile stimuli-associated
cord activity in SPMS compared with PPMS patients, despite a similar SC lesion load in the two
cohorts. SC fMRI abnormalities were significantly correlated with brain grey matter atrophy in the
contralateral post-central gyrus only in SPMS, but not in the PPMS cohort. The tactile-associated
over-recruitment in SPMS is likely caused by the altered complex excitatory and inhibitory modulation
of SC interneurons [96].

5. Spinal Cord Imaging and Response to Disease Modifying Therapies

There has been increasing interest in monitoring the effect of various disease modifying therapies
on tissue integrity and rate of tissue loss in the CNS. Although SC MRI data acquisition has not been
considered necessary for treatment monitoring, several studies suggested that a significant proportion
of MS patients could have asymptomatic SC lesions. Studies have shown that asymptomatic SC lesions
are present in 27% to 53% of patients with CIS and in 25% to 32% of RRMS patients. In the last group,
they are associated with older age at the disease onset, and for a substantial proportion of patients,
they were the only sign of disease progression or activity. [17,99–101]. In this context, a small number
of clinical studies, especially phase 2 studies, have incorporated SC metrics, such as atrophy, as an
outcome measure, either secondary or exploratory, to monitor treatment effects. A number of technical
limitations, such as the lack of reproducibility and the lack of sensitivity to small changes in the CSA,
precluded widespread application.

One of the first studies that have used CSA as a secondary outcome measure in a small cohort of
25 SPMS patients was conducted by Paolillo and colleagues more than two decades ago. The study
evaluated the effect of a single pulse of the monoclonal antibody CAMPATH-1 on various MRI metrics,
including SC CSA. The authors showed a significant reduction in the CSA from baseline to month 18
and a significant correlation between CSA and EDSS, but no significant treatment benefit based on
CSA measurement [102].

Using a highly reproducible technique and studying a medium size cohort (38 patients) over four
years, Lin and colleagues demonstrated the beneficial effect of subcutaneous high dose, high frequency
interferon beta-1a on CSA of MS patients versus placebo and suggested that CSA may be a surrogate
marker in monitoring the efficacy of disease modifying therapies [20]. In a 2-year retrospective study of
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16 patients, Dupuy et al. demonstrated that IM interferon beta-1a-treated MS patients did not show any
significant SC volume change compared to healthy controls, possibly reflecting a treatment effect [103].
Moreover, in a pilot 1- year study, Singhal et al. demonstrated the lack of spinal cord atrophy over time
in MS patient on glatiramer acetate and the lack of a difference in CSA compared to HC, indicating
a possible treatment effect. The study was limited by the small sample of 15 patients [104]. In a
placebo-controlled, single center study on PPMS and transitional MS, Montalban and colleagues
monitored the effect of interferon beta-1b on SC CSA on MS patients and found no difference between
patients on interferon beta-1b and those on placebo over 24 months [105]. In a double-blind 2-year
study in a cohort of SPMS patients, Kapoor and colleagues examined the effect of lamotrigine versus
placebo on a number of MRI measures, in an attempt to study the role of sodium channel blockers on
neuroprotection. The study yielded disappointing results and found no treatment benefit of lamotrigine
in several primary and secondary outcomes, including the progression of SC atrophy [106]. Currently,
there is an ongoing study (the FUMAPMS study) examining the effect of DMT on spinal cord CSA,
as an exploratory outcome. The results have not been published yet [107].

6. Ultra-High Field Spinal Cord MRI in Multiple Sclerosis

After the clearance by the FDA in 2017 for limited clinical use, ultra-high field (≥7T) human MRI
scanners have become clinically available. Ultra-high field imaging has higher SNR and CNR and
provides more rapid high-resolution imaging which can be used to better depict fine structures of the
SC than high-field (3T) and conventional (1.5T) MRI. Of note, ultra-high field imaging has increased
sensitivity to gadolinium-enhancing SC lesions, given that SC tissues have longer T1 values at high
fields [108]. Therefore, in order to obtain the same CNR as seen at 1.5T or 3T, a lower dose of gadolinium
could be used. On the other hand, ultra-high field imaging suffers from severe radiofrequency field
inhomogeneities, larger susceptibility artifacts, and higher radiofrequency energy deposition to the
human body, and a lack of large field-of-view receiver coils for imaging thoracic and lumber SC.
These intrinsic issues of ultra-high field systems bring technical challenges for bringing SC MRI to
clinical practice. Furthermore, the lack of normative data at 7T is another obstacle to translating newly
developed qualitative and quantitative metrics into clinical practice or trials. For instance, the widely
used IR-based sequences for SC imaging need to be re-optimized when applied at 7T, given that some
tissue properties are B0 dependent [109]. Several studies have demonstrated the feasibility of 7T SC
imaging with generally increased SNR, CNR and lesion detectability in MS [110–114]. Prior comparative
studies between 1.5T and 3T MRI cervical cord MRI failed to show a higher detection rate of SC lesions
and Gadolinium-enhancing lesions at 3T [115,116]. Encouragingly, Dula and colleagues conducted a
direct comparison of 7T and 3T cervical cord MRI and demonstrated the feasibility of 7T SC imaging
with significantly improved GM-to-WM contrast and improved detection of SC lesions compared to
those of 3T in patients with RRMS [112].

Ouellette and colleagues just published the results of a 7T imaging study demonstrating that SC
lesions occur independently from brain pathology and involve both gray and WM early in the disease;
surprisingly, brain pathology was more strongly related to disability than SC pathology. Their cohort of
35 patients included both RRMS and SPMS; RRMS patients developed SC lesions near the outer subpial
surface, while SPMS patients developed more central lesions, showing a distinct pattern according to
MS subtype [117]. Nevertheless, improved lesion conspicuity at ultra-high field may better address
the clinicoradiologic paradox that warrants further investigations with more and more ultra-high field
systems available.

7. Summary and Future Research

In summary, SC MRI plays a significant role in diagnosis and tracking disease progression in
MS. Quantitative MRI techniques, particularly MTR and DTI, are promising objective measures of
microstructural abnormalities in the SC in MS. Numerous studies have demonstrated that SC atrophy
in MS correlates with clinical disability and disease severity in MS, and SC atrophy most likely signifies
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axonal degeneration that is irreversible. Ideally, we would like to have imaging measures that correlate
with clinical disability prior to the development of atrophy.

In line with the recently discovered central vein sign of MS lesions in the brain,
vascular abnormalities may occur in the spinal cord but they are harder to detect [118–121]. A hybrid
image method incorporating a contrast-enhanced susceptibility weighted imaging combined with T2W
FLAIR has been used to highlight microvascular abnormalities in MS lesions in the brain. This approach
uses an iron-based contrast agent (ferumoxytol) to enhance small vessels and improve the visibility of
venous abnormalities inside MS brain lesions which are typically invisible without using this contrast
agent [122]. Venous abnormalities in the SC lesions may have a similar behavior to those shown
in brain lesions. Future studies employing an iron-based contrast agent to image the ‘central vein
hypothesis’ in the SC are of interest to reveal microvascular involvement of the cord tissue in MS.
A new potential biomarker, namely total sodium (Na) concentration, was found to be elevated in the
SC of RRMS compared with healthy controls. Its measurement is feasible by MRS and may be of use in
the near future [123].

The major obstacles for including spinal cord MRI scan as a routine procedure in the MS imaging
are the prolonged scan time, patient discomfort, and high cost. These obstacles could be circumvented
by using rapid multi-parametric quantitative MRI techniques such as synthetic MRI by Bloch equation
simulation [124–127]. The Bloch simulation could be used to create a simulated PSIR image by exploiting
the longitudinal magnetization without the need for phase information. This synthetic PSIR image
could also improve the poor image quality when there is a thick back fat pad, which has been reported
in previous studies [43,128]. A new proposed neural network algorithm can dramatically reduce
the time for accurate MWF calculation and make MWF imaging more feasible and convenient [129].
A newly developed technique, based on time-efficient and robust quantitative MRI for relaxometry
and PD mapping, allows whole brain coverage in 7 minutes and maybe potentially applied to SC as
well [130]. These rapid quantitative MRI methods could be viable future directions in spinal cord MRI.

