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Summary

Pathological evaluation is the gold standard fentdfying multiple sclerosis (MS)-related
processes that explain clinical disease manifestai@nd for guiding the development of new
treatments. However, there are intrinsic limitasido the techniques employed, including the
limited amount of donors available, samples ofegreésenting uncommon cases, and impossibility
of follow-up. Correlative studies have demonstrdted MRI is sensitive to the different
pathological substrates of MS (inflammation, denmgtlon and neuro-axonal loss). The role of
MRI in evaluating other pathological processeshsagleptomeningeal involvement, central vein
and rim of lesions, microstructural abnormalitiesl @on accumulation as well as recovery
mechanisms, has been recently investigated. Wdaleniques used for quantifying pathological
processes in different regions of the CNS have rmochéthe diagnosis and monitoring of MS
disease course and treatment, new perspectivegustions have emerged, including how
different pathological processes interact overdisease course and when remyelination might
occur. Addressing these questions will require itoagnal studies using MRI in large cohorts of

patients with different phenotypes.



Introduction

Pathological assessment is the gold standard ihpteusclerosis (MS) for understanding
the processes involved in the disease and its gsegm, and for the definition of possible future
therapeutic targets. Magnetic resonance imaginglMRa strong partner technology forvivo
evaluation of pathology, due to its high sensijvit revealing MS-related abnormalities,
monitoring disease progression and the effecteeatrinent. To improve the specificity of MRI in
detecting pathological features in MS, associdbietween pathology and MRI needs to be
continuously verified. Imaging methods with a hggecificity for MS pathology could then be
applied longitudinally.

In 2012, a review papebased on a workshop held by a group of internatierperts in
neuropathology and neuroimaging in MS summarizecethdence from correlative pathological-
MRI studies available at that time. The aim wadiszuss concordant findings, but also to highlight
controversies, identifying emerging pathological &R findings and open questions for future
research, which included the need to improve ingagpecificity, the acquisition of high-resolution
images, the combination of MRI methods and thesassent of specific processes (e.g.,
remyelination and iron abnormalities). Thanks t® ithprovement of MRI technologies and larger
availability of MRI scanners since 2012, substadrmtivancements in the field have been obtained.
This has allowed better understanding and MRI nooimity of MS-related specific pathological
processes, including the presence of central v@m(€VS) and hypointense rim, the
heterogeneous damage in different CNS regionsrandaccumulation, but also mechanisms of
tissue recovery.

This review provides a summary of the advanceberstate-of-the-art of MRI techniques
over the past five years and how these correlgpatizological observations. In particular white
matter (WM) and gray matter (GM) lesions, normgbegring brain tissue (NABT) abnormalities,
damage of relevant structures (e.g., spinal cbadatus, cerebellum, and hippocampus) and iron

accumulation were the main topic selected to beudsed during a second workshop (Milan, Italy;



November 2017), since they represent the main afga®gress in filling the gap between
pathology and MRI. Emerging pathological and MRIiings that, in combination, might enhance
our understanding of disease pathophysiology afgitientify reliablein vivo markers for

monitoring different aspects of MS are also present

White matter lesions

Focal WM lesions, characterized by inflammation dathyelination, are the most obvious
hallmark of MS histopathology. The inflammatoryilinbte mainly consists of blood-derived
monocytes and microglia (for simplicity subsequetgéfmed here as phagocytes), T- and B-éells.
In active and demyelinating lesions, commonly foahthe beginning of the disease—as
documented in biopsy studies in which the onsatyofptoms provides an estimate of lesion
development—phagocytes with a round and foamy nadggly are the dominating inflammatory
cell population (Figure 13? In the very initial stages of lesion formationesle phagocytes contain
myelin debris in their cytoplasm suggesting ongamgelin breakdown as these myelin proteins are
degraded within dayis vitro by monocyteé:?® During later disease stages, mixed active/inactive
lesions with a complete or partial rim of phagosydad inactive lesions with an almost complete
lack of phagocytes become more prominent (Figure The percentage of mixed active/inactive
lesions is statistically significantly higher intjgants with secondary (SP) and primary progressive
(PP) MS compared to relapsing-remitting (RR) MS eodelates with disease severitherefore
MRI correlates that are able to identify this lesidype might be especially valuable to predict the
prognosis. The histopathology in early active aaohgelinating lesion stages is heterogeneous with
respect to the absence or presence of complempasitiens, immunoglobulins and
oligodendroglial loss, suggesting that differenthpéogical mechanisms may trigger lesion
formation. Whether these different histopatholobpzdterns are patient- or lesion-stage specific is

still a matter of debate.



