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Highlights
e Patients with multiple sclerosis (MS) experience focal and diffuse damage to the gray matter
(GM).

e Advances in imaging technology have contributed to improve significantly our ability to
quantify GM damage and dysfunction in MS patients.

e The extent and regional distribution of GM damage differ between the main MS disease
phenotypes and correlate with clinical disability and cognitive impairment.

e GM damage can influence the capacity of the cortex to readapt functionally after MS-related
tissue injury.

The notion that multiple sclerosis (MS) is a white matter (WM) disease of the central nervous
system (CNS) has been challenged by several pathological and magnetic resonance imaging (MRI)
studies that have consistently revealed both focal and diffuse damage to the gray matter (GM) of
MS patients.!

The pathological hallmark of MS is the demyelinated WM plaque with relatively well-preserved
axons and astrocytic scar formation. However, it has been recognized since the 19™ century that the
GM of MS patients is also affected by demyelination.? In the cortex, three types of cortical lesions
(CLs) are commonly distinguished: type | refers to leukocortical lesions involving cortex and
adjacent subcortical WM; type 11 refers to purely intracortical lesions; and type Il labels subpial
demyelination.® Type Il lesions are most common in the neocortex of patients with chronic MS, in
particular the cingulate gyri and temporal cortex seem to be the most frequently affected structures.*
However, it has been shown that the degree of cerebellar cortical demyelination, where plaques
often involve multiple adjacent folia, may even exceed that in the neocortex.” Demyelination of the
hippocampus,® deep GM (especially the thalamus and caudate nuclei),” and GM of the spinal cord is
also frequently found in MS patients.

Although imaging of the cortex is technically challenging, due to its morphology, and the nature of
pathology occurring in this structure, the development of specialized MRI sequences that can
suppress the signal from WM and cerebrospinal fluid (CSF) simultaneously, named “double
inversion recovery” (DIR), has enabled substantial improvements in CLs detection.® Using DIR,

MRI studies revealed that CLs develop early in MS and increase in number and size with
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progression of the disease.” On the other hand, they are rare in benign forms of the disease™® and in
children with MS.** CLs explain a large proportion of variance in locomotor disability and
cognitive impairment,'? and their presence is associated with other MRI indicators of damage such
as T, lesion load and WM and GM atrophy.™® Recently, it has been demonstrated that the accuracy
of MRI diagnostic criteria for MS increases when considering CLs on baseline scans in patients
who present with a clinically isolated syndrome (CIS) suggestive of MS.**

Global cortical thinning of around 10% has been found in MS patients compared to controls.*® This
finding is only partially explained by focal neuronal or glial loss in CLs, suggesting that diffuse
cortical pathology is present outside such lesions.

The application of modern MR techniques can contribute to the assessment of different aspects of
GM damage, including the presence of diffuse disease-related abnormalities (measured using
quantitative techniques such as magnetization transfer [MT] and diffusion tensor [DT] MRI),
metabolic abnormalities (measured by means of proton MR spectroscopy [‘H-MRS]), irreversible
tissue loss (atrophy) and iron deposition (quantified using T./T, -weighted and susceptibility-
weighted imaging), thought to reflect neurodegeneration.

Several studies have demonstrated reduced MT ratio (MTR) and increased mean diffusivity (MD)
in the GM of patients with different MS phenotypes including those at the earliest clinical stages of
the disease. These abnormalities are more severe in patients with the progressive disease
phenotypes. Similar findings have been shown when measuring cortical atrophy.*

Using 'H-MRS, metabolite abnormalities, including reduced concentrations of N-acetylaspartate
and choline and an increased concentration of myo-inositol, have been found in the cortex'® and
subcortical GM tissue'’ from MS patients.

Diffuse cortical damage is not stable, but tends to worsen over time, independent of the progression
of damage to the WM.® The clinical relevance of measures of such a damage has been
demonstrated by several studies which have shown correlations with clinical disability and
cognitive impairment.* A longitudinal study has found an increased rate of cortical tissue loss in
patients with progressing disability compared to those with stable disease,'® whereas another study
demonstrated that progressive neocortical loss is relevant to MS-associated cognitive impairment.?
In addition, a recent long-term study demonstrated that GM damage is one of the key factors
associated with accumulation of disability and cognitive impairment in MS patients after 13 years
of follow up.?

