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 Introduction

Multiple sclerosis (MS) is regarded as a chronic 
autoimmune demyelinating disease of the central 
nervous system (CNS), affecting more than two 
million people worldwide [1]. The multifocal 
demyelinated plaques seen on magnetic reso-
nance imaging (MRI) appear throughout the 
CNS and are characterized with areas of focal 
inflammation, edema, glial reaction, and scar-
ring. In the early stages of the disease, the acute 
appearance of the focal lesions is commonly 
accompanied with episodes of intermittent and 
accumulating neurological dysfunction [2]. 
Although MS still remains incurable, the early 
use of more than dozen available disease- 
modifying therapies allows fewer acute neuro-
logical episodes, lowers the MRI-detected 
pathological changes, and delays the accumula-
tion of long-term physical disability [3].

Even though the conventional MRI is 5–10 
times more sensitive than clinical examination in 
assessment of the MS disease activity, the tech-
nique has a number of drawbacks that limit the 
reliability as an overall surrogate marker for 
detecting clinical progression [4]. The unsuc-
cessful efforts to link the MRI-derived markers 
and the clinical disability scores have resulted in 

the coinage “clinical-radiologic” paradox [5]. 
Although the current gap between the clinical- 
radiologic paradox has been substantially 
reduced over the last decade, the overall MRI 
correlations still remain modest at best [6]. 
Therefore, this review will outline the major 
strengths and limitations of the conventional and 
nonconventional MRI techniques in their attempt 
to detect the inflammatory and neurodegenera-
tive aspects of MS.

 Conventional MRI in Multiple 
Sclerosis

 MS Lesion Detection

Currently, there is no consensus on the precise 
and specific definition for the white matter (WM) 
hyperintensities (hereafter referred only as 
lesions) that are commonly seen in MS patients. 
Although variable, the MS lesions are usually 
ovoid or round in shape and are centered on small 
penetrating vessels. Their occurrence in the peri-
ventricular WM, juxtacortical, and infratentorial 
region is a relatively specific sign for MS. When 
imaged on sagittal MRI views, the ovoid lesions 
of the corpus callosum have typical radiographic 
appearance termed “Dawson fingers.” The char-
acteristic decay of the nuclear spin is called trans-
verse relaxation (T2) and it describes the time it 
takes for the signal to decrease to the 63% of its 
original value [7]. Among many variations 

D. Jakimovski · D. P. Ramasamy · R. Zivadinov (*) 
Department of Neurology, Buffalo General Hospital, 
University of Buffalo, Buffalo, NY, USA
e-mail: djakimovski@bnac.net;  
dramasamy@bnac.net; rzivadinov@bnac.net

6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-24436-1_6&domain=pdf
https://doi.org/10.1007/978-3-030-24436-1_6
mailto:djakimovski@bnac.net
mailto:dramasamy@bnac.net
mailto:dramasamy@bnac.net
mailto:rzivadinov@bnac.net


110

between sequences that are able to detect the T2 
changes, the most often recommended are: con-
ventional echo, fast spin-echo (FSE), turbo spin- 
echo (TSE), and fluid-attenuated inversion 
recovery (FLAIR) [8]. T2-weighted imaging 
(WI) allows highly specific detection of the dis-
ease activity and the lesion appearance over time; 
however, it has intrinsic limitation in the ability 
to distinguish between the differential substrates 
of the T2-WI hyperintensities (inflammation, 
edema, demyelination, and axonal loss). 
Compared to higher sensitivity of the FLAIR 
sequence in detecting subcortical and discrete 
cerebral lesions, the FSE proton-density (PD) 
imaging allows better and more accurate detec-
tion of focal lesions within the infratentorial 
compartment [9]. Based on their appearance 
under different MR sequences, the majority of 
MS lesions are classified into three main groups: 
T2 hyperintense, chronic T1 hypointense (also 
known as “black holes”), and gadolinium (Gd) 
enhancing lesions on post-contrast T1-WI 
(Fig. 6.1).

Apart from the symptomatic lesion, clinically 
isolated syndrome (CIS) patients tend to exhibit 
multiple asymptomatic brain lesions even before 
their first onset clinical presentation (radiologi-
cally isolated syndrome, RIS). The number of T2 
hyperintense lesions is directly associated with 

the percentage and the time of reaching clini-
cally definite MS diagnosis (81% of patients 
with ≥10 lesions when compared to only 9% in 
patients with an absence of T2 lesion, hazard 
ratio (HR) of 19.7) [10]. Similarly, the baseline 
T2 characteristics have the highest predictive 
value for detecting patients that will reach an 
Expanded Disability Status Score (EDSS) of 3.0 
(22% of patients with ≥10 lesions when com-
pared to only 4% in patients with absence of T2 
lesion, HR of 4.4) [10]. The role of MRI-derived 
inflammatory biomarkers as high-impact prog-
nostic factor have been also carefully studied 
and demonstrated within the initial large inter-
ventional MS trials [11]. Greater baseline MRI 
lesion volume and greater increase of lesion vol-
ume over time are moderately associated with 
clinical disability after 20 years [12]. Within this 
long-term follow- up, the rate of the lesion vol-
ume accumulation is substantially higher in 
patients that develop secondary progressive MS 
(SPMS) than in patients who maintain their 
relapsing–remitting MS (RRMS) status 
(2.89 cm3/year vs. 0.80 cm3/year) and this differ-
ence is already evident within 5 years of disease 
presentation [12].

The lack of specificity and the moderate cor-
relations with the clinical disability call for 
improvement of the quality of T2-WI sequences 

2D FLAIR 2D T2 WI 2D T1 WI post-contrast 2D TI WI pre-contrast

Fig. 6.1 T1-weighed imaging, T2-weighted imaging, 
FLAIR, and gadolinium enchanced T1-weighted imaging. 
Conventional magnetic resonance imaging in multiple 
sclerosis patient including: (a) 2D fluid-attenuated inver-
sion recovery (FLAIR) sequence, (b) T2-weighted image 
(WI) sequence, (c) T1-WI post-contrast sequence, and (d) 

T1-WI pre-contrast sequence. The contrast enhancing 
lesion (white arrow) seen on the T1-WI post-contrast cor-
relates with hispathological findings of blood-brain- 
barrier (BBB) breakdown and acute inflammation. Note 
the initial hypointensity of the acute MS lesion on the pre- 
contrast 2D T1-WI image
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and use of additional quantitative approaches 
that will better characterize the lesions. The use 
of thinner 2D FLAIR slices (1.5  mm) can 
increase the sensitivity for detection of cortical 
and juxtacortical lesions in MS patients [13]. 
Lesion detection can be also substantially 
increased with the application of 3D MRI tech-
niques, which provide equal spatial resolution 
along all three different axes. 3D FLAIR imag-
ing uses inversion recovery preparation with 
variable flip angles that establishes pseudo-
steady-states/relaxation contra-balancing, and 
allows nonblurred images despite the long echo 
trains. Although initially 3D FLAIR showed sig-
nificant increase in the ability to detect MS 
lesions, the sequence required long, clinically 
unfeasible scanning times [14]. The 1.7 times 
increase in number of lesions detected by the 
single-slab 3D FLAIR when compared to the 
conventional 2D FLAIR may be also attributed 
to the significantly higher contrast-to-noise ratio 
(Fig. 6.2) [15]. However, recent optimization of 
the sequence parameters retained the increase in 
detection of both supra- and infratentorial lesions 
within acceptable reduction of the scanning time 
[16]. Despite the fact that many groups have 
tried to develop an automated and unsupervised 
method for MS lesion segmentation, thus far, 
these techniques are not readily available for 
wide clinical use [17].

The seminal paper by Trapp et  al. demon-
strated that the active inflammation during the 
demyelinating process causes a large number of 
axonal transections [18]. As a consequence of 
this acute focal axonal transection, the signal 
intensity within 80% of the active lesions shows 
initial T1-WI hypointensity [19]. As the inflam-
mation subsides, 40% of the T1-WI hypointensi-
ties undergo process of remyelination, tissue 
repair, and return to their isotense signal charac-
teristic [19]. However, the remaining percentage 
of acute black holes continues to degrade and 
develop into persistent black holes. The assess-
ment of the persistent black holes was considered 
as the first measurable biomarker of the neurode-
generative process in MS [20]. Moreover, the 
presence and the extent of black holes have been 
repeatedly shown as one of the best predictive 
factors for disability in long-term follow-up stud-
ies [21, 22].