Axonal damage is closely associated with inflammatiemyelination. In the initial lesion
stages, axonal spheroids, indicators of transiepeonanent axonal transport disturbance and thus
axonal damage, are already present. A retrospestiindy of brain tissue from 39 patients with MS
has demonstrated a close correlation between pigatiltration and axonal damadelhe
formation of new myelin sheaths around demyelinatezhs (remyelination) is frequent in active
lesions, and de- and remyelination may occur imlfghwithin the same lesichln a study of 3188
tissue blocks (7562 MS lesions) from the autopsydoof the Netherlands Brain Bank, the
percentage of remyelinated lesions was higher iMBRhan progressive MS patiefita.
prerequisite for remyelination is oligodendrocytegenitor cells that mature to myelinating
oligodendrocytes upon demyelination. Whether tiemngoing remyelination in long-lasting MS
lesions is a matter of debate; however, results faaimal angost mortem studies suggest that
remyelination capacity decreases with age and sksearation and that the higher proportion of
remyelinated lesions in patients with longer disedigration might be due to a less severe
diseasé€:>'°Whether the decrease in remyelination capacitiyiesto decreased activity of
phagocytes or to age-associated intrinsic chamgebgodendrocytes has yet to be determihéd.
However, remyelination is relatively infrequentlyserved in MS patients with a disease duration
of more than 10 years. Only about 20% of the leseme completely remyelinated (so-called
shadow plaques), whereas in the vast majorityssbtes, remyelination is either absent or limited to
a small rim at the lesion border (Figure'd).

T2-weighted (including fluid-attenuated inversi@tovery [FLAIR]) imaging is highly
sensitive in detecting focal WM MS lesions, enaiplnprompt and accurate diagnosis of MS in
patients presenting with clinical syndromes typmlatlemyelination. However, overreliance on
MR, particularly in the context of atypical climcsymptoms, frequently leads to overdiagnosis of
MS, mainly due to a lack of a careful exclusioratiérnative diagnos&and an inappropriate

application of diagnostic criteria to define disseation in space and tinté.



The association between focal MS lesions and verada now be visualized (the CVS)
using susceptibility-based MRI sequences, takinguathge of the F-shortening by
deoxyhemoglobin in venous blood, particularly wlismg high magnetic field strength scanners
(>3T).** The CVS has been proposed as a new MRI biomavkergrove diagnostic accuracy,
since its presence in WM lesions can help to difiéiate MS from other diseases (Figuré®?y,

CVS conspicuity can be improved by acquiring a spsbility-weighted sequence after gadolinium
administration, particularly at standard clinicagnetic field strengths (1.5-3%5%2

Using susceptibility-based MRI at 7T, a hypointenseis seen in some WM MS lesions
(Figure 2). This featuris not present in people with cerebrascular disorders, CNS inflammatory
vasculopathies or neuromyelitis optica (NM&¥?*and might represent a more specific
pathological hallmark of MS. Future studies may dastrate that incorporating this imaging
feature at standard field strengths further impsabe specificity of MRI in MS diagnosis. This
hypointense rim likely reflects iron accumulatiorthan a subset of macrophages/activated
microglia at the edge of chronic active WM MS lemdMRI reflection of the pathologically
defined “mixed active/inactive lesions, see alsithn pathology sectiof)?***although other
relevant factors, such as oxidative stress andlisn of tissue microstructural organization may
contribute to this signal change in active lesioifsOn conventional MRI at ultra-high field (7T)
in 10 patients with MS (¥ vivo, 4 scanned before pathology), these chronic atdsiens were
characterized by progressive lowering @fsignal intensity, and in some cases by a slowe sz
in size (slowly expanding lesions) (Figure’2After a period of time (months to years), these
lesions may become inactive, with no macrophagefygi@ rim at the lesion border, as shown in a
retrospective study of 32 patients with ¥fSCherefore, lesions with hypointense rims have
potential as predictors of ongoing inflammation &sdue injury, which is particularly relevant in
progressive MS patients, where detection of inflatary disease activity may help to identify
patients most likely to respond to anti-inflammattreatments and would be highly valuable to

improve prognosis since these lesions correlate severity of MS*® Despite this, further



longitudinal studies are still necessary to evauhlé natural history of hypointense rims. The

appendix describes atypical forms of demyelina(tamefactive demyelinating lesions).