Author Contributions: Y.C.: Conceptualization, writing—original draft. E.M.H.: Conceptualization,
writing—review and editing. E.B.: Conceptualization, writing—review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work is partially supported by the Sastry Foundation at Wayne State University School
of Medicine.

Conflicts of Interest: All authors report no disclosures.

References

1. Ciccarelli, O.; Cohen, J.A.; Reingold, S.C.; Weinshenker, B.G.; Amato, M.P.; Banwell, B.; Barkhof, F.; Bebo, B.;
Becher, B.; Bethoux, F. Spinal cord involvement in multiple sclerosis and neuromyelitis optica spectrum
disorders. Lancet Neurol. 2019, 18, 185–197. [CrossRef]

2. Kearney, H.; Miller, D.H.; Ciccarelli, O. Spinal cord MRI in multiple sclerosis—Diagnostic, prognostic and
clinical value. Nat. Rev. Neurol. 2015, 11, 327–338. [CrossRef] [PubMed]

3. Diaz, E.; Morales, H. Spinal cord anatomy and clinical syndromes. In Seminars in Ultrasound, CT and MRI;
WB Saunders: Philadelphia, PA, USA, 2016; pp. 360–371.

4. Losseff, N.; Webb, S.; O’riordan, J.; Page, R.; Wang, L.; Barker, G.; Tofts, P.S.; McDonald, W.I.; Miller, D.H.;
Thompson, A.J. 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. [CrossRef]

5. Bernitsas, E.; Bao, F.; Seraji-Bozorgzad, N.; Chorostecki, J.; Santiago, C.; Tselis, A.; Caon, C.; Zak, I.; Millis, S.;
Khan, O. Spinal cord atrophy in multiple sclerosis and relationship with disability across clinical phenotypes.
Mult. Scler. Relat. Disord. 2015, 4, 47–51. [CrossRef] [PubMed]

6. Casserly, C.; Seyman, E.E.; Alcaide-Leon, P.; Guenette, M.; Lyons, C.; Sankar, S.; Svendrovski, A.; Baral, S.;
Oh, J. Spinal cord atrophy in multiple sclerosis: A systematic review and meta-analysis. J. Neuroimaging
2018, 28, 556–586. [CrossRef]

http://dx.doi.org/10.1016/S1474-4422(18)30460-5
http://dx.doi.org/10.1038/nrneurol.2015.80
http://www.ncbi.nlm.nih.gov/pubmed/26009002
http://dx.doi.org/10.1093/brain/119.3.701
http://dx.doi.org/10.1016/j.msard.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25787052
http://dx.doi.org/10.1111/jon.12553


Brain Sci. 2020, 10, 857 13 of 19

7. Marrodan, M.; Gaitán, M.I.; Correale, J. Spinal Cord Involvement in MS and Other Demyelinating Diseases.
Biomedicines 2020, 8, 130. [CrossRef]

8. Muccilli, A.; Seyman, E.; Oh, J. Spinal cord MRI in multiple sclerosis. Neurol. Clin. 2018, 36, 35–57. [CrossRef]
9. Song, X.; Li, D.; Qiu, Z.; Su, S.; Wu, Y.; Wang, J.; Liu, Z.; Dong, H. Correlation between EDSS scores

and cervical spinal cord atrophy at 3T MRI in multiple sclerosis: A systematic review and meta-analysis.
Mult. Scler. Relat. Disord. 2020, 37, 101426. [CrossRef]

10. Inglese, M.; Petracca, M. MRI in multiple sclerosis: Clinical and research update. Curr. Opin. Neurol. 2018,
31, 249–255. [CrossRef]

11. Thompson, A.J.; Banwell, B.L.; Barkhof, F.; Carroll, W.M.; Coetzee, T.; Comi, G.; Correale, J.; Fazekas, F.;
Filippi, M.; Freedman, M.S. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria.
Lancet Neurol. 2018, 17, 162–173. [CrossRef]

12. Brownlee, W.J.; Swanton, J.K.; Miszkiel, K.A.; Miller, D.H.; Ciccarelli, O. Should the symptomatic region be
included in dissemination in space in MRI criteria for MS? Neurology 2016, 87, 680–683. [CrossRef] [PubMed]

13. Traboulsee, A.; Simon, J.; Stone, L.; Fisher, E.; Jones, D.; Malhotra, A.; Newsome, S.; Oh, J.; Reich, D.;
Richert, N. Revised recommendations of the consortium of MS centers task force for a standardized MRI
protocol and clinical guidelines for the diagnosis and follow-up of multiple sclerosis. Am. J. Neuroradiol.
2016, 37, 394–401. [CrossRef] [PubMed]

14. Filippi, M.; Rocca, M.A.; Ciccarelli, O.; De Stefano, N.; Evangelou, N.; Kappos, L.; Rovira, A.; Sastre-Garriga, J.;
Tintorè, M.; Frederiksen, J.L. MRI criteria for the diagnosis of multiple sclerosis: MAGNIMS consensus
guidelines. Lancet Neurol. 2016, 15, 292–303. [CrossRef]

15. Solomon, A.J.; Pettigrew, R.; Naismith, R.T.; Chahin, S.; Krieger, S.; Weinshenker, B. Challenges in
multiple sclerosis diagnosis: Misunderstanding and misapplication of the McDonald criteria.
Mult. Scler. J. 2020. [CrossRef]

16. McGavern, D.B.; Murray, P.D.; Rivera-Quiñones, C.; Schmelzer, J.D.; Low, P.A.; Rodriguez, M. Axonal loss
results in spinal cord atrophy, electrophysiological abnormalities and neurological deficits following
demyelination in a chronic inflammatory model of multiple sclerosis. Brain 2000, 123, 519–531.
[CrossRef] [PubMed]

17. Zeydan, B.; Gu, X.; Atkinson, E.J.; Keegan, B.M.; Weinshenker, B.G.; Tillema, J.-M.; Pelletier, D.; Azevedo, C.J.;
Lebrun-Frenay, C.; Siva, A. Cervical spinal cord atrophy: An early marker of progressive MS onset.
Neurol. Neuroimmunol. Neuroinflamm. 2018, 5, e435. [CrossRef]

18. Biberacher, V.; Boucard, C.C.; Schmidt, P.; Engl, C.; Buck, D.; Berthele, A.; Hoshi, M.-M.; Zimmer, C.;
Hemmer, B.; Mühlau, M. Atrophy and structural variability of the upper cervical cord in early multiple
sclerosis. Mult. Scler. J. 2015, 21, 875–884. [CrossRef]

19. Furby, J.; Hayton, T.; Anderson, V.; Altmann, D.; Brenner, R.; Chataway, J.; Hughes, R.; Smith, K.; Miller, D.;
Kapoor, R. Magnetic resonance imaging measures of brain and spinal cord atrophy correlate with clinical
impairment in secondary progressive multiple sclerosis. Mult. Scler. J. 2008, 14, 1068–1075. [CrossRef]

20. Lin, X.; Tench, C.; Turner, B.; Blumhardt, L.; Constantinescu, C. Spinal cord atrophy and disability in
multiple sclerosis over four years: Application of a reproducible automated technique in monitoring disease
progression in a cohort of the interferon β-1a (Rebif) treatment trial. J. Neurol. Neurosurg. Psychiatry 2003,
74, 1090–1094. [CrossRef]

21. Yiannakas, M.C.; Mustafa, A.M.; De Leener, B.; Kearney, H.; Tur, C.; Altmann, D.R.; De Angelis, F.; Plantone, D.;
Ciccarelli, O.; Miller, D.H. Fully automated segmentation of the cervical cord from T1-weighted MRI using
PropSeg: Application to multiple sclerosis. NeuroImage Clin. 2016, 10, 71–77. [CrossRef]