Gd enhancement is a transient phenomenon 
of the MS lesion that correlates with histopatho-
logical findings of blood-brain-barrier (BBB) 
breakdown and acute inflammation. When com-
pared to T2-derived lesions, the Gd enhancing 
lesions are typically easier to identify and are 
less dependent on technical factors like acquisi-
tion parameters and intra- and interobserver 
variability. Due to the short interval of Gd persis-
tence (3–6  weeks), the enhancing lesions may 

2D FLAIR 3D FLAIRFig. 6.2 Lesion 
detection comparison 
between 2D FLAIR and 
3D FLAIR sequences. In 
addition to the improved 
lesion to noise contrast 
ratio, the 3D FLAIR 
image provides better 
delineation of white 
versus gray matter and 
allows detection of 
cortical lesions (white 
arrow)
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remain undetected by the regular 3–6 month res-
can periods. Therefore, Gd enhancing lesions are 
not sufficiently sensitive as singular measures of 
disease activity and treatment evaluation. In 
response to this limitation, in order to detect 
patients with suboptimal treatment response, 
several proposed scoring methods or criteria 
combine the clinical and MRI-derived measures 
[23]. In particular, the purposed scoring systems 
like the Rao scale, the modified Rao scale, and 
the European Medicines Agency (EMA) criteria 
showed variable sensitivity and specificity in 
detecting patients that will exhibit increased 
relapse rate or/and disability progression (rang-
ing between 24% and 71% sensitivity and 
71–97% specificity) [23]. A recent composite 
that included both absence of clinical and radio-
graphic activity was initially termed “disease 
activity free status” (DAFS) and later renamed 
as “no evidence of disease activity” (NEDA). 
Although it has been shown that achieving and 
sustaining long-term NEDA status is especially 
difficult, NEDA has the potential to become a 
key therapeutic target goal in the future [24].

Both acute enhancing and chronic non- 
enhancing MS lesions show time-dependent 
increase in contrast enhancement [25]. The 
greater contrast enhancement seen in scans 
acquired after longer delay from the Gd adminis-
tration suggests persistence of BBB leak [25]. 
Furthermore, several studies have shown that 
application of Gd would intensify the T1 effect 
on the FLAIR images and improve the detection 
of extra-axial pathology and meningeal enhance-
ment [26]. Therefore, a combination of delayed 
post-contrast imaging and use of 3D FLAIR 
sequence allowed illustration of leptomeningeal 
contrast enhancement (LM CE) adjacent to the 
cortex of MS patients [27]. The aforementioned 
LM CE has been documented by several research 
groups and has been associated with patient age, 
disease severity, and the clinical type of MS [28]. 
A postmortem 7 T and histopathological exami-
nation of the structures that present as LM CE on 
MRI demonstrated that the aggregates of T- and 
B-cells are organized within a tertiary follicle- 
like structure [27]. The surrounding cortex of the 
sulcus that hosts the tertiary follicle-like structure 

also shows extensive cortical demyelination [27]. 
Furthermore, the presence of LM CE was associ-
ated with lower global gray matter (GM) and cor-
tical volume [29]. A similar 7 T MRI examination 
additionally showed that only a specific pattern 
of spread/fill foci are associated with the reduced 
cortical GM volumes, whereas the nodular foci 
may represent a normal variant [30]. Figure 6.3 
exhibits the utility of post-contrast FLAIR in 
detecting the LMCE and demonstrates the differ-
ences between nodular versus spread/plate-type 
of LMCE. The proximity of the aforementioned 
tertiary follicle-like structures may potentially 
link the meningeal inflammation with the type III 
subpial cortical lesions. With the introduction of 
the new B-cell depleting therapies for MS, better 
understanding and reliable detection of the LM 
CE could potentially become a useful biomarker 
in assessing their therapeutic efficacy [31].

In contrast to the 3D FLAIR, the three- 
dimensional double inversion recovery (3D DIR) 
uses additional radiofrequency (RF) pulse that 
results in suppression of both the WM and the 
cerebrospinal fluid (CSF) [7]. The additional 
inversion pulse used in DIR imaging proves to 
decrease the signal-to-noise ratio and make the 
images appear noisier; however, it provides 
excellent contrast-to-noise ratio between the 
lesion and the parenchyma and may be an excel-
lent tool for detecting cortical lesions (Fig. 6.4). 
The cortical lesions can be detected throughout 
all MS phenotypes and are mainly grouped as 
leukocortical or type I (lesions that extend 
through both GM and WM), intracortical or type 
II (lesions exclusively within the GM), and sub-
pial or type III (lesions abutting the pia and 
extending into the cortex) [32]. Furthermore, 
DIR has been used for imaging of the optic nerve, 
the infratentorial segment, and the spinal cord. 
The DIR showed improved sensitivity at detect-
ing lesions with a 7% gain with respect to FLAIR 
and 15% gain with respect to T2-WI [33]. The 
increase was even larger in respect to the infraten-
torial lesions with 56% increase when compared 
to FLAIR and 44% increase when compared to 
T2-WI [33]. In longitudinal examinations, DIR 
subtraction maps improved the detection of new 
and enlarged lesions both in terms of accuracy 
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a1 a4 b1 b4

a2 a5 b2 b5

a3 a6 b3 b6

Fig. 6.3 Leptomeningeal enhancement in multiple scle-
rosis patients. The use of pre-contrast (a1–3 and b1–3) 
and post-contrast (a4–6 and b4–6) 3D fluid-attenuated 
inversion recovery (FLAIR) sequences in detection of lep-
tomeningal contrast enhancment (LMCE). Sixty-three- 
year-old secondary progressive multiple sclerosis patients 

presenting with nodular LMCE enhancement (white 
arrow) demonstrated in all plane post-constrast 3D FLAIR 
images. Fifty-seven-year-old relapsing–remitting multiple 
sclerosis patients presenting with “spread/plate”-like 
LMCE (dotted white arrow)

DIR FLAIR FSPGR

Fig. 6.4 Cortical lesion imaging using double inversion 
recovery (DIR) sequence. Double inversion recovery 
(DIR) sequence uses two separate radiofrequency pulses 
that suppress both the white matter and the cerebrospinal 
fluid signal. The sequence allows better detection of corti-

cal lesions (white arrow) when compared to conventional 
sequences. (a) Double inversion recovery (DIR) sequence, 
(b) fluid-attenuated inversion recovery (FLAIR) sequence, 
and (c) fast spoiled gradient echo (FSPGR) sequence

6 Magnetic Resonance Imaging and Analysis in Multiple Sclerosis



114

and the time needed for the scan read [34]. The 
reported 1.7 times more detected active lesions 
using DIR subtraction was mainly driven by the 
strength of the DIR sequence in detecting cortical 
lesions [34]. The same group also demonstrated 
that post-contrast DIR imaging can detect signifi-
cantly more (16%) contrast-enhancing lesion 
when compared to the traditional post-contrast 
T1-WI [35]. Despite the comparative improve-
ment to the conventional FLAIR imaging, the 3D 
DIR technique is still not able to detect up to 80% 
of the cortical lesions seen under microscope 
[36]. The latest consensus recommendations for 
cortical lesion scoring using the DIR sequence 
included that (1) the GM lesions should be clearly 
hyperintense on DIR and (2) should cover at least 
three pixels based on minimal in-plane resolution 
of 1.0 mm2 [37]. This recommendation also takes 
into account the relatively noisier 1.5  T DIR 
images when compared to 3 T. Due to the high 
association of cortical lesion load with physical 
and cognitive progression, the ability to success-
fully image the cortical pathology may help in 
early identification of patients with the most 
severe prognosis [38].

The latest guidelines published by the 
European Magnetic Resonance Imaging in MS 
(MAGNIMS) network recommended a standard-
ized protocol for baseline and follow-up MRI 
examinations for patients with suspected or clini-
cally definite MS [39]. The baseline examination 
included mandatory use of axial proton-density 
(PD) and/or T2-FLAIR/T2-WI, sagittal 2D or 3D 
FLAIR, and a 2D or 3D contrast-enhanced 
T1-WI. Additional (optional) sequences included 
unenhanced 2D or high-resolution 3D T1-WI, 2D 
and/or 3D DIR sequence, and an axial diffusion- 
weighted imaging (DWI) sequence. Similarly, 
the follow-up MRI examinations should include 
at least the mandatory PD or T2-FLAIR and the 
2D or 3D contrast-enhanced T1-WI, with optional 
addition of the high-resolution 3D T1-WI, 2D/3D 
DIR, and axial DWI.  Unfortunately, the mini-
mum recommended milieu of sequences is not 
able to provide reliable prognostic information 
for establishing disease progression. The addi-
tion of repeat scans within the first few months of 
treatment initiation can considerably predict the 

treatment response [23]. Additionally, the use of 
automated subtraction techniques (follow-up vs. 
baseline subtraction) can improve the accuracy 
and sensitivity of detecting new and/or enlarging 
T2 lesions [23]. As discussed later in this review, 
the current data still does not support the use of 
automated brain volume nor spinal cord mea-
sures in predicting the individual treatment 
response rate [23].