Gray matter lesions

The extent of GM demyelination in MS varies consithdy between patients and can be
widespread, especially in the chronic phase. Im@wortex, the proportion of tissue affected by
demyelination ranges between 15% and 40% on hgtabinspection, while an average of 30%
demyelination is seen for the deep GM, mesencephhlppocampus, cerebellar cortex and spinal
cord GM, with outliers of near-total demyelinatiofithe GM involved (Appendixd®

GM lesions are classified according to their lomafi’ This includes mixed GM/WM
lesions, where the inflammatory profile of the Wirion resembles that in WM lesions; and the
more common subpial lesions, which may extend sgeeral gyri and are generally conspicuously
non-inflammatory at autopsy, although represendadamples of biopsied MS cortical material
from 53 MS patients with GM lesions (a total of 18dions) showed extensive involvement of the
innate and adaptive immune system (CD3+ T-celltrates and macrophage-associated
demyelination)®® This discrepancy may be because they have beenirea in different phases of
the evolution of such lesions. Inflammation is lik® be a key driver of cortical demyelination,
since the involvement of C-C chemokine receptd€@R?2)-positive monocytes, as well as B- and
T-cells was shown in the cortical GM and overlymgninges??’ as well as cortical complement
depositior® and subtle blood-brain barrier disruptibrRims of activated microglia were found in
autopsy cases of 22 patients with a more aggredsgease course (ie, extensive subpial
demyelination) compared with 19 patients with seatemyelination of the cerebral cort&tn
another study of 27 patients with MS compared d#tthealthy controls, both histopathology and
positron emission tomography (PET) showing micmoglitivation throughout the MS cort&Xx,
increasing in severity with disease progressiom Why in which patients respond to damage due

to inflammation may be determined by their genkéickground. In a study of 47 patients with MS,



HLA-DRB1*1501-positive individuals expressed morB&* and ibal+ microglial reactivity in
their cortical lesions (CL¥ and in gpost mortem study of Netherlands Brain Bank tissue from 12
patients with MS, it appears likely that genetid @pigenetic factors involved in modulating the
severity of WM lesions also play a role in the Gi.

Using post-contrast FLAIR at 3T in 299 patientshiMS, focal leptomeningeal
enhancement was found in 74 (25%) cases, withlehigequency in progressive (39 [33%)] of
188) than RRMS (35 [19%)] of 181) phenotyféSubsequent pathological evaluation of two of the
cases showed perivascular lymphocytic, mononuahditration and subpial demyelination in
enhancing ared$.However, leptomeningeal enhancement is not specifVS, and was reported
to occur with a high frequency in 18 (35%) of 5igats with other non-MS inflammatory
neurological condition®

Several other pathogenic mechanisms have beentlyedetected in GM lesions. Damage
to neuropilema (which refers to the complex netwafrknmyelinated axons, dendrites, and glial
cells) has been investigated. Atrophy of the calti@M, measured using MRI, was predominantly
determined by neuronal shrinkage and axonal deggoef® However, neuronal l0$8,damagé’
and spine loss coupled to dendritic degenerdtiarre also found. The extent to which these
changes are related to, or dependent on, inflanomadind their role in explaining clinical
symptoms remains a subject of future investigation.

Focal CLs are poorly visualized using conventidvi&l sequences (including dual-echg T
weighted and FLAIR) due to their small size, poontcast with the surrounding normal appearing
(NA) GM, and partial volume effects with WM and ebrospinal fluid (CSF). Specialized
sequences, such as double inversion recoVerlyase-sensitive inversion recovérgnd three-
dimensional magnetization-prepared rapid acquisitith gradient echd have improved our
ability to detect GM lesions. However, even a teghe such as 3D double inversion recovery only
had a sensitivity of 18% to detect CLs ipast mortem study of 56 matched brain samples from 14

patients with MS? with a relatively low inter-observer consensus 4% of all CLs detectedy.



The use of ultra-high field scanners has improvedidentification of CLS? allowing to describe
lesion patterns that resemble those reported thofmaty>°

CL evaluation is important in the diagnostic work-af suspected cases of MS. In patients
with a clinically isolated syndrome (CIS), the prese of a single CL identifies those subjects
almost certain to have MS confirmed lat2€Ls have not been seen, so far, in other conditibat
can mimic MS, including migrairéand NMO?® Therefore, adding them to diagnostic criteria is
likely to improve their specificity? CLs have been shown in all MS phenotypes, espeaiaihe
progressive forms, and the number and volume of@kelated with disability and cognitive
impairment, as well as with worsening of disabibltyd clinical phenotype after two, five, and seven
years of follow-up (Appendix°

Using high- and ultra-high field scanners, a catieh between reduction of magnetization
transfer ratio (MTR) values and the presence ddlfoortical demyelination has been reported,
suggesting that MTR is sensitive to cortical derimglon/remyelination process&s®?In vivo,
using clinical MRI scanners, MTR reduction in theey cortical surface has been detected in MS
patients with the main phenotypes (i.e., RRMS, SRM& PPMS), with the lowest values seen in
SPMS®® Abnormal MTR values were preferentially locatedhe cingulate cortex, insula, and
the depths of sulci, in agreement with pathologitesicriptions of subpial demyelination locatfdn.