22. Stevenson, V.; Miller, D.; Leary, S.; Rovaris, M.; Barkhof, F.; Brochet, B.; Dousset, V.; Filippi, M.; Hintzen, R.;
Montalban, X. One year follow up study of primary and transitional progressive multiple sclerosis. J. Neurol.
Neurosurg. Psychiatry 2000, 68, 713–718. [CrossRef] [PubMed]

23. Bonacchi, R.; Pagani, E.; Meani, A.; Cacciaguerra, L.; Preziosa, P.; De Meo, E.; Filippi, M.; Rocca, M.A. Clinical
relevance of multiparametric MRI assessment of cervical cord damage in multiple sclerosis. Radiology
2020, 200430. [CrossRef] [PubMed]

24. Moccia, M.; Prados, F.; Filippi, M.; Rocca, M.A.; Valsasina, P.; Brownlee, W.J.; Zecca, C.; Gallo, A.; Rovira, A.;
Gass, A. Longitudinal spinal cord atrophy in multiple sclerosis using the generalized boundary shift integral.
Ann. Neurol. 2019, 86, 704–713. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/biomedicines8050130
http://dx.doi.org/10.1016/j.ncl.2017.08.009
http://dx.doi.org/10.1016/j.msard.2019.101426
http://dx.doi.org/10.1097/WCO.0000000000000559
http://dx.doi.org/10.1016/S1474-4422(17)30470-2
http://dx.doi.org/10.1212/WNL.0000000000002975
http://www.ncbi.nlm.nih.gov/pubmed/27421541
http://dx.doi.org/10.3174/ajnr.A4539
http://www.ncbi.nlm.nih.gov/pubmed/26564433
http://dx.doi.org/10.1016/S1474-4422(15)00393-2
http://dx.doi.org/10.1177/1352458520910496
http://dx.doi.org/10.1093/brain/123.3.519
http://www.ncbi.nlm.nih.gov/pubmed/10686175
http://dx.doi.org/10.1212/NXI.0000000000000435
http://dx.doi.org/10.1177/1352458514546514
http://dx.doi.org/10.1177/1352458508093617
http://dx.doi.org/10.1136/jnnp.74.8.1090
http://dx.doi.org/10.1016/j.nicl.2015.11.001
http://dx.doi.org/10.1136/jnnp.68.6.713
http://www.ncbi.nlm.nih.gov/pubmed/10811693
http://dx.doi.org/10.1148/radiol.2020200430
http://www.ncbi.nlm.nih.gov/pubmed/32573387
http://dx.doi.org/10.1002/ana.25571
http://www.ncbi.nlm.nih.gov/pubmed/31385358


Brain Sci. 2020, 10, 857 14 of 19

25. Prados, F.; Moccia, M.; Johnson, A.; Yiannakas, M.; Grussu, F.; Cardoso, M.J.; Ciccarelli, O.; Ourselin, S.;
Barkhof, F.; Wheeler-Kingshott, C. Generalised boundary shift integral for longitudinal assessment of spinal
cord atrophy. NeuroImage 2020, 209, 116489. [CrossRef]

26. 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, 102418. [CrossRef]

27. Thompson, A.J.; Kermode, A.G.; MacManus, D.; Kendall, B.; Kingsley, D.; Moseley, I.; McDonald, W.
Patterns of disease activity in multiple sclerosis: Clinical and magnetic resonance imaging study. Br. Med. J.
1990, 300, 631–634. [CrossRef]

28. Filippi, M.; Rocca, M.A.; De Stefano, N.; Enzinger, C.; Fisher, E.; Horsfield, M.A.; Inglese, M.; Pelletier, D.;
Comi, G. Magnetic resonance techniques in multiple sclerosis: The present and the future. Arch. Neurol.
2011, 68, 1514–1520. [CrossRef]

29. Martin, A.R.; Aleksanderek, I.; Cohen-Adad, J.; Tarmohamed, Z.; Tetreault, L.; Smith, N.; Cadotte, D.W.;
Crawley, A.; Ginsberg, H.; Mikulis, D.J. 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. NeuroImage Clin. 2016,
10, 192–238. [CrossRef]

30. Hittmair, K.; Mallek, R.; Prayer, D.; Schindler, E.G.; Kollegger, H. Spinal cord lesions in patients with multiple
sclerosis: Comparison of MR pulse sequences. Am. J. Neuroradiol. 1996, 17, 1555–1565.

31. Filippi, M.; Yousry, T.A.; Alkadhi, H.; Stehling, M.; Horsfield, M.A.; Voltz, R. Spinal cord MRI in
multiple sclerosis with multicoil arrays: A comparison between fast spin echo and fast FLAIR. J. Neurol.
Neurosurg. Psychiatry 1996, 61, 632–635. [CrossRef]

32. Keiper, M.D.; Grossman, R.I.; Brunson, J.C.; Schnall, M.D. The low sensitivity of fluid-attenuated
inversion-recovery MR in the detection of multiple sclerosis of the spinal cord. Am. J. Neuroradiol.
1997, 18, 1035–1039. [PubMed]

33. Stevenson, V.L.; Gawne-Cain, M.L.; Barker, G.J.; Thompson, A.J.; Miller, D. Imaging of the spinal cord and
brain in multiple sclerosis: A comparative study between fast FLAIR and fast spin echo. J. Neurol. 1997,
244, 119–124. [CrossRef] [PubMed]

34. Poonawalla, A.H.; Hou, P.; Nelson, F.A.; Wolinsky, J.S.; Narayana, P.A. Cervical spinal cord lesions in multiple
sclerosis: T1-weighted inversion-recovery MR imaging with phase-sensitive reconstruction. Radiology 2008,
246, 258–264. [CrossRef] [PubMed]

35. Mirafzal, S.; Goujon, A.; Deschamps, R.; Zuber, K.; Sadik, J.; Gout, O.; Lecler, A.; Savatovsky, J. 3D PSIR MRI at
3 Tesla improves detection of spinal cord lesions in multiple sclerosis. J. Neurol. 2020, 267, 406–414. [CrossRef]

36. Shayganfar, A.; Sarrami, A.; Fathi, S.; Shaygannejad, V.; Shamsian, S. Phase sensitive reconstruction of
T1-weighted inversion recovery in the evaluation of the cervical cord lesions in Multiple Sclerosis; is it
similarly eligible in 1.5 T magnet fields? Mult. Scler. Relat. Disord. 2018, 23, 17–22. [CrossRef]

37. Kearney, H.; Yiannakas, M.C.; Abdel-Aziz, K.; Wheeler-Kingshott, C.A.; Altmann, D.R.; Ciccarelli, O.;
Miller, D.H. Improved MRI quantification of spinal cord atrophy in multiple sclerosis. J. Magn. Reson. Imaging
2014, 39, 617–623. [CrossRef]

38. Kearney, H.; Miszkiel, K.; Yiannakas, M.; Ciccarelli, O.; Miller, D. A pilot MRI study of white and grey matter
involvement by multiple sclerosis spinal cord lesions. Mult. Scler. Relat. Disord. 2013, 2, 103–108. [CrossRef]

39. Philpott, C.; Brotchie, P. Comparison of MRI sequences for evaluation of multiple sclerosis of the cervical
spinal cord at 3 T. Eur. J. Radiol. 2011, 80, 780–785. [CrossRef]

40. Bot, J.C.; Barkhof, F.; Polman, C.; à Nijeholt, G.L.; De Groot, V.; Bergers, E.; Ader, H.; Castelijns, J. Spinal cord
abnormalities in recently diagnosed MS patients: Added value of spinal MRI examination. Neurology 2004,
62, 226–233. [CrossRef]

41. Weier, K.; Mazraeh, J.; Naegelin, Y.; Thoeni, A.; Hirsch, J.G.; Fabbro, T.; Bruni, N.; Duyar, H.; Bendfeldt, K.;
Radue, E.-W. Biplanar MRI for the assessment of the spinal cord in multiple sclerosis. Mult. Scler. J. 2012,
18, 1560–1569. [CrossRef]