 MRI Contrast Agents and Contrast 
Deposition

The fundamental capability of contrast agents to 
efficiently lower the relaxation times of T1 and/
or T2 allows generation of better MRI-derived 
signal and better detection of lesions. The addi-
tion of paramagnetic ions like gadolinium (Gd3+), 
iron (Fe2+,3+), and manganese (Mn2+) act as indi-
vidual microscopic magnets that cause faster 
neighboring proton relaxation back to their equi-
librium state. In comparison to Gd, the iron-based 
agents have stronger ability to affect the relax-
ation times and they are mostly used as dark MRI 
contrast (T2∗ imaging). These iron oxide parti-
cles vary in size, from ultrasmall superparamag-
netic particles of iron oxide (USPIOs, 5–50 nm) 
to superparamagnetic iron oxide particles (SPIOs, 
50–150  nm) and micron-sized iron oxide parti-
cles (MPIOs, ≈1 μm) [40].

A major benefit in utilization of USPIOs in 
imaging of the inflammatory diseases like MS is 
their ability to be captured by the circulating 
monocytes/macrophages and travel to the site of 
inflammation. Thus, USPIO contrast agents are 
able to provide higher cell specificity and better 
understanding of the CNS inflammation. 
Additionally, potential coupling of MPIOs with 
anti-adhesion antibodies can provide direct imag-
ing of endothelial surface markers (E-selectin and 
P-selectin) that control immune cell trafficking 
[41, 42]. The discrepancies of contrast enchant-
ment seen while imaging with both USPIOs and 
Gd-based agents have suggested an active mono-
cyte infiltration through the  preserved integrity of 
the BBB [43]. However, the appearance of USPIO 
within an hour of its administration points to a 
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second, cell- independent transport indicates leaky 
BBB [44]. On that note, USPIO-related abnor-
malities can be already seen at day 10 after EAE 
disease induction, a period which does not include 
macrophage infiltration [44]. The later process of 
passive USPIO diffusion is cleared through neigh-
boring cervical lymph nodes and does not pro-
duce significant contrast changes after 24  h of 
administration [44]. Therefore, knowledge about 
the USPIO kinetics is crucial in determining the 
temporal and mechanistic characteristic of USPIO 
imaging.

Due to the ionic radius of 0.99 Å, Gd in its 
stable oxidation state (Gd3+) can easily compete 
for the binding sites of Ca2+ and produce relative 
biological toxicity. Prior to its use in humans, 
the Gd requires a process of chelation that will 
prevent free Gd3+ circulation [45]. Generally, 
the current Gd-based MRI contrast agents 
(GBCAs) are divided into four types: macrocy-
clic or linear and they can be additionally sepa-
rated as ionic (charged) or non-ionic. The 
particular chemical structure produces inherent 
differences in the kinetic stability [46]. In pres-
ence of endogenous cations like Cu2+ or Zn2+, 
the linear agents can exhibit poorer kinetic sta-
bility and dissociate [46].

A potential association of MRI-detected brain 
abnormalities and previous exposure to linear 
chelate GBCAs has been initially published in 
2014 [47]. It showed a positive correlation 
between high signal intensity of the dentate 
nucleus and history of multiple GBCA adminis-
trations [47]. These preliminary results were later 
confirmed with GBCA accumulation studies in 
patients with MS, brain metastasis, and in pediat-
ric population [48]. A preclinical study investi-
gated the amount of Gd deposition in rat brains 
after 20 consecutive injections of linear GBCA, 
macrocyclic GBCA, or placebo [49]. The results 
corroborated that linear GBCA leads to progres-
sive increase in MRI signal intensity ratio [49]. 
Additionally, postmortem autopsy demonstrated 
higher amount of linear GBCA deposition when 
compared to rats exposed to the macrocyclic 
GBCA or placebo [49]. A similar study examined 
multiple formulations of GBCAs and showed 
that all three linear GBCAs tested had signifi-

cantly higher brain deposition than placebo or the 
macrocyclic GBCAs [50].

Until recently, the only other known adverse 
effect related to Gd administration was a rare 
nephrologic condition called nephrogenic systemic 
fibrosis. Due to the aforementioned reports of Gd 
deposition in the brain, the FDA issued warning, 
which suggests avoiding linear GBCAs adminis-
tration if not necessary. The highest retention was 
seen among the linear gadodiamide (Omniscan®) 
and gadoversetamide (OptiMARK®), followed by 
gadopentetate dimeglumine (Magnevist®), gado-
benate dimeglumine (MultiHance®), and gadox-
etate disodium (Eovist®), and the lowest retention 
with the use of the macrocyclic gadoterate meglu-
mine (Dotarem®), gadoteridol (ProHance®), and 
gadobutrol (Gadavist®). Additionally, the EMA 
suspended the use of the aforementioned 
Omniscan®, Magnevist®, OptiMARK®, and 
restricted the use of MultiHance® only for liver 
scans. In conclusion, convincing evidences demon-
strate active deposition of Gd in the deep brain 
nuclei, particularly after repeated linear GBCAs 
exposure. The biological and clinical effect of this 
brain deposition still remains undetermined in 
patients with MS and other diseases [51].

 2017 Revision of McDonald Criteria 
for Multiple Sclerosis Diagnosis

Due to the rapid growth of the medical imaging 
field, periodical revision of the diagnosis guide-
lines would provide continuous improvement in 
the sensitivity and specificity of the criteria [52–
54]. The new 2017 revision of the MS McDonald 
criteria has focused on clarifying and simplifying 
the constituents of the previous versions, changes 
that will ultimately allow lower frequency of MS 
misdiagnosis [54]. The previous 2010 revision of 
the McDonald criteria required that dissemina-
tion in space (DIS) should be demonstrated by 
≥1 T2 lesion in at least two of four areas of the 
CNS (periventricular, juxtacortical, infratento-
rial, and spinal cord). On the other hand, for the 
demonstration of dissemination in time (DIT), it 
required: (1) a new T2 and/or Gd enhancing 
lesion on follow-up MRI or (2) simultaneous 
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presence of asymptomatic Gd enhancing and 
non-enhancing lesions at any time [53].

The first step into improving the CIS/MS clas-
sification was the inclusion of the CSF-derived 
oligoclonal bands (OCB) as acceptable substitute 
for the DIT requirement. The change was 
prompted by multiple recent studies showing that 
presence of CSF OCB is an independent predic-
tor of consecutive second attack [10, 55]. In a 
large multicenter study, the presence of OCB was 
associated with increased conversion to MS (haz-
ard ratio of 2.18) [56]. Furthermore, a meta- 
analysis showed that the presence of OCB in the 
CSF of CIS patients resulted in increased chance 
(odds ratio of 9.9) of conversion to MS [57].

As a second amendment, the new criteria 
remove the discrimination between symptomatic 
and asymptomatic T2 lesions in the determina-
tion of DIS or DIT [58, 59]. The previous distinc-
tion was done with an idea to exclude the 
symptomatic lesion from the required two out of 
four MS characteristic region involvement (peri-
ventricular, juxtacortical, infratentorial, and spi-
nal cord) and prevent double counting. As an 
example, a patient presenting with an acute par-
tial transverse myelitis would require only one or 
more T2-hyperintense lesions in the remaining 
three regions (paraventricular, juxtacortical, or 
infratentorial) in order to fulfill the new 
2017-revised McDonald criteria. Although still 
debated, lesions in the optic nerve are considered 
as exception from this rule and still remain insuf-
ficient in documenting DIS or DIT [60, 61].

Lastly, the new 2017 McDonald criteria rec-
ommend the inclusion of cortical lesions as equal 
constituents for fulfilling the DIS requirement. 
The ability to routinely and reliably detect corti-
cal lesions requires additional MRI sequences 
that were previously described in this review. The 
expert panel of the revised 2017 criteria has rec-
ognized the potential imaging artifacts and the 
current limitations of DIR imaging [62, 63].

The future alliterations of the MS diagnosis 
guidelines should focus on defining entities like 
RIS, solitary sclerosis, possible multiple sclero-
sis, pediatric multiple sclerosis, anti-MOG 
pathology, and the diagnosis of MS in more 
diverse populations [64–66]. Future standardiza-

tion of the nonconventional techniques like 
multi-echo MRI imaging, GM imaging, optical 
coherent tomography (OCT), evoked potentials, 
and laboratory tests may increase the accuracy of 
the diagnosis.