Using diffusion tensor (DT) MR, it has been shothat, unlike WM lesions (which usually
show decreased fractional anisotropy [FA]), CLseham increased FA compared to NAGM?
while conflicting results have been found for meéfusivity (MD).%>°® Different pathological
substrates have been proposed to explain thessigliffy abnormalities, including damage to and
loss of synapses, dendrites and cortical neuroagrdéxonal loss/shrinkage has been suggested by
a study of 26 patients with MS and 24 healthy caatwhich applied neurite orientation dispersion
and density imaging (NODDI) and showed a decreaseatellular volume fractiofi! A recent 7T

correlative MRI/pathology study of 14 patients slkeovhigher cell density in CLs, with few
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activated microglial cells or increased cell sizeyuggesting increased cellular density and tissue
compaction as a possible mechanism for CL difftigiehanges.

The quantification of 7T, ratio (the ratio of T- to T,-weighted image intensities) has been
proposed as a possible biomarker of myelin corgadtcortical integrity. Decreased/T, ratio
(which correlated with MTR reduction) was foundd@myelinated cortex compared to NAGM of 6
post mortem MS brains’’ The specificity of this technique for cortical dgefination needs further
validation since anothguost mortem study of 9 brains from patients with MS reportetbarelation

between decreased cortical T ratio and dendrite density (but not myelin contéht

Spinal cord

Spinal cord pathology is common in MS and, comp#odtie brain, more likely to be
clinically apparent. Acute symptoms and signs aeband the chronic loss of function, particularly
of the lower limbs, correlate to some extent wittdings in pathology specimens where blood brain
barrier damage, inflammation, demyelination, gbamnd neuro-axonal loss, have been
observed? 7273

A post mortem study of 13 people with MS and 5 non-neurologicahtrols that examined
the extent and location of demyelination acrostedkht cord levels showed more extensive
demyelination in GM (24-48%) than WM (11-13%), andhe thoracic level compared to other
segments of the spinal cottDepicting and quantifying cord patholoyvivo using MRI remains
a challenge. At high field (4.7T) usimpgst mortem spinal cord tissue from 11 patients with MS and
two non-neurological controls, 53 (87%) of 61 of W&dions and 32 (73%) of 44 GM lesions were
detected While replicating this sensitivityn vivo is not yet achievable, the presence of cord
lesions is incorporated into current MRI diagnostiteria for MS’> Cervical cord cross sectional
area (CSA) shrinkage has been shown to correldatenaotor disability in a study of 335 patients
with CIS or MS compared with 143 healthy contr§land has been used in a small number of

clinical trials/""®
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There is growing interest in more tissue-specifiRIMheasures, and a study of 159 patients
with MS has shown that it is possible to assessaspbrd GM and WM atrophy separat&yThis
methodological advance coincided with pathologydatlicating that cord CSA does not predict
cortico-spinal tract axonal 083a surprising finding given the long-held beliedttaxonal loss is
the major correlate of chronic disability (Figure @ne possible explanation for these conflicting
results may be the loss of synapses, which prefirgidata suggests may outweigh the loss of long
tract axons, and indeed seems to correlate wittabpord GMCSA, a measure that has been
shown to predict disability better than the to@lccCSA in 113 patients with MS compared with
20 healthy control&!

Techniques that measure the size or volume of seigaéissue compartments may for the
foreseeable future remain the most commonly usamstators” between tissue microstructure and
clinical indices. However, substantial stridesas® being made with techniques that try to
qguantify microstructure in the spinal cord. Thasdude short Trelaxation, MTR, DTI and post-
processing algorithms, with a shift in focus froreasures of myelinatiof,to measures of axons
and neurites. Two new diffusion-based techniquisisibn basis spectrum imaging (DB%'}*
and NODD>®” appear promising. Both DBSI and NODDI have begsliegin vivo and to human
post mortem spinal cord showing strong correlations betweemtrentitative histology and MRI-

derived measures of microstructural compleXit/.

Normal-appearing brain tissue

Pathologically, NAWM has been defined as macrosmailyi normal WM that is
microscopically normally myelinated, is at leastruth away from a plaque’s edge, and is
differentiated from diffusely abnormal or dirty-aggying WM, including areas of diffuse myelin
pallor with ill-defined border® NAGM has been defined as a region with no eviderice

demyelination using immunohistochemistfyRegarding MRI, the definitions of NABT depend on
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the sensitivity and specificity in the detectiortisbue alterations and are prone to changes with
technical advancés.