42. Nair, G.; Absinta, M.; Reich, D.S. Optimized T1-MPRAGE sequence for better visualization of spinal cord
multiple sclerosis lesions at 3T. Am. J. Neuroradiol. 2013, 34, 2215–2222. [CrossRef] [PubMed]

43. Riederer, I.; Karampinos, D.; Settles, M.; Preibisch, C.; Bauer, J.; Kleine, J.; Mühlau, M.; Zimmer, C.
Double inversion recovery sequence of the cervical spinal cord in multiple sclerosis and related inflammatory
diseases. Am. J. Neuroradiol. 2015, 36, 219–225. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.neuroimage.2019.116489
http://dx.doi.org/10.1016/j.nicl.2020.102418
http://dx.doi.org/10.1136/bmj.300.6725.631
http://dx.doi.org/10.1001/archneurol.2011.914
http://dx.doi.org/10.1016/j.nicl.2015.11.019
http://dx.doi.org/10.1136/jnnp.61.6.632
http://www.ncbi.nlm.nih.gov/pubmed/9194430
http://dx.doi.org/10.1007/s004150050060
http://www.ncbi.nlm.nih.gov/pubmed/9120494
http://dx.doi.org/10.1148/radiol.2463061900
http://www.ncbi.nlm.nih.gov/pubmed/17991786
http://dx.doi.org/10.1007/s00415-019-09591-8
http://dx.doi.org/10.1016/j.msard.2018.04.013
http://dx.doi.org/10.1002/jmri.24194
http://dx.doi.org/10.1016/j.msard.2012.09.005
http://dx.doi.org/10.1016/j.ejrad.2010.09.031
http://dx.doi.org/10.1212/WNL.62.2.226
http://dx.doi.org/10.1177/1352458512442754
http://dx.doi.org/10.3174/ajnr.A3637
http://www.ncbi.nlm.nih.gov/pubmed/23764721
http://dx.doi.org/10.3174/ajnr.A4093
http://www.ncbi.nlm.nih.gov/pubmed/25169924


Brain Sci. 2020, 10, 857 15 of 19

44. Marques, J.P.; Kober, T.; Krueger, G.; van der Zwaag, W.; Van de Moortele, P.-F.; Gruetter, R. MP2RAGE, a self
bias-field corrected sequence for improved segmentation and T1-mapping at high field. Neuroimage 2010,
49, 1271–1281. [CrossRef] [PubMed]

45. Demortière, S.; Lehmann, P.; Pelletier, J.; Audoin, B.; Callot, V. Improved Cervical Cord Lesion Detection with
3D-MP2RAGE Sequence in Patients with Multiple Sclerosis. Am. J. Neuroradiol. 2020, 41, 1131–1134. [CrossRef]

46. Filippi, M.; Bozzali, M.; Horsfield, M.; Rocca, M.; Sormani, M.; Iannucci, G.; Colombo, B.; Comi, G.
A conventional and magnetization transfer MRI study of the cervical cord in patients with MS. Neurology
2000, 54, 207. [CrossRef]

47. Valsasina, P.; Rocca, M.A.; Agosta, F.; Benedetti, B.; Horsfield, M.A.; Gallo, A.; Rovaris, M.; Comi, G.;
Filippi, M. Mean diffusivity and fractional anisotropy histogram analysis of the cervical cord in MS patients.
Neuroimage 2005, 26, 822–828. [CrossRef]

48. Zackowski, K.M.; Smith, S.A.; Reich, D.S.; Gordon-Lipkin, E.; Chodkowski, B.A.; Sambandan, D.R.;
Shteyman, M.; Bastian, A.J.; Van Zijl, P.C.; Calabresi, P.A. Sensorimotor dysfunction in multiple sclerosis
and column-specific magnetization transfer-imaging abnormalities in the spinal cord. Brain 2009,
132, 1200–1209. [CrossRef]

49. Laule, C.; Vavasour, I.; Zhao, Y.; Traboulsee, A.; Oger, J.; Vavasour, J.; Mackay, A.; Li, D. Two-year study
of cervical cord volume and myelin water in primary progressive multiple sclerosis. Mult. Scler. J. 2010,
16, 670–677. [CrossRef]

50. Oh, J.; Saidha, S.; Chen, M.; Smith, S.A.; Prince, J.; Jones, C.; Diener-West, M.; van Zijl, P.C.; Reich, D.S.;
Calabresi, P.A. Spinal cord quantitative MRI discriminates between disability levels in multiple sclerosis.
Neurology 2013, 80, 540–547. [CrossRef]

51. Raz, E.; Bester, M.; Sigmund, E.; Tabesh, A.; Babb, J.; Jaggi, H.; Helpern, J.; Mitnick, R.; Inglese, M. A better
characterization of spinal cord damage in multiple sclerosis: A diffusional kurtosis imaging study. Am. J.
Neuroradiol. 2013, 34, 1846–1852. [CrossRef]

52. By, S.; Xu, J.; Box, B.A.; Bagnato, F.R.; Smith, S.A. Application and evaluation of NODDI in the cervical spinal
cord of multiple sclerosis patients. NeuroImage Clin. 2017, 15, 333–342. [CrossRef] [PubMed]

53. Collorone, S.; Cawley, N.; Grussu, F.; Prados, F.; Tona, F.; Calvi, A.; Kanber, B.; Schneider, T.; Kipp, L.;
Zhang, H. Reduced neurite density in the brain and cervical spinal cord in relapsing–remitting multiple
sclerosis: A NODDI study. Mult. Scler. J. 2019. [CrossRef] [PubMed]

54. Rasoanandrianina, H.; Demortière, S.; Trabelsi, A.; Ranjeva, J.; Girard, O.; Duhamel, G.; Guye, M.; Pelletier, J.;
Audoin, B.; Callot, V. Sensitivity of the Inhomogeneous Magnetization Transfer Imaging Technique to Spinal
Cord Damage in Multiple Sclerosis. Am. J. Neuroradiol. 2020, 41, 929–937. [CrossRef] [PubMed]

55. Oh, J.; Chen, M.; Cybulsky, K.; Suthiphosuwan, S.; Seyman, E.; Dewey, B.; Diener-West, M.; van Zijl, P.;
Prince, J.; Reich, D. Five-year longitudinal changes in quantitative spinal cord MRI in multiple sclerosis.
Mult. Scler. 2020. [CrossRef]

56. Cortese, R.; Tur, C.; Prados, F.; Schneider, T.; Kanber, B.; Moccia, M.; Wheeler-Kingshott, C.A.G.;
Thompson, A.J.; Barkhof, F.; Ciccarelli, O. Ongoing microstructural changes in the cervical cord underpin
disability progression in early primary progressive multiple sclerosis. Mult. Scler. J. 2020. [CrossRef]

57. Cercignani, M.; Dowell, N.G.; Tofts, P.S. Quantitative MRI of the Brain: Principles of Physical Measurement;
CRC Press: Boca Raton, FL, USA, 2018.