Analysis of the spatial distribution of GM damage has demonstrated that different regions might
have different vulnerabilities to MS-related pathological processes. Overall, MRI studies have
agreed in identifying the frontal, temporal and parietal lobes as the most affected cortical regions in
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MS patients. However, the patterns of GM loss differ between the main MS clinical phenotypes.”
The evaluation of the regional patterns of GM involvement has allowed to improve the correlation
with disease clinical manifestations. Reduced GM volume of regions associated with working
memory and executive functions is correlated with cognitive task performance, temporal lobe
atrophy to auditory/verbal memory and visual/spatial memory performance, and hippocampal
atrophy with a poor performance in memory encoding task." Fatigued MS patients experience
cortical atrophy in frontal regions,? and those with cerebellar dysfunction have a reduced cerebellar
GM volume compared to those without.?*

The quantification of diffuse GM damage provides robust prognostic measures of disease
progression. In patients with relapsing-onset MS (RRMS), GM MTR was found to be an
independent predictor of the accumulation of disability over the subsequent 13 years®', while in
primary progressive MS, GM MD predicted the accumulation of disability over a five-year period.*
Dual-echo spin echo MRI can detect spinal cord abnormalities in MS patients with a high
sensitivity. Although significant reduction of cervical cord size can also be observed in the early
phase of MS, cord atrophy is more severe in the progressive forms of the disease. Changes in cord
cross-sectional area, both at a given time point and over time, correlate better with clinical disability
than changes of T2 lesion burden. The development of phased-array receiver coils and fast imaging
techniques has led to a more reliable imaging of the cord and has improved quantification.
Advances in MRI analysis methods have also enabled quantification of cervical cord injury at a
subregional level, either through quantification of damage to GM and WM separately,® or through
use of voxel-based methods to define the precise topographical distribution of tissue damage in
different cervical cord levels and compartments.

The use of functional MRI (fMRI) has improved our understanding of CNS reorganization in
response to tissue injury at different stages of the disease. Indeed, modifications of the patterns of
brain and cervical cord activations have been demonstrated consistently in all MS phenotypes, with
different experimental paradigms. The cortex has a great potential to aid recovery through synaptic
reorganization following injury, thus helping to counteract the progressive accumulation of
structural damage due to disease. However, the ability to reorganize cortical functions is likely
limited, and its exhaustion might be an additional factor responsible for disease progression,
accelerated cognitive decline and development of specific disease-related symptoms, such as
fatigue.>?®

Several studies have attempted to develop sophisticated statistical approaches to establish the
strength of activations and the synchrony between specific cortical areas, through the analysis of

functional and effective connectivities.”” The combination of measures of functional connectivity
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(FC) with measures of structural damage to specific WM fiber tracts is also likely to improve our
understanding of the relationship between structural and functional abnormalities. More recently,
the analysis of brain function at rest has shown a distributed pattern of abnormalities within and

between resting state networks in patients with different MS clinical phenotypes, which correlate

with disability and the severity of cognitive impairment.?®%

In conclusion, several factors are likely to contribute to GM damage in MS patients, including focal
macroscopic lesions, diffuse changes beyond the resolution of current MR scanners, and irreversible
tissue loss. One challenge which is still in front of us is to achieve a better understanding of the
dynamics of damage progression in the GM and the WM, and the relationship between them. The
use of ultra-high field MRI scanners should aid the visualization of CLs, and quantitative MR
assessment of cortical and spinal damage may improve our understanding of MS pathobiology,
resulting in the identification of additional markers of disease evolution. Accurate evaluation of GM
damage might not only be important per se, but also because of the impact that it can exert on the
capacity of the cortex to readapt functionally after MS-related tissue injury.

References

1. Filippi et al. Imaging cortical damage and dysfunction in multiple sclerosis. JAMA Neurol.
2013 May;70(5):556-64.

2. Kutzelnigg A, Lucchinetti CF, Stadelmann C, et al. Cortical demyelination and diffuse white
matter injury in multiple sclerosis. Brain. Nov 2005;128(Pt 11):2705-2712.

3. Peterson JW, Bo L, Mork S, Chang A, Trapp BD. Transected neurites, apoptotic neurons,
and reduced inflammation in cortical multiple sclerosis lesions. Ann Neurol. Sep
2001;50(3):389-400.

4. Bo L, Vedeler CA, Nyland HI, Trapp BD, Mork SJ. Subpial demyelination in the cerebral
cortex of multiple sclerosis patients. J Neuropathol Exp Neurol. Jul 2003;62(7):723-732.

5. Kutzelnigg A, Faber-Rod JC, Bauer J, et al. Widespread demyelination in the cerebellar
cortex in multiple sclerosis. Brain Pathol. Jan 2007;17(1):38-44.

6. Geurts JJ, Bo L, Roosendaal SD, et al. Extensive hippocampal demyelination in multiple
sclerosis. J Neuropathol Exp Neurol. Sep 2007;66(9):819-827.

7. Vercellino M, Masera S, Lorenzatti M, et al. Demyelination, inflammation, and
neurodegeneration in multiple sclerosis deep gray matter. J Neuropathol Exp Neurol. May
2009;68(5):489-502.