 Spinal Cord Imaging

Due to the inclusion of the spinal cord region as 
part of the four areas included in the McDonald 
criteria, spinal lesions can be used to demonstrate 
DIS. Therefore, spinal cord imaging is an essen-
tial diagnostic tool that should be obtained in 
patients with spinal cord symptomatology and 
patients in whom brain scans do not solemnly 
fulfill the McDonald criteria for MS diagnosis 
[67]. The spinal cord MRI abnormalities are not 
exclusively seen in MS and should be differenti-
ated from diseases like neuromyelitis optica 
spectrum disorder (NMOSD), myelin oligoden-
drocyte glycoprotein myelopathy (anti-MOG dis-
ease), and idiopathic transverse myelitis (ITM) 
[68]. Regardless of the OCB and brain MRI find-
ings, the spinal cord lesions independently con-
tribute to two- to threefold increase in risk for 
reaching an MS diagnosis [69]. Indeed, even in 
patients with non-spinal CIS presentation, the 
detected spinal cord MRI abnormalities are able 
to explain a larger amount of follow-up disability 
progression when compared to the brain MRI 
measures [70]. Both the accumulation of asymp-
tomatic spinal cord lesions and the progression of 
spinal cord atrophy in CIS patients contribute up 
to 50% of the MS-related disability accumulation 
over mid-term follow-up period [70].

Most spinal cord scans were traditionally 
acquired with the use of sagittal dual echo (PD 
and T2) sequence. Together with the increasing 
clinical 3 T availability, multiple combination of 
sequences have been purposed to increase the 
lesion detection and regional cord volume detec-
tion. For example, sequences like short tau inver-
sion recovery (STIR) and phase-sensitive 
inversion recovery (PSIR) use fat suppression 
and allow better spinal cord lesion assessment 
and WM versus GM separation [71]. Multiple 
findings demonstrate that the preferential loss of 
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spinal cord GM is associated with more severe 
EDSS score and walking disability, whereas spi-
nal cord WM did not [71, 72]. Manual and auto-
mated models of spinal cord volume segmentation 
have been additionally proposed [73].

The relationship between spinal cord pathol-
ogy and the disability progression has been espe-
cially emphasized within SPMS and primary 
progressive (PP) MS patients [74]. In a large 
single-center retrospective study, all SPMS 
patients and almost all PPMS had spinal cord 
lesions at their C2–C3 level [74]. Additionally, 
PPMS patients had significantly more spinal cord 
atrophy when compared to SPMS and healthy 
controls [74]. The overall sample size calcula-
tions for the use of spinal cord cross-sectional 
area measurement in PPMS patients resulted 
only in 57 subjects per arm needed, whereas for 
SPMS it required at least 546 subjects per arm 
[74]. Therefore, future PPMS and neuroprotec-
tive MS trials should consider spinal cord imag-
ing as part of their outcome measures.

The use of nonconventional spinal cord MRI 
studies are still in their very early stages and 
have relatively limited clinical applicabilty [75]. 
DTI of the spinal cord (FA metric) is the only 
nonconventional technique that provides mod-
erate evidence of association with impairment 
in a number of neurological diseases [75]. The 
larger magnetic field inhomogeneity and the 
intensified intrinsic motion caused by the car-
diac and respiratory cycles remain as major lim-
iting factors in the acquisition of high-quality 
spinal cord data [70].

 Ultra-High-Field MRI Imaging in MS

The advantages and limitations of ultra-high- 
field imaging can be essentially explained by the 
increase of the main magnetic field (B0). The 
larger initial amount of spins that are transversely 
aligned with the magnet will produce larger net 
magnetization. However, the larger strength will 
also introduce a larger B0 inhomogeneity that can 
cause artifacts and signal loss. When compared to 
1.5  T and 3  T MRI imaging, the 7  T scanners 
allow five- to tenfold increase of the signal-to- 

noise ratio. Additional benefits of ultra-high-field 
MRI imaging are: improved contrast derived 
from the magnetic susceptibility variations, 
greater chemical shift dispersion, and faster echo 
planar imaging. The 7 T MRI scanners have been 
extensively used in understanding the pre- 
lesional WM changes, evolution of the cortex 
changes, detection of GM lesions, and under-
standing the process of neurodegeneration [76]. 
The increased number of WM lesions detected 
with the ultra-high-field MRI systems suggests 
that the current imaging protocols are not fully 
capturing the MS pathology [77]. Additionally, 
the higher imaging resolution provides improve-
ment in the differential diagnosis of WM abnor-
malities and in their differentiation from other 
mimicking demyelinating lesions [78–80]. 
Several studies have shown that 7  T imaging 
allows more than double increase in the detection 
rate of cortical lesions in MS [62, 81, 82]. 
However, when compared to histopathological 
analysis, up to 40% of the subpial (type III) corti-
cal lesions are still missed even at 7 T MRI [62]. 
Similarly, a study using 7 T, T2∗ MRI sequence 
produced surface-based analysis that showed 
in vivo characterization of the degree of cortical 
pathology at different depths of the cortex [83]. 
The gradient in the intracortical pathology across 
different disease stages demonstrates that the 
pathology is driven from the pial surface itself 
[83]. As of October 12th, 2017, the FDA approved 
human clinical use of the first 7 T MRI device 
(Magnetom Terra®, Siemens), which allows for 
0.2  mm in-plane resolution, voxel size of 
0.14 cm3, and submillimeter fMRI BOLD signal 
specifications.

 Nonconventional Imaging

 Brain Atrophy

The physical and cognitive decline seen in the 
later stages of the disease are not represented by 
the sparse MRI-detected inflammatory lesions. 
The purposed two-stage process might poten-
tially explain the failure of the current anti- 
inflammatory therapeutics in their ability to 
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control the secondary inflammation-indepen-
dent disability progression [84]. The underlying 
brain atrophy seen throughout all stages of MS 
can be generally explained by three main subse-
quent pathological processes: tissue loss within 
the lesions themselves (T1-hypointensities), 
Wallerian degeneration affecting the length of 
the transected axons, and independent neurode-
generative changes within the NAWM and 
NAGM [18]. As the axons do lose their myelin 
sheath, a compensatory upregulation of sodium 
channel expression sustains the signal transduc-
tion [85]. Intensified sodium channel usage 
requires greater amount of ATP that eventually 
gets depleted and induces mitochondrial dys-
function [85]. The mitochondrial dysfunction 
further causes global neuronal energy deficit 
and cascades to toxic accumulation of Ca2+, 
which finally leads to neuronal death [85]. 
Potential inhibition of the specific Nav1.6 chan-
nels might prevent the “inside-out” pathophysi-
ology of the MS neurodegeneration [86]. The 
robustness of the ongoing axonal loss has been 
documented with histological analysis of the 
cerebrospinal tract [87]. After a lifetime of MS 
(an average of 30 years of disease duration), the 
corticospinal tract loses approximately 60% of 
the total axonal pool [87]. Similarly, the normal-
appearing white matter (NAWM) demonstrates 
substantial loss (50%) of both axon density and 
volume [88].

On the other hand, the GM atrophy is primar-
ily affected by neurodegeneration, a co-occurring 
process that is not associated with presence of 
GM lesions, the overall myelin density, or the 
survival of the oligodendrocytes [89]. The first 
systematic histopathological and MRI investiga-
tion showed that the cortical volume in long- 
lasting MS patients is largely and independently 
explained by neuronal density, neuronal size, and 
axonal density [90]. After a mean disease dura-
tion of 27 years, MS patients have almost 40% 
less total number of neocortical neurons and 
almost 30% reduction in neuronal density when 
compared to controls [91]. This neuronal loss 
was seen in all lobes investigated with the excep-
tion of the primary occipital (visual) cortex. The 
association between the overall neuronal loss and 
the MRI-derived cortical volume demonstrates 

that in vivo MRI studies can provide robust pre-
diction of cortical pathology [91].

A serial yearly MRI scans acquired over a 
decade showed that ventricular CSF space and 
the whole brain atrophy in early MS patients can 
predict the development of disability progres-
sion over 10  years later (after 1 and 2  years, 
respectively) [92]. Similarly, a large multicenter 
study showed that a combination of central atro-
phy rate and the lesion volume change over the 
first 2  years was able to predict the disability 
over 10  years (74.3% of explained variance in 
clinical outcome) [93]. The atrophy of the deep 
gray matter (especially the thalamus) has been 
repeatedly shown as an effective MRI measure 
that is able to predict future conversion of CIS 
patients to clinically defined MS or predict 
patients with future disability progression [94, 
95]. There is an increasing amount of evidence 
that the GM and deep GM atrophy occurs more 
rapidly through all stages of the disease when 
compared to the WM and may present as a mean-
ingful indicator of neurodegeneration [96, 97]. 
The ability to detect an early brain atrophy rate 
that will subsequently predict the long-term dis-
ability outcomes allows better therapy monitor-
ing (Figs. 6.5 and 6.6) [98].