58. Rasoanandrianina, H.; Massire, A.; Taso, M.; Guye, M.; Ranjeva, J.P.; Kober, T.; Callot, V. Regional T1
mapping of the whole cervical spinal cord using an optimized MP2RAGE sequence. NMR Biomed. 2019,
32, e4142. [CrossRef]

59. Marques, J.P.; Gruetter, R. New Developments and Applications of the MP2RAGE Sequence-Focusing the
Contrast and High Spatial Resolution R 1 Mapping. PLoS ONE 2013, 8, e69294. [CrossRef]

60. Smith, S.A.; Edden, R.A.; Farrell, J.A.; Barker, P.B.; Van Zijl, P.C. Measurement of T1 and T2 in the cervical
spinal cord at 3 tesla. Magn. Reson. Med. Off. J. Int. Soc. Magn. Reson. Med. 2008, 60, 213–219. [CrossRef]

61. Battiston, M.; Schneider, T.; Prados, F.; Grussu, F.; Yiannakas, M.C.; Ourselin, S.;
Gandini Wheeler-Kingshott, C.A.; Samson, R.S. Fast and reproducible in vivo T1 mapping of the human
cervical spinal cord. Magn. Reson. Med. 2018, 79, 2142–2148. [CrossRef]

http://dx.doi.org/10.1016/j.neuroimage.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19819338
http://dx.doi.org/10.3174/ajnr.A6567
http://dx.doi.org/10.1212/WNL.54.1.207
http://dx.doi.org/10.1016/j.neuroimage.2005.02.033
http://dx.doi.org/10.1093/brain/awp032
http://dx.doi.org/10.1177/1352458510365586
http://dx.doi.org/10.1212/WNL.0b013e31828154c5
http://dx.doi.org/10.3174/ajnr.A3512
http://dx.doi.org/10.1016/j.nicl.2017.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28560158
http://dx.doi.org/10.1177/1352458519885107
http://www.ncbi.nlm.nih.gov/pubmed/31682198
http://dx.doi.org/10.3174/ajnr.A6554
http://www.ncbi.nlm.nih.gov/pubmed/32414903
http://dx.doi.org/10.1177/1352458520923970
http://dx.doi.org/10.1177/1352458519900971
http://dx.doi.org/10.1002/nbm.4142
http://dx.doi.org/10.1371/journal.pone.0069294
http://dx.doi.org/10.1002/mrm.21596
http://dx.doi.org/10.1002/mrm.26852


Brain Sci. 2020, 10, 857 16 of 19

62. Smith, S.A.; Xavier, G.; Ali, F.; Craig, K.J.; Gerald, V.R.; Hugo, W.M.; van Zijl Peter, C.M. Magnetization
transfer weighted imaging in the upper cervical spinal cord using cerebrospinal fluid as intersubject
normalization reference (MTCSF imaging). Magn. Reson. Med. Off. J. Int. Soc. Magn. Reson. Med. 2005,
54, 201–206. [CrossRef]

63. de Figueiredo, E.H.; Borgonovi, A.F.; Doring, T.M. Basic concepts of MR imaging, diffusion MR imaging,
and diffusion tensor imaging. Magn. Reson. Imaging Clin. 2011, 19, 1–22. [CrossRef] [PubMed]

64. Jensen, J.H.; Helpern, J.A.; Ramani, A.; Lu, H.; Kaczynski, K. Diffusional kurtosis imaging: The quantification
of non-gaussian water diffusion by means of magnetic resonance imaging. Magn. Reson. Med. Off. J. Int. Soc.
Magn. Reson. Med. 2005, 53, 1432–1440. [CrossRef] [PubMed]

65. Callaghan, P.T.; Eccles, C.; Xia, Y. NMR microscopy of dynamic displacements: K-space and q-space imaging.
J. Phys. E Sci. Instrum. 1988, 21, 820. [CrossRef]

66. Schilling, K.G.; By, S.; Feiler, H.R.; Box, B.A.; O’Grady, K.P.; Witt, A.; Landman, B.A.; Smith, S.A. Diffusion MRI
microstructural models in the cervical spinal cord—Application, normative values, and correlations with
histological analysis. NeuroImage 2019, 201, 116026. [CrossRef] [PubMed]

67. Grussu, F.; Schneider, T.; Zhang, H.; Alexander, D.C.; Wheeler-Kingshott, C.A. Neurite orientation
dispersion and density imaging of the healthy cervical spinal cord in vivo. Neuroimage 2015, 111, 590–601.
[CrossRef] [PubMed]

68. By, S.; Xu, J.; Box, B.A.; Bagnato, F.R.; Smith, S.A. Multi-compartmental diffusion characterization of the
human cervical spinal cord in vivo using the spherical mean technique. NMR Biomed. 2018, 31, e3894.
[CrossRef] [PubMed]

69. Gass, A.; Rocca, M.A.; Agosta, F.; Ciccarelli, O.; Chard, D.; Valsasina, P.; Brooks, J.C.; Bischof, A.; Eisele, P.;
Kappos, L. MRI monitoring of pathological changes in the spinal cord in patients with multiple sclerosis.
Lancet Neurol. 2015, 14, 443–454. [CrossRef]

70. Oh, J.; Sotirchos, E.S.; Saidha, S.; Whetstone, A.; Chen, M.; Newsome, S.D.; Zackowski, K.; Balcer, L.J.;
Frohman, E.; Prince, J. Relationships between quantitative spinal cord MRI and retinal layers in multiple
sclerosis. Neurology 2015, 84, 720–728. [CrossRef]

71. Kearney, H.; Schneider, T.; Yiannakas, M.; Altmann, D.; Wheeler-Kingshott, C.; Ciccarelli, O.; Miller, D.
Spinal cord grey matter abnormalities are associated with secondary progression and physical disability in
multiple sclerosis. J. Neurol. Neurosurg. Psychiatry 2015, 86, 608–614. [CrossRef]

72. Oh, J.; Zackowski, K.; Chen, M.; Newsome, S.; Saidha, S.; Smith, S.A.; Diener-West, M.; Prince, J.; Jones, C.K.;
Van Zijl, P.C. Multiparametric MRI correlates of sensorimotor function in the spinal cord in multiple sclerosis.
Mult. Scler. J. 2013, 19, 427–435. [CrossRef]

73. Théaudin, M.; Saliou, G.; Ducot, B.; Deiva, K.; Denier, C.; Adams, D.; Ducreux, D. Short-term evolution of
spinal cord damage in multiple sclerosis: A diffusion tensor MRI study. Neuroradiology 2012, 54, 1171–1178.
[CrossRef] [PubMed]

74. Van Hecke, W.; Nagels, G.; Emonds, G.; Leemans, A.; Sijbers, J.; Van Goethem, J.; Parizel, P.M. A diffusion
tensor imaging group study of the spinal cord in multiple sclerosis patients with and without T2 spinal cord
lesions. J. Magn. Reson. Med. Off. J. Int. Soc. Magn. Reson. Med. 2009, 30, 25–34.

75. Farrell, J.A.; Smith, S.A.; Gordon-Lipkin, E.M.; Reich, D.S.; Calabresi, P.A.; van Zijl, P.C. High b-value q-space
diffusion-weighted MRI of the human cervical spinal cord in vivo: Feasibility and application to multiple
sclerosis. Magn. Reson. Med. Off. J. Int. Soc. Magn. Reson. Med. 2008, 59, 1079–1089. [CrossRef] [PubMed]

76. Ciccarelli, O.; Wheeler-Kingshott, C.; McLean, M.; Cercignani, M.; Wimpey, K.; Miller, D.; Thompson, A.
Spinal cord spectroscopy and diffusion-based tractography to assess acute disability in multiple sclerosis.
Brain 2007, 130, 2220–2231. [CrossRef] [PubMed]

77. Ohgiya, Y.; Oka, M.; Hiwatashi, A.; Liu, X.; Kakimoto, N.; Westesson, P.-L.A.; Ekholm, S.E. Diffusion tensor
MR imaging of the cervical spinal cord in patients with multiple sclerosis. Eur. Radiol. 2007,
17, 2499–2504. [CrossRef]

78. Simon, J.H.; Zhang, S.; Laidlaw, D.H.; Miller, D.E.; Brown, M.; Corboy, J.; Bennett, J. Identification of fibers
at risk for degeneration by diffusion tractography in patients at high risk for MS after a clinically isolated
syndrome. J. Magn. Reson. Med. Off. J. Int. Soc. Magn. Reson. Med. 2006, 24, 983–988. [CrossRef]