A post mortem in situ MRI study, including magnetization transfi®T) MRI and DT MR,
assessed the pathological basis of subtle NAWM mbalities in four SPMS brair.MT MRI
and DT MRI metrics correlated moderately with myelensity, axonal area, and axonal counts. In
“truly” NAWM (defined as WM tissue without sthyperintense, Fhypointense, and MTR-visible
“lesions”), MTR and DT MRI measures only correlateith activated microglid® indicating that
pathological changes in MS brains may be presestt av“true” NAWM as defined by both
conventional and non-conventional MRI, such asand DT MRI. A 7T MR-PET imaging study
with [11C]-PBR28 (18kDa translocator protein; TSROnarker of activated
microglia/macrophages) provideavivo evidence of widespread microglial activation ia tBM of
12 RRMS and 15 SPMS braifisRelative to 14 healthy controls, patients exhib@dnormally
high [11C]-PBR28 binding, predominantly in cortendeCLs, thalamus, hippocampus, but also
NAWM, while focal WM lesions showed only modestreases. Cortical thinning correlated with
increased thalamic TSPO levélssuggesting widespread neuroinflammation partiaiked to
neurodegeneration.

The hypothesis that common CSF-mediated factorbtneigntribute in the accumulation of
GM and WM damage has been tested in 160 patiethsM, via correlations between increased
periventricular B-lesion burden and decreased cortical thicknedggative of subpial pathology.
Compared to 58 healthy controls, 91 patients with &d 69 with RRMS had reduced cortical
thickness; the reduction was even more pronount&RMS patients than in ones with CIS.
Increased periventricular lesion occupancy coreelatith decreased cortical thickness in RRMS,
but not in CIS* Using MT MRI2? proximity to the ventricular surfaces was assedatith
progressively lower MTR values in 67 patients welapse-onset MS in supratentorial and
cerebellar NAWM, brainstem, and deep and cortiddl €@@mpared with 30 healthy controls,

providing evidence for common factors underlying sipatial distribution of microstructural
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abnormalities in NAWM and GM. A gradient in cortigathology throughout different MS
phenotypes has also been observed at 7T usingstisésed analysis of Trelaxation rates®
Relative to 17 healthy controls, 41 patients wits 6r MS demonstrated increased {consistent
with cortical myelin and iron loss), independemtrr cortical thickness. In early disease, T
changes were focal and mainly confined to the 8B8 of depth and to cortical sulci. In later
stages, T changes involved deeper cortical laminae, multipieical areas and gyri.

Longitudinal studies with advanced MRI to asses8MA&hanges in MS are scarce. One
study in 11 patients with RRMS and 4 healthy cdetlmoked at measures sensitive to myelin
content and intra/extracellular water propertieRRMS NAWM at baseline and 3.2-5.8 years and

found progressive changes in myelin integrity odogrdiffusely®

Thalamus, cerebellum and hippocampus

Pathological and MRI studies have consistently destrated an early involvement of the
thalamus, cerebellum and hippocampus. Damage sé tsteuctures is clinically relevant, since it is
strongly associated with locomotor disability amditive impairment>®’ Other clinically
relevant structures are represented by the bramatel hypothalamus, however they have not been
discussed during the workshop, and are therefaedauthe scope of this Review.

The thalamus may show considerable demyelinati@mdgressive diseaséln a study of
14 brains from patients with MS and 12 controlér¢®n non-neurological controls, 6 from patients
with amyotrophic lateral sclerosis), demyelinatsmely in GM and mixed GM-WM lesions
occurred particularly in the periventricular medaald anterior thalamic nuclei, but not in the
ventral thalamic nuclé’ Thalamic neuronal loss and neuronal atrophy casubstantial, affecting
demyelinated and non-demyelinated tissue areashed(& In 14 patients with SPMS compared
with 14 non-neurological controls, a 30-35% redutin neuronal density was found in the medial
dorsal nucleus, corresponding to a 22% reductiominme by MRI, and a 19% reduction in N-

acetylaspartat® Microglia activation was not restricted to demyatied areas, but also occurred in
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non-lesioned thalamus. Inflammatory infiltrationsna general lower in GM compared to WM
regions’’

Cerebellar symptoms, including Charcot’s triad yétagmus, intentional tremor and
dysarthria, are frequent in MS. On average 38%@ficerebellar cortex has been found to be
demyelinated across several studfe€.In these studies, lesions were often purely calrtiaut also
mixed GM/WM lesions were found. Cerebellar cortidamyelination has also been associated with
subarachnoid inflammatiofi.Neuronal pathology has also been detected, wstiyhat reduction in
Purkinje cell density, especially in demyelinateeas>>°° Neuronal atrophy and loss, as well as
synaptic reduction have also been observed indgbp derebellar nuclei, irrespective of the
presence of focal demyelinated lesidhs.