A meta-analysis from all published RRMS 
clinical trials showed close relationship between 
the treatment effect on brain atrophy and on dis-
ability progression [99]. The treatment effect 
demonstrated an independent effect on active 
MRI lesions, an independent effect on the brain 
atrophy, and a synergistic effect of both MRI out-
comes combined [99]. Based on several long- 
term follow-up studies, cutoff values of 
pathological yearly brain atrophy have been pur-
posed [100–102]. A combined analysis of multi-
ple observational and interventional MS trials 
that included more than 11,000 MRI scans dem-
onstrated that −0.57% annualized percentage 
change of corpus callosum volume had 90% 
specificity and 48% sensitivity in distinguishing 
between healthy controls and RRMS patients 
[101]. A small single-center study showed that an 
annual whole brain atrophy rate greater than 
0.5% has 95% specificity or greater than 0.4% 
has 80% specificity in discriminating patients 
with MS from healthy controls [100]. Based on 
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Fig. 6.5 Brain atrophy analysis using SIENA algorithm. 
SIENA algorithm for estimating the longitudinal total 
brain volume change between two input images taken 
from the same subject, at different timepoints. The upper 
row of images belongs to the initial MRI timepoint and 
the lower row of images belongs to the follow-up MRI 

timepoint. (a, b) Represent the extracted brain images, (c, 
d) demonstrate the standard space masking within a com-
mon field of view, while (e, f) show the tissue segmenta-
tion that detects the brain/non-brain boundaries. In panel 
g, the final brain edge movement image shows atrophy 
(blue) or “growth” (orange)

a b

After 5 years

Estimated PBVC = -9.898%

After 5 years

Estimated PBVC = -1.45%

Fig. 6.6 Brain atrophy differences between age- and sex- 
matched relapsing–remitting multiple sclerosis patients 
assessed with SIENA alghoritm over a 5-year follow-up 
period. PBVC percentage brain volume change. The relaps-
ing–remitting multiple sclerosis (RRMS) patient in panel 

(a) demonstrates a high rate of 5-year longitudinal atrophy 
rate (estimated PBVC = −9.898% or 1.98% annualized), 
whereas the age- and sex-matched RRMS patient in panel 
(b) demonstrates comparatively lower brain atrophy rate 
(estimated PBVC = −1.45% or 0.29% annualized)
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the corresponding 0.4% of annual whole brain 
atrophy, similar sensitivity and specificity analy-
sis determined the lateral ventricular volume cut-
off at annual rate of 3.5% [102]. With a proposed 
individual expected brain volume calculation, the 
FREEDOMS I/FREEDOMS II trial patients 
were classified as low baseline volume (1  stan-
dard deviation below the expected), medium 
baseline brain volume (within 1 standard devia-
tion of the expected), and high brain volume (1 
standard deviation above the expected) [103]. 
Additional factors that were accounted into the 
model included the baseline age, sex, the disease 
duration, T2 lesion load and their baseline dis-
ability [103]. The aforementioned attempt of 
individual brain volume classification was able to 
differentiate patients with high risk of future dis-
ability worsening (low vs. high BV with hazard 
ratio of 1.73) [103]. Before undertaking the task 
of individual volumetric comparisons, it is criti-
cal to understand the processes of biological 
aging and the ability to separate the “normal 
aging atrophy” with “disease-specific atrophy” 
[104]. A step toward determining ideal regions 
that undergo disease-specific atrophy would ulti-
mately lead to the ability of measuring the thera-
peutic interventions that would target the brain 
atrophy. Furthermore, the creation of a large 
population- wide volumetric database that 
archives the MRI scans and provides MS-specific 
atrophy rates across the lifespan of the patients 
may further overcome the current limitations of 
atrophy use [105]. Furthermore, the measure-
ment of brain atrophy has special interest in the 
management of the questionably distinct and 
small cohort of patients (10%) termed as PPMS, 
which demonstrates continuous disability wors-
ening despite the absence of clearly recognizable 
clinical relapses and active inflammatory MRI 
biomarkers [106].

The use and reliability of brain atrophy mea-
surements in MS patients have substantially 
improved in the last two decades. Fully auto-
mated software like NeuroQuant®, MSmetrix™, 
and NeuroSTREAM® have been developed for 
computing cross-sectional and/or longitudinal 
changes of the whole brain volume, separate 
tissue- compartment volumes (GM and WM), 

and lateral ventricular CSF volumes, respec-
tively [107]. Based on the characteristics of the 
MRI sequences that are currently acquired 
throughout the United States (99.3% availability 
of T2-FLAIR vs. only 39.7% of 3D T1-WI), 
developing a feasible surrogate T2-FLAIR-
derived atrophy calculation may additionally 
assist in future implementation of atrophy out-
comes [108]. Although brain atrophy now is 
regularly used as a secondary endpoint in all 
recent and upcoming MS clinical trials, the util-
ity and interpretation of individual brain volume 
changes within the clinical routine remain unde-
termined [109].

 Magnetization Transfer  
Imaging (MTI)

Magnetization transfer imaging (MTI) uses the 
different T2 relaxation properties of water mole-
cules that are found in a free state (>10 ms) or as 
bound to complex macromolecules (<200  μs). 
Application of an off-resonance RF pulse that 
will selectively pre-saturate only the immobile 
water protons causes exchange (transfer) of lon-
gitudinal magnetization between the rigid macro-
molecules and the free water protons. This 
magnetization transfer results in partial satura-
tion of the free water molecules as well (it 
decreases the signal) and creates tissue contrast. 
The magnetization transfer ratio (MTR) can be 
quantified by acquiring and subtracting two sets 
of acquisitions, image with the off-resonance 
pulse (Msat) and conventional image (M0) 
(Fig. 6.7):

 
MTR sat

sat

=
-M M

M
0

 
Decrease in MTR has been associated with 

loss of myelin, axonal damage, and active cell 
infiltration, whereas the increase of MTR has 
been hypothesized as marker of possible remye-
lination and lesion resolution [110, 111]. The use 
of this technique in understanding the MS pathol-
ogy has been further standardized and imple-
mented in several pivotal MS trials. In the 
DEFINE trial, a double-blind, placebo-controlled 
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study that randomized patients to dimethyl fuma-
rate and placebo, the active treatment showed 
significant normal-appearing brain tissue 
(NABT) reduction when compared to placebo 
[112]. The similar utility of longitudinal MTR 
imaging was seen in BECOME [113] and 
ADVANCE trials [114], demonstrating the MTR 
responsiveness in clinical intervention settings. 
The use of MTR imaging in future remyelination 
trials is also planned.

Average NABT MTR changes have shown 
good specificity and positive predictive value in 
predicting individual disability progression over 
the 4.5-year follow-up period [115]. Similarly, a 
combination of percentage change of lesion MTR 
and GM MTR values are able to discriminate 
66% of the MS patients with risk of long-term 
disability progression [116]. These MTR changes 
are present even at the earliest stages of MS and 
are not correlated to the inflammatory burden of 
the patient, alluding to independent pathophysi-
ology [117]. Independently of the lesion load, a 
similar study also showed that the periventricular 
MTR changes in CIS patients are associated with 
later definitive MS diagnosis and subsequent dis-
ability accumulation [118].

Consecutive MTR scans have demonstrated 
that progressive local decrease in MTR values in 

the NAWM precedes the development of enhanc-
ing lesions [119]. These changes appear 3 months 
before the Gd enhancement and may be attrib-
uted to perivascular inflammation, edema, astro-
cytic proliferation, and sequential demyelination 
[120]. At the time of enhancement the lesion 
shows major decrease of MTR that partially 
recovers over the following 4 months [121]. The 
heterogeneity is demonstrated where some 
lesions show partial recovery of the mean MTR, 
some show stable low levels of MTR, and others 
further continue to decline [121]. In situ, post-
mortem MTR imaging of seven MS brains 
showed that normalized MTR of the cortex was 
significantly lower in presence of cortical lesions 
when compared to myelinated cortex [122]. The 
imaging was performed on 3 T clinically avail-
able MTR sequences and may be of additional 
benefit in the detection of cortical lesions [122].