79. Abdel-Aziz, K.; Schneider, T.; Solanky, B.S.; Yiannakas, M.C.; Altmann, D.R.; Wheeler-Kingshott, C.A.;
Peters, A.L.; Day, B.L.; Thompson, A.J.; Ciccarelli, O. Evidence for early neurodegeneration in the cervical
cord of patients with primary progressive multiple sclerosis. Brain 2015, 138, 1568–1582. [CrossRef]

http://dx.doi.org/10.1002/mrm.20553
http://dx.doi.org/10.1016/j.mric.2010.10.005
http://www.ncbi.nlm.nih.gov/pubmed/21129633
http://dx.doi.org/10.1002/mrm.20508
http://www.ncbi.nlm.nih.gov/pubmed/15906300
http://dx.doi.org/10.1088/0022-3735/21/8/017
http://dx.doi.org/10.1016/j.neuroimage.2019.116026
http://www.ncbi.nlm.nih.gov/pubmed/31326569
http://dx.doi.org/10.1016/j.neuroimage.2015.01.045
http://www.ncbi.nlm.nih.gov/pubmed/25652391
http://dx.doi.org/10.1002/nbm.3894
http://www.ncbi.nlm.nih.gov/pubmed/29388719
http://dx.doi.org/10.1016/S1474-4422(14)70294-7
http://dx.doi.org/10.1212/WNL.0000000000001257
http://dx.doi.org/10.1136/jnnp-2014-308241
http://dx.doi.org/10.1177/1352458512456614
http://dx.doi.org/10.1007/s00234-012-1057-1
http://www.ncbi.nlm.nih.gov/pubmed/22732908
http://dx.doi.org/10.1002/mrm.21563
http://www.ncbi.nlm.nih.gov/pubmed/18429023
http://dx.doi.org/10.1093/brain/awm152
http://www.ncbi.nlm.nih.gov/pubmed/17664178
http://dx.doi.org/10.1007/s00330-007-0672-4
http://dx.doi.org/10.1002/jmri.20719
http://dx.doi.org/10.1093/brain/awv086


Brain Sci. 2020, 10, 857 17 of 19

80. Zhang, H.; Schneider, T.; Wheeler-Kingshott, C.A.; Alexander, D.C. NODDI: Practical in vivo neurite
orientation dispersion and density imaging of the human brain. Neuroimage 2012, 61, 1000–1016. [CrossRef]

81. Haacke, E.M.; Liu, S.; Buch, S.; Zheng, W.; Wu, D.; Ye, Y. Quantitative susceptibility mapping: Current status
and future directions. Magn. Reson. Imaging 2015, 33, 1–25. [CrossRef]

82. Laule, C.; Vavasour, I.; Moore, G.; Oger, J.; Li, D.K.; Paty, D.; MacKay, A. Water content and myelin water
fraction in multiple sclerosis. J. Neurol. 2004, 251, 284–293. [CrossRef]

83. Ma, Y.-J.; Jang, H.; Chang, E.Y.; Hiniker, A.; Head, B.P.; Lee, R.R.; Corey-Bloom, J.; Bydder, G.M.; Du, J.
Ultrashort echo time (UTE) magnetic resonance imaging of myelin: Technical developments and challenges.
Quant. Imaging Med. Surg. 2020, 10, 1186. [CrossRef] [PubMed]

84. Wei, H.; Cao, S.; Zhang, Y.; Guan, X.; Yan, F.; Yeom, K.W.; Liu, C. Learning-based single-step
quantitative susceptibility mapping reconstruction without brain extraction. NeuroImage 2019, 202, 116064.
[CrossRef] [PubMed]

85. Ciccarelli, O.; Altmann, D.; McLean, M.; Wheeler-Kingshott, C.; Wimpey, K.; Miller, D.; Thompson, A.
Spinal cord repair in MS: Does mitochondrial metabolism play a role? Neurology 2010, 74, 721–727.
[CrossRef] [PubMed]

86. Ciccarelli, O.; Toosy, A.T.; De Stefano, N.; Wheeler-Kingshott, C.A.; Miller, D.H.; Thompson, A.J.
Assessing neuronal metabolism in vivo by modeling imaging measures. J. Neurosci. 2010,
30, 15030–15033. [CrossRef]

87. Marliani, A.F.; Clementi, V.; Riccioli, L.A.; Agati, R.; Carpenzano, M.; Salvi, F.; Leonardi, M.
Quantitative cervical spinal cord 3T proton MR spectroscopy in multiple sclerosis. Am. J. Neuroradiol. 2010,
31, 180–184. [CrossRef]

88. 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, 3379–3392.
[CrossRef] [PubMed]

89. Basha, M.; Bessar, M.; Ahmed, A.; Elfiki, I.; Elkhatib, T.; Mohamed, A. Does MR spectroscopy of
normal-appearing cervical spinal cord in patients with multiple sclerosis have diagnostic value in assessing
disease progression? A prospective comparative analysis. Clin. Radiol. 2018, 73, 835.e831–835.e839. [CrossRef]

90. Stroman, P.; Krause, V.; Malisza, K.; Frankenstein, U.; Tomanek, B. Extravascular proton-density changes as a
non-BOLD component of contrast in fMRI of the human spinal cord. Magn. Reson. Med. Off. J. Int. Soc.
Magn. Reson. Med. 2002, 48, 122–127. [CrossRef]

91. Ogawa, S.; Lee, T.-M.; Kay, A.R.; Tank, D.W. Brain magnetic resonance imaging with contrast dependent on
blood oxygenation. Proc. Natl. Acad. Sci. USA 1990, 87, 9868–9872. [CrossRef]

92. Agosta, F.; Valsasina, P.; Caputo, D.; Stroman, P.W.; Filippi, M. Tactile-associated recruitment of the cervical
cord is altered in patients with multiple sclerosis. Neuroimage 2008, 39, 1542–1548. [CrossRef]

93. Agosta, F.; Valsasina, P.; Rocca, M.; Caputo, D.; Sala, S.; Judica, E.; Stroman, P.; Filippi, M. Evidence for
enhanced functional activity of cervical cord in relapsing multiple sclerosis. Magn. Reson. Med. Off. J. Int.
Soc. Magn. Reson. Med. 2008, 59, 1035–1042. [CrossRef] [PubMed]

94. Agosta, F.; Valsasina, P.; Absinta, M.; Sala, S.; Caputo, D.; Filippi, M. Primary progressive multiple
sclerosis: Tactile-associated functional MR activity in the cervical spinal cord. Radiology 2009, 253, 209–215.
[CrossRef] [PubMed]

95. Valsasina, P.; Agosta, F.; Absinta, M.; Sala, S.; Caputo, D.; Filippi, M. Cervical cord functional MRI changes in
relapse-onset MS patients. J. Neurol. Neurosurg. Psychiatry 2010, 81, 405–408. [CrossRef] [PubMed]

96. Valsasina, P.; Rocca, M.A.; Absinta, M.; Agosta, F.; Caputo, D.; Comi, G.; Filippi, M. Cervical cord
FMRI abnormalities differ between the progressive forms of multiple sclerosis. Hum. Brain Mapp. 2012,
33, 2072–2080. [CrossRef] [PubMed]

97. Rocca, M.; Absinta, M.; Valsasina, P.; Copetti, M.; Caputo, D.; Comi, G.; Filippi, M. Abnormal cervical cord
function contributes to fatigue in multiple sclerosis. Mult. Scler. J. 2012, 18, 1552–1559. [CrossRef] [PubMed]

98. Conrad, B.N.; Barry, R.L.; Rogers, B.P.; Maki, S.; Mishra, A.; Thukral, S.; Sriram, S.; Bhatia, A.; Pawate, S.;
Gore, J.C. Multiple sclerosis lesions affect intrinsic functional connectivity of the spinal cord. Brain 2018,
141, 1650–1664. [CrossRef]