Demyelinated hippocampal lesions have been detéattbe majority of patients with
chronic MS, with mixed hippocampal and parahippgeantesions being frequent. In one study of
tissue from 19 patients with MS compared with 7-nemrological control&® the hilus and cornu
ammonis (CA) 2 region were only affected if largeas were demyelinated, but not in isolation. In
9 of 19 affected patients, cognitive decline haéreoted in the patients’ medical files before
autopsy?® In a study with 45 patients with progressive M8 @mon-neurological controls, 22
(54.3%) of 41 lesions found in MS patients werdiplly contained in the subependymal or subpial
regions:*° Lesions were mainly present in the CA1 region, neas CA4 was only rarely
demyelinated® A statistically significant reduction (46%) of systic density was observed in
CA4 of MS patients® Synaptic loss outweighed neuronal reduction anslindependent of focal
demyelination:®® In anotheipost mortem study of tissue samples from 15 patients with MS
compared with 10 non-neurological controls, molacalterations in hippocampal
neurotransmission accompanied neuroaxonal*fdss.

Using MRI, focal lesions have been consistentlynseghe thalamus, cerebellum and
hippocampus of the main MS phenotypg¥’ Assessing the presence and extent of lesionggeth

critical structures has a clinical role not only ébagnosis (e.g., the cerebellum is one of thealp
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locations for demonstrating disease disseminatiapace)?> but also for improving understanding

s'%? and motor impairmerit®

of some of disease symptoms, including cognitivieci

Quantitative MR techniques have shown microstrattalpnormalities beyond focal lesions,
which are more severe in progressive MS patitfit®>Such microscopic abnormalities have even
been observed to occur in CIS patiefifsCorrelative studies have reinforced the clinted¢vance
of microscopic tissue alterations in these regiéios.example, in a study of 24 patients with MS
compared with 24 healthy controls, increased theldnD correlated with motor dysfunction,
particularly in the 11 patients with RRM% whereas in 54 patients with PPMS compared with 8
healthy controls, decreased thalamic FA predictetsening of disability after five yeat¥’ In 37
patients with CIS, increased hippocampal MD distislged cognitively impaired from cognitively
preserved participant§®

Atrophy also occurs in the thalamus, cerebellumd, Eppocampus already from the very
early temporal stages of the disease (i.e., ClSpaddtric MS), thus in patients with a shortereim
between the clinical and the biological onset efdisease. Consistent with the regional
susceptibility to damage of the main hippocampalfisids (CAl to CA4, dentate gyrus and
subiculum), regional analyses have shown an undiggribution of atrophy in the hippocampus,
with more severe involvement of the CA1 and suhicuthan other hippocampal subfieffs°In
a study of 95 patients with MS compared with 32thgacontrols, an association between the
functional specialization of the subregions of tleeebellum and clinical measures was observed,
with volume of the posterior cerebellum accounfmgvariance in cognitive measures, while
anterior cerebellar volume accounted for varianceator performancE? A key remaining
guestion is: what drives microstructural and voltnmeabnormalities in these structures? Most
studies have found a correlation between such amaldres and WM focal lesion volumes,
suggesting secondary degeneration as the causamBirmed DT MRI and atrophy study of 52
patients with MS and 57 healthy controls examirmedrelative contributions of thalamic damage

and its WM connections in explaining cognitive impgent in MS; in the study, damage to the
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corticothalamic WM was identified as the most importanitdbutor to cognitive dysfunctioh
Correlations were also seen between WM tract abalities and thalamic alterations, suggesting a
disconnection syndrome. The hypothesis that sontieeclinical symptoms attributable to
involvement of the thalamus, cerebellum and hippgaas is due to disconnection of these GM
structures from integrated functional and strudtsyatems is also supported by functional and DT

MRI studiest? 114

Iron pathology

The notion of abnormal brain iron distribution irBvlates back more than 35 years with the
observation of iron accumulation around demyeliddfS plaques, using the Perls’ staining for
ferric iron**® Subsequent studies showed decreased signal igtenseveral deep GM structures
correlated with the amount of iron indicated byl®estaining in healthyost mortem brains'*® and
decreased signal intensity opweighted images was seen in the putamen and thalafiiviS
patients:*” More pronounced Fhypointensity of the deep GM structures was camid in other
MS cohorts, and the degree gfdignal loss was associated with brain atrophypmedictive of
disability and clinical coursE?® Interest in these findings was revived by two axnof research.
New MRI techniques such as Rnapping™® (Figure 4) and quantitative susceptibility mappffig
have been developed and have been validatgosinmortem studies-***#!In addition, it was
suggested that iron liberated from destroyed gelisnotes neurodegeneration by enhancing
chronic oxidative injury?****Subsequent MRI and pathology research have follcseenewhat
different directions to clarify the role of iron MS.