Overall, the MTI can be used as proxy mea-
surement of the absolute myelin content and pro-
vides additional information on the overall 
pathophysiology of the processes seen in NABT 
and in MS lesion evolution. The availability of 
MTI in most of the modern MRI scanners allows 
obtainable and achievable MTI imaging in large 
clinical remyelination trials [123]. Myelin water 
imaging (MWI), quantitative magnetization 

M0

Msat

MTR map

Fig. 6.7 Magnetization 
transfer imaging (MTI) 
in multiple sclerosis. 
The magnetization 
transfer ratio (MTR) 
obtained by subtracting 
two sets of acquisitions: 
image with the 
off-resonance pulse 
(Msat) and conventional 
image (M0). The 
decrease in MTR as 
represented by 
hypointense signal areas 
in the MTR map (white 
arrows) is associated 
with loss of myelin, 
axonal damage, and 
active cell infiltration

6 Magnetic Resonance Imaging and Analysis in Multiple Sclerosis



122

transfer (QMT), multi-echo T2 mapping, and 
steady-state multicomponent relaxometry 
(mcDESPOT) are newer techniques that may fur-
ther provide understanding of the myelin pathol-
ogy observed in MS.

 Multi-echo Imaging

Magnetic susceptibility is the physical quantity 
that measures the extent to which a material is 
magnetized when placed in an extrinsic magnetic 
field. This is an intrinsic property of all biological 
tissues and the brain susceptibility is mainly 
driven by four molecules: water, iron, myelin, 
and calcium [124]. The magnetic susceptibility 
causes local field perturbation that creates vari-
ous distortions of the MRI images. Although 
these image distortions were initially considered 
as unwanted, a number of sequences take advan-
tage of them as a useful image contrast [125]. In 
contrast to the nuclear magnetization of the MRI 
signal, magnetic susceptibility originates from 
the orbital electrons [126]. Multi-echo spoiled- 
gradient- recalled-echo (SPGR or GRE) sequence 
is the most common method of capturing the 
effect of the aforementioned magnetic suscepti-
bility. The exponential decay (T2∗ decay) mea-
sures the offset of the local Larmor frequency and 
captures the local field perturbations. Therefore, 
different biological tissues would have different 
T2∗ values that allow early and quantitative diag-
nosis of diseases.

The simple MRI signal is an oscillating sinu-
soidal wave that has fundamental properties of 
frequency, amplitude, and phase. The 
susceptibility- weighed imaging (SWI) uses a 
combination of magnitude and phase in order to 
enhance the T2∗ contrast derived from the mag-
netic field perturbations. The sensitivity of the 
conventional sequences to detect MS lesions is 
high; however, the lack of specificity can be 
potentially overcome by SWI. The initial use of 
MR venography showed that 94 out of 95 lesions 
seen in MS patients have a vein running centrally 
through them, demonstrating the perivenular dis-
tribution of the pathology [127]. The North 
American Imaging in Multiple Sclerosis 

(NAIMS) Cooperative later has recognized the 
utility of the “central vein sign” (CVS) as pro-
posed MRI biomarker to increase the accuracy of 
the MS diagnosis [80]. Although the CVS can 
been seen among T2 hyperintensities originating 
from other inflammatory and non-inflammatory 
pathology, a threshold of 50% perivenular lesions 
allows MS discrimination with diagnostic accu-
racy of 100% [128]. Similar phase abnormalities 
are able to distinguish WM signal abnormalities 
in CIS patients and tend to be more predictive of 
conversion to definite MS than the conventional 
T2 lesions [129]. Outside of lesion discrimina-
tion, the SWI technique can be used in determin-
ing cerebral microbleeds [130] and abnormal 
phase tissue in the subcortical gray matter [131].

The field variations based on the biological 
magnetic susceptibility can be quantitatively 
assessed by quantitative susceptibility mapping 
(QSM) or susceptibility tensor imaging (STI) 
(Fig. 6.8). The potential use of QSM in MS imag-
ing can be essential in understanding the substan-
tial and long-lasting microglial inflammation that 
is actively occurring behind an intact BBB [132]. 
As such, changes in iron accumulation within the 
macrophages and microglia may provide addi-
tional information of the lesion evolution [133]. 
During active Gd enhancement, the susceptibility 
is initially isointense. As soon as the enhance-
ment diminishes, the susceptibility drastically 
increases and remains constant until completely 
returning to the original isointense levels (forma-
tion of chronic silent lesions after several years) 
[134]. Similar use of QSM would allow detecting 
chronically active versus chronically inactive 
lesions. Lesions rich with iron-laden M1 microg-
lia express proinflammatory cytokines that pro-
mote slow smothering tissue damage around the 
rim of the lesion [135].

Several cross-sectional and longitudinal MS 
studies showed heterogeneity in the iron trajecto-
ries of the deep GM. Accumulating evidence is 
demonstrating that certain structures like the cau-
date are progressively accumulating more iron, 
whereas the thalamus, pulvinar, and the left lat-
eral nuclear region decrease their iron content 
[136]. The susceptibility reduction seen in the 
thalamus and the pulvinar is also associated with 
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longer disease duration [137]. The thalamic 
reduction of susceptibility may potentially sug-
gest an active process of iron depletion within the 
oligodendrocytes [137].

Future QSM studies have the potential to 
understand the role of global iron trafficking in 
terms of lesion evolution and neurodegeneration. 
Additional T2∗-weighted methods that use the 
contrast from the magnetic field perturbations are 
myelin water imaging (MWI), STI, arterial spin 
labeling (ASL), and functional magnetic reso-
nance imaging (fMRI).

 Diffusion-Weighted Imaging (DWI) 
and Diffusion Tensor Imaging (DTI)

The diffusion measurement captures the random 
thermal (Brownian) motion of water molecules 
constrained by the surrounding anatomy. 
Therefore, diffusion-weighted imaging (DWI) 
provides information dominated mainly by static 
neuroanatomy and less influenced by the physiol-
ogy of the system [138]. Diffusion of the water in 
a circular fashion (spreading toward all sides) is 
called isotropic diffusion, whereas water that dif-
fuses along one specific axis is called anisotropic 

diffusion [139]. Diffusion tensor imaging (DTI) 
uses multiple DWI images acquired with differ-
ent diffusion gradients that can be fitted into one 
diffusion tensor model and provides numerical 
quantification of mean diffusivity (MD), radial 
diffusivity (RD), axial diffusivity (AD), and frac-
tional anisotropy (FA). Since water can easily 
diffuse along the length of the axonal bundles and 
between the myelin sheaths, the anisotropic 
 properties allow estimation of axonal integrity 
and organization.

This technique has allowed systematic map-
ping of the macroscopic human brain circuits 
within projects like the Human Connectome 
Project (HCP), The BRAIN initiative, the Human 
Brain Project, and has a significant utility in 
understanding the MS pathology [140]. As men-
tioned previously, the disease hallmarks of axo-
nal demyelination and neurodegeneration alter 
the geometry of the brain tissue and allow 
increase in isotropic diffusion. Preclinical models 
that are specific to demyelination and remyelin-
ation processes (cuprizone-induced mice mod-
els) demonstrated that the loss of myelin is a 
sufficient and independent driver of the RD 
change [141]. Although RD has been proposed as 
in vivo marker for demyelination, a multicompo-

Magnitude image

Raw Phase image

Quantitative Susceptibility Mapping

Fig. 6.8 Multi-echo 
phase imaging and 
quantitative 
susceptibility mapping 
(QSM) processing. 
Quantitative 
susceptibility mapping 
provides sensitive tool 
for assessing the amount 
of iron and calcium 
within the tissues. After 
a series of processing 
steps, the final image is 
derived from a 
magnitude and raw 
phase image. The white 
arrow points to a 
microbleed
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nent analysis of additional DTI scalar maps sub-
stantially increases the accuracy in prediction of 
the lesion microstructure [142]. Similar to the 
previous MTI and QSM studies, DWI imaging 
can also detect local NAWM changes that occur 
6  weeks before the enhancement appearance 
[143]. These DTI-derived changes continue to 
increase even after the enhancement subsides. 
Eventually, nine weeks after the enhancment, 
these lesions reach similar values to the ones of 
chronic MS lesion [143]. In comparison to WM 
lesions that are characterized with reduced FA, 
several studies have shown that the cortical 
lesions differ and demonstrate increase in their 
FA [144]. Compared to healthy controls, the 
increase in FA was also noted within the lesion- 
free GM [144]. This FA change in the GM can 
also help in explaining the long-term clinical out-
comes in PPMS, a disease subtype that is still not 
fully characterized [145]. The contrasting results 
may be explained by the lower level of inflamma-
tion and the considerable increase in microglial 
proliferation seen in cortical lesions.