99. 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, 3031–3037. [CrossRef]

http://dx.doi.org/10.1016/j.neuroimage.2012.03.072
http://dx.doi.org/10.1016/j.mri.2014.09.004
http://dx.doi.org/10.1007/s00415-004-0306-6
http://dx.doi.org/10.21037/qims-20-541
http://www.ncbi.nlm.nih.gov/pubmed/32550129
http://dx.doi.org/10.1016/j.neuroimage.2019.116064
http://www.ncbi.nlm.nih.gov/pubmed/31377323
http://dx.doi.org/10.1212/WNL.0b013e3181d26968
http://www.ncbi.nlm.nih.gov/pubmed/20107138
http://dx.doi.org/10.1523/JNEUROSCI.3330-10.2010
http://dx.doi.org/10.3174/ajnr.A1738
http://dx.doi.org/10.1007/s00330-013-2942-7
http://www.ncbi.nlm.nih.gov/pubmed/23884299
http://dx.doi.org/10.1016/j.crad.2018.04.018
http://dx.doi.org/10.1002/mrm.10178
http://dx.doi.org/10.1073/pnas.87.24.9868
http://dx.doi.org/10.1016/j.neuroimage.2007.10.048
http://dx.doi.org/10.1002/mrm.21595
http://www.ncbi.nlm.nih.gov/pubmed/18429010
http://dx.doi.org/10.1148/radiol.2532090187
http://www.ncbi.nlm.nih.gov/pubmed/19703852
http://dx.doi.org/10.1136/jnnp.2009.187526
http://www.ncbi.nlm.nih.gov/pubmed/19965858
http://dx.doi.org/10.1002/hbm.21346
http://www.ncbi.nlm.nih.gov/pubmed/22887824
http://dx.doi.org/10.1177/1352458512440516
http://www.ncbi.nlm.nih.gov/pubmed/22389415
http://dx.doi.org/10.1093/brain/awy083
http://dx.doi.org/10.1007/s00415-019-09526-3


Brain Sci. 2020, 10, 857 18 of 19

100. Brownlee, W.; Altmann, D.; Alves Da Mota, P.; Swanton, J.; Miszkiel, K.; Wheeler-Kingshott, C.G.; Ciccarelli, O.;
Miller, D. Association of asymptomatic spinal cord lesions and atrophy with disability 5 years after a clinically
isolated syndrome. Mult. Scler. J. 2017, 23, 665–674. [CrossRef]

101. Kerbrat, A.; Gros, C.; Badji, A.; Bannier, E.; Galassi, F.; Combès, B.; Chouteau, R.; Labauge, P.; Ayrignac, X.;
Carra-Dallière, C. Multiple sclerosis lesions in motor tracts from brain to cervical cord: Spatial distribution
and correlation with disability. Brain 2020, 143, 2089–2105. [CrossRef]

102. Paolillo, A.; Coles, A.; Molyneux, P.; Gawne-Cain, M.; MacManus, D.; Barker, G.; Compston, D.; Miller, D.
Quantitative MRI in patients with secondary progressive MS treated with monoclonal antibody Campath
1H. Neurology 1999, 53, 751. [CrossRef]

103. Dupuy, S.L.; Khalid, F.; Healy, B.C.; Bakshi, S.; Neema, M.; Tauhid, S.; Bakshi, R. The effect of intramuscular
interferon beta-1a on spinal cord volume in relapsing-remitting multiple sclerosis. BMC Med. Imaging 2016,
16, 56. [CrossRef] [PubMed]

104. Singhal, T.; Tauhid, S.; Hurwitz, S.; Neema, M.; Bakshi, R. The effect of glatiramer acetate on spinal cord
volume in relapsing-remitting multiple sclerosis. J. Neuroimaging 2017, 27, 33–36. [CrossRef] [PubMed]

105. Montalban, X.; Sastre-Garriga, J.; Tintore, M.; Brieva, L.; Aymerich, F.; Rio, J.; Porcel, J.; Borras, C.;
Nos, C.; Rovira, A. A single-center, randomized, double-blind, placebo-controlled study of interferon
beta-1b on primary progressive and transitional multiple sclerosis. Mult. Scler. J. 2009, 15, 1195–1205.
[CrossRef] [PubMed]

106. Kapoor, R.; Furby, J.; Hayton, T.; Smith, K.J.; Altmann, D.R.; Brenner, R.; Chataway, J.; Hughes, R.A.;
Miller, D.H. Lamotrigine for neuroprotection in secondary progressive multiple sclerosis: A randomised,
double-blind, placebo-controlled, parallel-group trial. Lancet Neurol. 2010, 9, 681–688. [CrossRef]

107. ClinicalTrials.gov Identifier: NCT02959658. Available online: https://clinicaltrials.gov/ct2/show/

NCT02959658 (accessed on 21 October 2020).
108. Sicotte, N.L.; Voskuhl, R.R.; Bouvier, S.; Klutch, R.; Cohen, M.S.; Mazziotta, J.C. Comparison of multiple

sclerosis lesions at 1.5 and 3.0 Tesla. Investig. Radiol. 2003, 38, 423–427. [CrossRef] [PubMed]
109. Ladd, M.E.; Bachert, P.; Meyerspeer, M.; Moser, E.; Nagel, A.M.; Norris, D.G.; Schmitter, S.; Speck, O.;

Straub, S.; Zaiss, M. Pros and cons of ultra-high-field MRI/MRS for human application. Prog. Nucl. Magn.
Reson. Spectrosc. 2018, 109, 1–50. [CrossRef]

110. Sigmund, E.; Suero, G.; Hu, C.; McGorty, K.; Sodickson, D.; Wiggins, G.; Helpern, J. High-resolution human
cervical spinal cord imaging at 7 T. NMR Biomed. 2012, 25, 891–899. [CrossRef]

111. Dula, A.N.; Pawate, S.; Dethrage, L.M.; Conrad, B.N.; Dewey, B.E.; Barry, R.L.; Smith, S.A. Chemical exchange
saturation transfer of the cervical spinal cord at 7 T. NMR Biomed. 2016, 29, 1249–1257. [CrossRef]

112. Dula, A.N.; Pawate, S.; Dortch, R.D.; Barry, R.L.; George-Durrett, K.M.; Lyttle, B.D.; Dethrage, L.M.; Gore, J.C.;
Smith, S.A. Magnetic resonance imaging of the cervical spinal cord in multiple sclerosis at 7T. Mult. Scler. J.
2016, 22, 320–328. [CrossRef]

113. Massire, A.; Rasoanandrianina, H.; Taso, M.; Guye, M.; Ranjeva, J.P.; Feiweier, T.; Callot, V. 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. [CrossRef]

114. Massire, A.; Taso, M.; Besson, P.; Guye, M.; Ranjeva, J.-P.; Callot, V. High-resolution multi-parametric
quantitative magnetic resonance imaging of the human cervical spinal cord at 7T. Neuroimage 2016, 143,
58–69. [CrossRef] [PubMed]

115. Stankiewicz, J.; Neema, M.; Alsop, D.; Healy, B.; Arora, A.; Buckle, G.; Chitnis, T.; Guttmann, C.; Hackney, D.;
Bakshi, R. Spinal cord lesions and clinical status in multiple sclerosis: A 1.5 T and 3 T MRI study. J. Neurol. Sci.
2009, 279, 99–105. [CrossRef] [PubMed]

116. Hagens, M.H.; Burggraaff, J.; Kilsdonk, I.D.; de Vos, M.L.; Cawley, N.; Sbardella, E.; Andelova, M.; Amann, M.;
Lieb, J.M.; Pantano, P. Three-Tesla MRI does not improve the diagnosis of multiple sclerosis: A multicenter
study. Neurology 2018, 91, e249–e257. [CrossRef] [PubMed]

117. Ouellette, R.; Treaba, C.A.; Granberg, T.; Herranz, E.; Barletta, V.; Mehndiratta, A.; De Leener, B.; Tauhid, S.;
Yousuf, F.; Dupont, S.M. 7 T imaging reveals a gradient in spinal cord lesion distribution in multiple sclerosis.
Brain 2020, 143, 2973–2987. [CrossRef] [PubMed]