Quantitative MRI studies have concentrated pringami the assessment of iron in the deep
GM because of the confounding effects of myelilM1, and signal contamination from adjacent
tissues when examining the cortex. Age of the patias also to be considered, since iron normally

accumulates in the deep GM at least during thefbrg decades of life. In a cross-sectional

multicentre setting of 97 patients with MS compangth 81 healthy controls, ;I values in the
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basal ganglia, indicative of iron concentratiorcreased from the stage of CIS, through RR to
progressive MS?* while a 2-year longitudinal study of 17 patienishwMS compared with 17
healthy controls showed an increase in e inverse of 1) in the basal ganglia that was related
to disability’?® These findings were confirmed by a 3-year longitabstudy, that documented an
increase in R in the basal ganglia, which was more pronouncétbipatients with CIS than in 68
MS patients (62 RRMS and 6 SPM$)A reduction in magnetic susceptibility, presumataliated
to decreased iron concentration of the thalamus,also reported in a study of 140 patients with
CIS or MS, which may be a consequence of iron dieplérom oligodendrocyte¥.” Pathological
confirmation of all these observations is still deg.

In a histopathological study of 4 patients with ls#®1 3 non-neurological controls, iron
concentration in the NAWM of MS patients decreastdistically significantly with disease
duration, in contrast to the physiologic increasensin controls with agintf? In active MS lesions,
iron is apparently released from dying oligodengites, but accumulates in activated microglia and
macrophages at the lesion edges, and in astrooytesctive centres of a subset of slowly-
expanding lesion$**?*Quantitative correlative assessments in 4 brdipsiients with MS
confirmed that black rims around lesions on 7T sp8bility-weighted imaging are a consequence
of iron-laden microglia/macrophag&¥Annual MR follow-up of 7 patients over 3.5 yeatowed
that the size of lesions with a hypointense rimeased over time which, together with the
pathological finding$? led to the suggestion that iron rings might chiname slowly expanding
lesions*?4n another study of autopsy tissue from 18 patiwiitis MS using synchrotron X-ray
fluorescence imaging, iron accumulation in micraffhacrophages at the edge of a subset of
slowly-expanding lesions was showifiHowever, iron accumulation in astrocytes—primaiily
inactive centres of slowly expanding lesions—and ooncentric pattern in a single inactive lesion
was also detected, suggesting a possible protectigef astrocytes by capturing and neutralizing
extracellular iron?® Iron decreased with patient age in NAWM, corted M8 lesions, and iron

concentration in the periplague WM was statisticalgnificantly lower than in NAWM.
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Iron in the NAGM and CLs of MS was characterize@icorrelative pathology-MRI study
of 2 patients with MS, where concomitant loss ohiand myelin was described in CLs relative to
surrounding NAGM, and was also observed in theesponding 7T R images-*® Another form
of focal iron accumulation is in so-called micraddis, which indicate extravasation of blood
through leaking blood vessels. A case control MRdlg of 445 patients found cerebral microbleeds
in 19.8% of MS patients 50 years compared to 7.4% in 177 healthy contf8ls.

Brain iron in MS still needs to be explored furthi@athological confirmation of the MRI
findings of diffuse changes in the basal ganglid tnalamus are needed. In the WM and lesions,
the confounding influence of myelin on Theeds to be addressed. One possibility is temperat

dependent relaxometry, but this can only be appiigubst mortem tissue™**

Longitudinal studies
will be needed to determine whether iron accumartais a trigger of neurodegeneration and

propagates lesion expansion or is just a markdrsefase progression.

Conclusions and future directions

Over the past few years, there have been manyadsan MRI measures that reflect
pathology findings in MS. Among them, the evaluatad leptomeningeal enhancement and of
lesional CVS have been proposed to improve thendistic work-up of patients with suspected MS.
The assessment of microstructural abnormalitiesramdaccumulation have increased our
understanding of the mechanisms responsible fochhA&al manifestations. New methods (e.g.,
NODDI) to assess pathological processes more spabjfand to evaluate tissue recovery (e.g.,
remyelination)n vivo by means of MRI have also been used in prelimisauglies.

Advances in the field have also resulted in newstjaes, which will stimulate further
research. Determining timing and duration of theeptial for remyelination in different CNS
structures is of crucial importance, since pronwtiemyelination is one of the main objectives of
current treatments. Pathologists and imaging egsould work together to develop and

standardize techniques capable of assessing rerageh. Since low-grade inflammation may be
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present at the border of some lesions in seleagdnts, there is a need to identify pathological,
imaging and clinical features of these lesionsntwe towards individualized treatment. It will be a
challenge to determine the interplay between tfferént pathological processes (e.g.,
inflammation, demyelination and neurodegeneratomey time, which calls for longitudinal
evaluation using complementary MRI techniques.