The DTI alterations are not only present in 
areas of current and/or future inflammatory 
involvement, but they are also widespread within 
the NABT and subcortical deep gray matter 
[146]. The DTI technique allows insight of the 
cerebral microscopic changes and provides 
deeper understanding of the structural changes 
that are otherwise not seen by conventional imag-
ing [147]. For example, even when the volumet-
ric changes are accounted for, the MD of the 
thalamus provides additional 7–13% of explained 
variance seen in the MS-associated cognitive 
decline [148]. Similarly, MS patients with slow-
ing of their information processing speed showed 
reduction of FA within the corpus callosum, a 
region that is not primarily affected by 
T2-weighted lesions [149]. Since the corpus cal-
losum is a vital structure for bi-hemispheric com-
munication, any disruption of the callosal 
microstructural integrity may play an important 
role in the cognitive performance.

Future methods that should improve the 
in  vivo evaluation of the structural integrity 
include tract-based spatial statistics (TBBS), dif-
fusion kurtosis imaging (DKI), and neurite ori-

entation dispersion and density imaging 
(NODDI). Diffusion-weighed imaging can 
advance the understanding of the structural 
changes that contribute toward cognition, 
fatigue, brain reserve, and plasticity. Longitudinal 
studies have showed DTI applicability in exam-
ining the temporal evolution of the structural 
integrity changes [150]. Although the use of pre-
standardized protocols improves the feasibility 
of longitudinal assessments, there are still con-
siderable differences attributed to the acquisition 
centers [151]. Before implementation of diffu-
sion-based imaging into clinical trials, additional 
standardization is needed.

 Functional Magnetic Resonance 
Imaging (fMRI)

The complex interplay between acute and chronic 
structural damage and the dynamic ability of the 
brain to adapt and recover is highlighting MS as 
ideal model for studying brain reserve and plas-
ticity [152]. In general terms, processes in the 
brain activity changes are divided into adaptive 
(brain activity that will result in lowering the 
symptomatology) and maladaptive (brain activity 
that potentiates and worsens the existing symp-
tomatology). This ability of structural, functional, 
and connection-wise reorganization can be mea-
sured and quantified using various MRI 
 techniques. One accepted method of studying the 
change in activity is fMRI (Fig. 6.9). fMRI is an 
indirect measure of neuronal activity by measur-
ing the amount of increased recruitment of oxy-
genated blood within the local cerebral blood 
flow. The hemodynamic response increases the 
delivery of oxygen-rich blood and displaces the 
deoxygenated one. Since deoxygenated hemo-
globin has more magnetic properties (paramag-
netic) when compared to the oxygenated 
hemoglobin, it produces changes in the magnetic 
field (T2∗) and creates MRI signal called blood- 
oxygen- level-dependent (BOLD) contrast.

Task-based fMRI (tb-fMRI) is used to identify 
brain regions that are activated during perform-
ing a specific task. Most motor tb-fMRI studies 
involve a task of finger tapping, whereas N-back 
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tasks are used to study brain regions activated 
during cognitive/memory performance. A classic 
example of an adaptive process that involves an 
active cortical area reorganization is the activa-
tion of contralateral motor area during an MS 
relapse [153]. Since the new lesion would inter-
fere with pathways that were previously in use, 
the movement of the affected extremity results in 
activation of both the contralateral and in relative 
activation increase of the ipsilateral motor cortex 
[153]. Additionally, patients with established 
RRMS phenotype and no disability have 
increased supplementary motor area activation 
when compared to CIS patients [154]. This sup-
plementary motor area activation might be due to 
additional recruitment of preexisting motor path-
ways and reflects the increased efforts in order to 
perform the same motor task [154]. More com-
prehensive reviews on the changes in connectiv-
ity associated with motor performance have been 
published [155].

In comparison to the traditional tb-fMRI, cap-
turing the spontaneous BOLD signal alterations 
in absence of a stimulus or a task is called resting- 
state fMRI (rs-fMRI). The large rs-fMRI data can 
be analyzed by two main models: functional seg-
regation and functional integration [156]. The 
former allows determination of brain regions 
according to their specific function. Among com-
monly used methods for functional segregation 
analysis are the regional homogeneity (ReHo) 
and amplitude of low frequency fluctuations 
(ALFF). The increasing recognition of the brain 
as complex integrated network rather than 

isolated activating regions has decreased the use 
of the functional segregation methods as pre-
ferred rs-fMRI analysis. On the other hand, the 
functional integration analysis allows measure-
ment of the BOLD synchrony between two dif-
ferent brain regions. This synchrony does not 
imply structural connection of the regions (DTI-
derived information) but the synchronic connec-
tivity can be a result through an indirect link or 
mediating regions. Methods for functional inte-
gration analysis include independent component 
analysis (ICA) [157], ROI-based functional con-
nectivity analysis [158], and graph analysis 
[159]. The default mode network (DMN) has 
been the most commonly studied network in the 
rs-fMRI analysis. This network is highly active 
during rest and decreases in activity over a broad 
range of  goal- orientated cognitive tasks and is 
therefore named “task-negative” network [160]. 
The lack of DMN reduction during task perfor-
mance results in decrease in attention and lower 
cognitive performance in healthy individuals 
[161]. The activity of DMN has been also nega-
tively correlated with other task-based networks 
like the attention network [162].

In the early stages of MS, the diverging role 
of anatomical and functional connectivity mea-
surements has been shown [163]. As the anatom-
ical connectivity declines (a lesion causing 
disconnection between regions), the functional 
connectivity shows concurrent and compensa-
tory increase in activity. However, in the later 
stages of the disease, the ability to activate larger 
brain regions gets depleted and an overall 

a b c

Fig. 6.9 Functional magnetic resonance imaging (fMRI) 
analysis. Independent component analysis of a single sub-
jects resting-state fMRI time series reflects known func-

tional networks. Panel (a) demonstrate’s the sensory-motor 
network, (b) demonstrates the frontoparietal network, and 
(c) demonstrates default mode network
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decrease in activity is noted [164]. This decrease 
also has been associated with the T2 lesions load 
and correlated with disability [164]. Similarly, 
during the execution of the N-back task, the 
fMRI analysis demonstrated that cognitively 
impaired MS patients have decreased activity in 
the frontal regions and increased activity of the 
DMN network [165]. The aforementioned graph 
theory allows formation of networks that are 
defined by multiple nodes that are functionally 
connected. Parameters like modularity, central-
ity, clustering coefficient, and node degree 
describe this “small- world” network as organi-
zation that attempts to deliver information by 
spending the lowest energy in the most effective 
way possible [166]. This method was applied on 
246 MS patients and 55 matched healthy con-
trols and showed that MS patients had loss of 
network hubs, right lateralization of the basal 
ganglia, and formation of new hubs in the tem-
poral lobe and cerebellum [167]. The impaired 
network was not able to exchange information 
efficiently and the analysis was able to discrimi-
nate the cognitively impaired patients [167].

The previous analysis of functional connectiv-
ity solemnly depends on correlation between two 
remote brain regions and does not provide 
dynamic information. On the other hand, effec-
tive connectivity allows making inferences on the 
effect that one neuronal system exerts over 
another region, both on a synaptic or population 
based level [168]. Since there is no single method 
that defines the brain connectivity on its own, use 
of multiple complementary analyses may yield 
more complete connectivity characterization. 
The use of fMRI would substantially help in 
understanding the physiological background of 
cognitive decline, fatigue, and brain plasticity 
seen in MS patients [169].

 Magnetic Resonance Spectroscopy 
(MRS)

1H-Magnetic Resonance Spectroscopy (1H-MRS) 
allows imaging and quantifying the number of 
hydrogen protons that are positioned within dif-
ferent shielding environments. Since the number 

of hydrogen protons situated within the mole-
cules of water and fat is several thousand times 
higher than the amount of hydrogen protons 
within other molecules, an active water suppres-
sion is essential in visualizing the lower spectral 
peaks. This is usually performed with narrow 
bandwidth frequency-selective pulse (Chemical 
Shift Selective or CHESS), which is applied 
exactly at the Larmor frequency of the water. 
Recording of the free induction decay allows 
peaks to be plotted on a line that usually starts 
with 0 ppm molecule (tetra-methyl silane) at the 
left and until the suppressed water peak at 
4.7 ppm at the right of the spectrum (Fig. 6.10). 
Since the ability to separate the peaks (spectral 
dispersion) is directly proportional to B0, ultra- 
high- field MRS imaging enables enhanced capa-
bility of metabolite detection.