118. Gaitán, M.I.; De Alwis, M.P.; Sati, P.; Nair, G.; Reich, D.S. Multiple sclerosis shrinks intralesional, and enlarges
extralesional, brain parenchymal veins. Neurology 2013, 80, 145–151. [CrossRef]

http://dx.doi.org/10.1177/1352458516663034
http://dx.doi.org/10.1093/brain/awaa162
http://dx.doi.org/10.1212/WNL.53.4.751
http://dx.doi.org/10.1186/s12880-016-0158-4
http://www.ncbi.nlm.nih.gov/pubmed/27716096
http://dx.doi.org/10.1111/jon.12378
http://www.ncbi.nlm.nih.gov/pubmed/27466943
http://dx.doi.org/10.1177/1352458509106937
http://www.ncbi.nlm.nih.gov/pubmed/19797261
http://dx.doi.org/10.1016/S1474-4422(10)70131-9
https://clinicaltrials.gov/ct2/show/NCT02959658
https://clinicaltrials.gov/ct2/show/NCT02959658
http://dx.doi.org/10.1097/01.RLI.0000065426.07178.f1
http://www.ncbi.nlm.nih.gov/pubmed/12821856
http://dx.doi.org/10.1016/j.pnmrs.2018.06.001
http://dx.doi.org/10.1002/nbm.1809
http://dx.doi.org/10.1002/nbm.3581
http://dx.doi.org/10.1177/1352458515591070
http://dx.doi.org/10.1002/mrm.27087
http://dx.doi.org/10.1016/j.neuroimage.2016.08.055
http://www.ncbi.nlm.nih.gov/pubmed/27574985
http://dx.doi.org/10.1016/j.jns.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19178916
http://dx.doi.org/10.1212/WNL.0000000000005825
http://www.ncbi.nlm.nih.gov/pubmed/29925550
http://dx.doi.org/10.1093/brain/awaa249
http://www.ncbi.nlm.nih.gov/pubmed/32935834
http://dx.doi.org/10.1212/WNL.0b013e31827b916f


Brain Sci. 2020, 10, 857 19 of 19

119. Maggi, P.; Mazzoni, L.N.; Moretti, M.; Grammatico, M.; Chiti, S.; Massacesi, L. SWI enhances vein detection
using gadolinium in multiple sclerosis. Acta Radiol. Open 2015. [CrossRef]

120. Sati, P.; Oh, J.; Constable, R.T.; Evangelou, N.; Guttmann, C.R.; Henry, R.G.; Klawiter, E.C.; Mainero, C.;
Massacesi, L.; McFarland, H. The central vein sign and its clinical evaluation for the diagnosis of multiple
sclerosis: A consensus statement from the North American Imaging in Multiple Sclerosis Cooperative.
Nat. Rev. Neurol. 2016, 12, 714–722. [CrossRef]

121. Tan, I.L.; Van Schijndel, R.A.; Pouwels, P.J.; Van Walderveen, M.A.; Reichenbach, J.R.; Manoliu, R.A.;
Barkhof, F. MR venography of multiple sclerosis. Am. J. Neuroradiol. 2000, 21, 1039–1042.

122. Haacke, E.M.; Chen, Y.; Utrainen, D.; Wu, B.; Wang, Y.; Xia, S.; He, N.; Zhang, C.; Wang, X.; Lagana, M.M.;
et al. STrategically Acquired Gradient Echo (STAGE) Imaging, part III: Technical Advances and Clinical
Applications of A Rapid Multi-Contrast Multi-Parametric Brain Imaging Method. Magn. Reson. imaging
2020, 65, 15–26. [CrossRef]

123. Solanky, B.S.; Prados, F.; Tur, C.; Yiannakas, M.C.; Kanber, B.; Cawley, N.; Brownlee, W.; Ourselin, S.; Golay, X.;
Ciccarelli, O. Sodium in the Relapsing–Remitting Multiple Sclerosis Spinal Cord: Increased Concentrations
and Associations With Microstructural Tissue Anisotropy. J. Magn. Reson. Imaging 2020, 52. [CrossRef]

124. Ma, D.; Gulani, V.; Seiberlich, N.; Liu, K.; Sunshine, J.L.; Duerk, J.L.; Griswold, M.A. Magnetic resonance
fingerprinting. Nature 2013, 495, 187–192. [CrossRef] [PubMed]

125. Chen, Y.; Liu, S.; Wang, Y.; Kang, Y.; Haacke, E.M. STrategically Acquired Gradient Echo (STAGE) imaging,
part I: Creating enhanced T1 contrast and standardized susceptibility weighted imaging and quantitative
susceptibility mapping. Magn. Reson. Imaging 2018, 46, 130–139. [CrossRef] [PubMed]

126. Vargas, M.; Drake-Pérez, M.; Delattre, B.; Boto, J.; Lovblad, K.-O.; Boudabous, S. Feasibility of a synthetic MR
imaging sequence for spine imaging. Am. J. Neuroradiol. 2018, 39, 1756–1763. [CrossRef]

127. Grussu, F.; Battiston, M.; Veraart, J.; Schneider, T.; Cohen-Adad, J.; Shepherd, T.M.; Alexander, D.C.;
Fieremans, E.; Novikov, D.S.; Wheeler-Kingshott, C.A.G. Multi-parametric quantitative in vivo spinal cord
MRI with unified signal readout and image denoising. Neuroimage 2020, 217, 116884. [CrossRef]

128. Alcaide-Leon, P.; Pauranik, A.; Alshafai, L.; Rawal, S.; Oh, J.; Montanera, W.; Leung, G.; Bharatha, A.
Comparison of sagittal FSE T2, STIR, and T1-weighted phase-sensitive inversion recovery in the detection of
spinal cord lesions in MS at 3T. Am. J. Neuroradiol. 2016, 37, 970–975. [CrossRef] [PubMed]

129. Liu, H.; Xiang, Q.-S.; Tam, R.; Dvorak, A.V.; MacKay, A.L.; Kolind, S.H.; Traboulsee, A.; Vavasour, I.M.;
Li, D.K.; Kramer, J.K. Myelin water imaging data analysis in less than one minute. NeuroImage 2020,
210, 116551. [CrossRef] [PubMed]

130. Ouellette, R.; Mangeat, G.; Polyak, I.; Warntjes, M.; Forslin, Y.; Bergendal, Å.; Plattén, M.; Uppman, M.;
Treaba, C.A.; Cohen-Adad, J. Validation of rapid magnetic resonance myelin imaging in multiple sclerosis.
Ann. Neurol. 2020, 87, 710–724. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1177/2047981614560938
http://dx.doi.org/10.1038/nrneurol.2016.166
http://dx.doi.org/10.1016/j.mri.2019.09.006
http://dx.doi.org/10.1002/jmri.27201
http://dx.doi.org/10.1038/nature11971
http://www.ncbi.nlm.nih.gov/pubmed/23486058
http://dx.doi.org/10.1016/j.mri.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29056394
http://dx.doi.org/10.3174/ajnr.A5728
http://dx.doi.org/10.1016/j.neuroimage.2020.116884
http://dx.doi.org/10.3174/ajnr.A4656
http://www.ncbi.nlm.nih.gov/pubmed/26797141
http://dx.doi.org/10.1016/j.neuroimage.2020.116551
http://www.ncbi.nlm.nih.gov/pubmed/31978542
http://dx.doi.org/10.1002/ana.25705
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Spinal Cord MRI and the McDonald Criteria in MS Diagnosis 
	Spinal Cord Atrophy 
	Spinal Cord MRI in Multiple Sclerosis 
	Qualitative MRI 
	Standardized SC MRI Protocol in MS 
	Emerging Sequences in Addition to the Standardized SC MRI Protocol 

	Quantitative MRI 
	Relaxometry and Proton Density 
	Magnetization Transfer 
	Diffusion Imaging 
	Myelin and Myelin Water Imaging 

	MR Spectroscopy 
	Functional MRI 

	Spinal Cord Imaging and Response to Disease Modifying Therapies 
	Ultra-High Field Spinal Cord MRI in Multiple Sclerosis 
	Summary and Future Research 
	References