Future research should focus on the early stagdéseafisease, include cohorts with
clinically representative cases of different phgpes, and seek causative information via repeated
imaging. This would also allow the focus of thddi be switched from studies seeking to
correlate MRI measures with clinical variablestltode measures that can predict disease
progression. Finally, to establish research presiand surrogate markers of specific pathological
processes (e.g., inflammation, demyelination andodegeneration), better communication and
collaboration between pathologists and MRI reseascls needed, including direct pathology-MRI
correlation close to autopsy, with the acquisitdMRI sequences with brain and spinal cord

situ and within a short time periqabst mortem.
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Search strategy and selection criteria

References for this Review were identified throsghrches of PubMed with the search terms
“Autopsy”, “Histopathology”, “Multiple Sclerosis™MRI”, “Pathology”, “Post Mortem”,
“Lesions”, “Normal-Appearing White Matter”, “Gray 8ter”, “Spinal Cord”, “Cerebellum”,
“Hippocampus”, “Thalamus” and “lIron” from Jan 1,2to Oct 31, 2018. Articles were also
identified through searches of the authors’ owestilOnly papers published in English were
reviewed. The final reference list was generatetherbasis of originality and relevance to the

broad scope of this Review.
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Figure legends

Figure 1. Pathology of white matter lesions in patients withmultiple sclerosis.

Active lesions are characterized by complete demgibn (A) and numerous phagocytes
throughout the lesion (B). Mixed active/inactivsitens are completely demyelinated (C), but have
a rim of phagocytes at the lesion border (D). Intast, demyelinated inactive lesions (E) have
only a few scattered phagocytes within the les{@)sNote the presence of concentrated
phagocytes in the myelinated normal appearing Wikb{@d. Remyelination (small arrows) may be
limited to the lesion border (G) or present throtigh whole lesion (H). Note the demyelinated
cortex (G, big arrow) and a second demyelinatede@, big arrow). The insert (H) shows thin,
irregularly formed remyelinated myelin sheathsA|rC E, G and H immunohistochemistry for the
myelin protein MBP. In B, D and F immunohistochetmjigor CD68 which is expressed in blood

derived monocytes and microglia. Scale bar in A ffh; scale bar in insert in H: 200 um.

Figure 2. MRI of white matter lesions in patients vith multiple sclerosis.

(a-c) 3T brain MRI scan in a 32-year-old woman enéig with a clinically isolated syndrome
(CIS) suggestive of MS showing a typical demyelim@abvoid lesion of the type seen in multiple
sclerosis on afFLAIR image, involving the frontal periventricularhite matter. Note the central
vein on the susceptibility-weighted image (b) andlte combined FFLAIR and SWI (-

FLAIR*) images (arrows in b and c). (d-e) 3T bréiiRl scan in a 34-year-old woman presenting
with a CIS suggestive of MS, showing typical dermaging lesions of the type seen in multiple
sclerosis on aFFLAIR image (d), involving the periventricular vibimatter. Note the hypointense
rims on the susceptibility-weighted images (e)emesal of these lesions that likely reflect iron
deposition (arrows). (f-g) Serial 3T brain MRI saara 56-year-old female with secondary

progressive MS acquired at baseline (f), and twafgl four (h) years later. Un-enhanced T
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weighted images demonstrate a slowly expandingrigsvith both size and hypointensity increase)

in the left posterior periventricular white mattarrows).

Figure 3. Cross-sectional analysis of the spinal mbof a patient with multiple sclerosis.
Location of counting fields (red) randomly distribd over the area of the cortico-spinal tract
(outline in blue) (A). Microscopy of one countingltl (size: 120 x 120 um) in normal (B-1) and
MS (B-II) spinal cord. Scale bar: 50 pm. Magnifiszlinting frames converted into black & white
(8 bit) of control (B-11) and MS (B-1V) cortico-gpal tract. Scale bar: 25 um. All sections were

immuno-stained for SMI31Adapted from’ with permission.

Figure 4.1n vivo MRI R, mapping and post mortem iron staining in patients with multiple
sclerosis and healthy controls.

(a, b)Axial R, maps of (a) a 37-year-old healthy control anda(BB-year-old patient with early
multiple sclerosis (MS) (Expanded Disability Stafcsle score of 3.0). Note the increased R
relaxation rate in the basal ganglia, especiallthefglobus pallidus of the MS patient, as indidate
by a higher intensity. (c, d) Coronal double-heresic histological sections of (¢) a 63-year-old
healthy control and (d) a 74-year-old patient veéltcondary progressive MS (Expanded Disability
Status Scale score of 7.0), stained with the diabenzidine-enhanced Turnbull blue iron staining.
Note the high iron density in the basal ganglithefMS case, while iron appears depleted across
the normal-appearing WM. A periventricular chroll& lesion is outlined and magnified in the
inset. The edge of the lesion is partially acceetiavith iron accumulation in macrophages,

forming an iron rim (blue arrows). Scale bar in: GO um.
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