N-acetylaspartate (NAA), myo-inositol (mI), 
choline (Cho), creatine (Cr), glutamate (Glu), 
gamma-aminobutyric acid (GABA), and lactate 
(Lac) are several brain metabolites that are of 
particular interest in MS pathology [170]. After 
glutamate, NAA is the second most prevalent 
brain metabolite and colocalizes in the neuronal 
bodies, proximal dendrites, and axons [171]. 
Therefore, quantification of the NAA peak would 
generally provide valuable information about the 
neuronal integrity and neurodegeneration. Recent 
studies also showed high levels of NAA within 
the myelin itself [172]. The concentrations of 
NAA in the myelin of the WM tracts were com-
parable, or higher, to the cytosol of the central 
axon [172]. On the contrary, mI is a metabolite 
not seen in neurons but appears to be specific to 
the glia cells [173]. Due to its sugar-like proper-
ties, mI functions as the brain osmolyte, thus con-
trolling the cell volume and fluid distribution. 
Additionally, mI is an essential precursor for the 
phospholipid molecules that are found in phos-
pholipid cell membranes and myelin sheaths. 
Cho reflects the overall cell-membrane turnover, 
and elevated concentrations are seen in active 
processes of demyelination, remyelination, glio-
sis, and inflammation [174]. Lactate metabolite is 
an end product of the less efficient anaerobic gly-
colysis. As this metabolite is usually not present 
in a healthy brain tissue, it might define areas of 
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mitochondrial dysfunction and/or increased 
energy consumption [175]. Finally, Cr levels 
have been associated with the extent of gliosis.

As the pathology of the MS brain is not strictly 
confined to the T2-hyperintense lesions, the MRS 
imaging (similarly to the MTI) has also focused 
on two separate regions: lesions and the NABT.

The use of 1H-MRS in lesion analysis is heav-
ily limited by the spatial resolution of the tech-
nique. Due to the large size of the MRS voxel, 
partial volumes from the NAWM and CSF space 
will contaminate the lesional output. Therefore, 
most of early MS spectroscopy analyses were 
confined to lesions larger than 1 cm3, despite the 
fact that these lesions are not characteristic of the 
disease itself. Several studies have examined the 
metabolic changes through the evolution of the 
lesions [176–178]. The concentrations of mI, Cr, 
and Cho in the pre-lesional tissue were not differ-
ent when compared to chronic lesions, whereas 
the levels of NAA were higher [176]. This find-
ing demonstrates that the processes responsible 
for lesion formation can be detected even before 
the actual lesion formation [176]. The additional 
drop of the NAA levels coincides with the appear-
ance of the acute lesion on conventional 

T2-WI.  In months following the lesion appear-
ance, the maintenance of low NAA levels was 
associated with persistence of the 
T2-hyperintensity, whereas NAA recovery was 
correlated with concurrent resolution of the 
lesion [176].

The decrease in NAA/Cr ratio is among the 
most reproducible changes within the NABT of 
MS patients [179, 180]. The changes within the 
NABT are seen both in relation to the vicinity 
of coexisting MS lesions, implying axonal tran-
section, and in their complete absence [18, 
181]. In testimony of the aforementioned dif-
fuse brain pathology, a PPMS study demon-
strated substantial decrease of the NAA/Cr 
ratio within the NABT and showed no differ-
ences when compared to the NAA levels mea-
sured at T2 lesions [182]. Similarly, a direct 
quantitative metabolite comparison showed no 
difference between the chronic T2 lesions and 
the NAWM [183]. The elevated markers of glial 
proliferation but normal levels of axonal injury 
during clinical remission are suggestive of 
ongoing diffuse inflammation that precedes the 
structural damage and brain atrophy [184]. A 
longitudinal 1H-MRS study showed that the 

a b

Fig. 6.10 Magnetic resonance spectroscopy (MRS) fre-
quency spectrum from human and mouse thalamus 
imaged on 3 T Toshiba MRI and on 9.4 T Bruker MRI 
scanners, respectively. Panel (a) demonstrates magnetic 
resonance spectroscopy (MRS) output form healthy 
human thalamus imaged with point resolved spectroscopy 
(PRESS) sequence on a 3 T Canon Medical MRI. Similarly, 
the panel (b) demonstrates the same PRESS sequence uti-
lized for imaging of mouse thalamus on a 9.4 T Bruker 
MRI scanner. The major MRS metabolite peaks are shown 

in increasing particles per million (from right to left) and 
labeled with different arrows: dark blue—N-acetyl aspar-
tate, cyan—glutamate, glutamine, and GABA, red and 
pink—creatine and phosphocreatine, green—choline, 
yellow—myo-inositol and brown—glucose. The higher 
magnetic field (B0) of 9.4 T scanner allows better separa-
tion of the aforementioned metabolic peaks and isolation 
of additional peaks like lipids (magenta) and lactate 
(black). All peaks and their absolute quantification are 
shown in the corresponding MRS output
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higher baseline ratio of mI:NAA measured in 
the NAWM can be considered as predictive of 
future brain atrophy [185]. This biomarker was 
also able to predict future changes in the EDSS, 
MS Functional Composite (MSFC), and in pre-
diction of 12-month sustained EDSS progres-
sion [185]. The combined examination of 
several metabolites better portrays the complex 
pathophysiology of neuronal loss, gliosis, and 
inflammation. Future advances into the field of 
MRS imaging should include use of high field 
MRI strengths, diffusion-weighted spectros-
copy (DW-MRS), improvement in the absolute 
quantification of the metabolites, and use of 
other MRS atomic nuclei like phosphorus (31P), 
carbon (13C), and fluorine (19F).

Additionally by using 1H-Nuclear Magnetic 
Resonance (1H-NMR) spectroscopy, collected 
blood or CSF samples from MS patients can be 
ex  vivo analyzed. For example, blood-derived 
samples showed metabolic differences within the 
tryptophan and energy metabolism [186]. The 
aforementioned pathways have been previously 
associated with MS pathology [187].

 Quantitative and Synthetic MRI 
(qMRI/syMRI)

Quantitative MRI (qMRI) uses the principal 
physical properties that create the MRI image: 
longitudinal relaxation rate (R1), transverse relax-
ation rate (R2), and the proton density (PD). 
Biological processes like inflammation, axonal 
injury, and gliosis will directly influence the 
relaxation properties of the tissue and cause 
absolute changes in R1, R2, and PD values. 
Absolute quantification of the relaxation times 
will allow direct comparison of a single patient to 
a referenced and matched healthy group. As an 
additional benefit, the large sample size of 
acquired quantitative maps can be used for creat-
ing common brain templates and allow auto-
mated brain region segmentation. The qMRI 
method has been shown to outperform the con-
ventional MRI imaging in detection of both WM 
and cortical lesions [188]. Similarly, qMRI mea-
surements of the NABT show strong correlations 

with measures of clinical disability and may fur-
ther allow in vivo analysis of the MS pathophysi-
ology [189].

Although the principles of absolute measure-
ment of T1 and T2 relaxation times were initially 
described 60 years ago, the long scanning time 
and the high background noise has limited its 
clinical use [190]. Recent development of fast 
quantitative protocols like “quantification of 
relaxation times and proton density by multiecho 
acquisition of a saturation-recovery using turbo 
spin-echo readout (QRAPMASTER)” allows 
automated lesion segmentation, brain volume 
quantification, and mapping of the myelin based 
on the quantitative analysis [191]. Synthesis of 
the scans (syMRI) are based on the absolute 
quantitative values and allow complete head cov-
erage within scan time of 6 min [192]. This short 
scanning time of syMRI produces good quality 
images that can be of great benefit to the pediatric 
population and the critically ill patients [192]. 
Additionally, the syMRI uses the acquired inverse 
relaxation time values (R1, R2, and PD) to create 
virtual signal intensities in any combination of an 
echo and repetition time. Since most clinical 
radiologist have limited experience in reading 
quantitative maps, the syMRI also allows cre-
ation of T1-WI, T2-WI, and PD-WI that resem-
ble the conventionally weighted contrast images. 
Currently, the synthetic MRI protocols are in the 
process of regulatory approval in several coun-
tries and will be integrated into the platforms pro-
vided by GE, Philips, and Siemens.

 Conclusion

MRI remains the most sensitive diagnostic and 
prognostic biomarker for MS patients. The cur-
rent conventional MRI techniques have been 
additionally optimized for better detection of 
active and chronic lesions. However, the recent 
findings of widespread activity within the NABT 
have limited their use in fully apprehending the 
pathophysiology of MS.  The nonconventional 
MRI techniques, new cell-specific contrast 
agents, synthetic MRI, and ultra-high-field scan-
ners are among many MRI advancements that are 
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able to provide better understanding of the under-
lying disease pathology. Use of nonconventional 
techniques in the development of new clinical 
trials would additionally help to identify patients 
that would most benefit from the examined medi-
cation. Similarly, implementation of modalities 
that provide microstructural and myelin informa-
tion can help with the discovery of future protec-
tive and remyelination medications. Before 
clinical implementation of these modalities, fur-
ther standardization is still warranted.
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