8. Geurts JJ, Pouwels PJ, Uitdehaag BM, Polman CH, Barkhof F, Castelijns JA. Intracortical
lesions in multiple sclerosis: improved detection with 3D double inversion-recovery MR
imaging. Radiology. Jul 2005;236(1):254-260.

9. Calabrese M, Rocca M, Atzori M, et al. A three-year MRI study of cortical lesions in
relapse-onset multiple sclerosis. Ann Neurol 2010;67(3):376-383.

10. Calabrese M, Filippi M, Rovaris M, et al. Evidence for relative cortical sparing in benign
multiple sclerosis: a longitudinal magnetic resonance imaging study. Mult Scler. Jan
2009;15(1):36-41.

11. Absinta M, Rocca MA, Moiola L, et al. Cortical lesions in children with multiple sclerosis.
Neurology. Mar 8 2011;76(10):910-913.

Proc. Intl. Soc. Mag. Reson. Med. 22 (2014)



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Calabrese M, Agosta F, Rinaldi F, et al. Cortical lesions and atrophy associated with
cognitive impairment in relapsing-remitting multiple sclerosis. Arch Neurol. Sep
2009;66(9):1144-1150.

Calabrese M, Rocca MA, Atzori M, et al. Cortical lesions in primary progressive multiple
sclerosis: a 2-year longitudinal MR study. Neurology. Apr 14 2009;72(15):1330-1336.
Filippi M, Rocca MA, Calabrese M, et al. Intracortical lesions: relevance for new MRI
diagnostic criteria for multiple sclerosis. Neurology. Nov 30 2010;75(22):1988-1994.
Wegner C, Esiri MM, Chance SA, Palace J, Matthews PM. Neocortical neuronal, synaptic,
and glial loss in multiple sclerosis. Neurology. Sep 26 2006;67(6):960-967.

Chard DT, Griffin CM, McLean MA, et al. Brain metabolite changes in cortical grey and
normal-appearing white matter in clinically early relapsing-remitting multiple sclerosis.
Brain. Oct 2002;125(Pt 10):2342-2352.

Inglese M, Liu S, Babb JS, Mannon LJ, Grossman RI, Gonen O. Three-dimensional proton
spectroscopy of deep gray matter nuclei in relapsing-remitting MS. Neurology. Jul 13
2004;63(1):170-172.

Rovaris M, Judica E, Gallo A, et al. Grey matter damage predicts the evolution of primary
progressive multiple sclerosis at 5 years. Brain. Oct 2006;129(Pt 10):2628-2634.

Chen JT, Narayanan S, Collins DL, Smith SM, Matthews PM, Arnold DL. Relating
neocortical pathology to disability progression in multiple sclerosis using MRI. Neuroimage.
Nov 2004;23(3):1168-1175.

Amato MP, Portaccio E, Goretti B, et al. Association of neocortical volume changes with
cognitive deterioration in relapsing-remitting multiple sclerosis. Arch Neurol. Aug
2007;64(8):1157-1161.

Filippi M, Preziosa P, Copetti M, Riccitelli G, Horsfield MA, Martinelli V, Comi G, Rocca
MA. Gray matter damage predicts the accumulation of disability 13 years later in MS.
Neurology. 2013 Nov 12;81(20):1759-67.

Ceccarelli A, Rocca MA, Pagani E, et al. A voxel-based morphometry study of grey matter
loss in MS patients with different clinical phenotypes. Neuroimage. Aug 1 2008;42(1):315-
322.

Sepulcre J, Masdeu JC, Goni J, et al. Fatigue in multiple sclerosis is associated with the
disruption of frontal and parietal pathways. Mult Scler. Mar 2009;15(3):337-344.

Anderson V, Fisniku L, Altmann D, Thompson A, Miller D. MRI measures show significant
cerebellar gray matter volume loss in multiple sclerosis and are associated with cerebellar
dysfunction. Mult Scler. Jul 2009;15(7):811-817.

Filippi M, Rocca MA. Multiple sclerosis: Linking disability and spinal cord imaging
outcomes in MS. Nat Rev Neurol. 2013 Apr;9(4):189-90.

Filippi M, Rocca MA. Present and future of fMRI in multiple sclerosis. Expert Rev
Neurother. 2013 Dec;13(12 Suppl):27-31.

Rocca MA, Pagani E, Absinta M, et al. Altered functional and structural connectivities in
patients with MS: a 3-T study. Neurology. Dec 4 2007;69(23):2136-2145.

Rocca MA, Valsasina P, Absinta M, et al. Default-mode network dysfunction and cognitive
impairment in progressive MS. Neurology. Apr 20 2010;74(16):1252-1259.

Rocca MA, Valsasina P, Martinelli V et al. Large-scale neuronal network dysfunction in
relapsing-remitting multiple sclerosis. Neurology. 79(14), 1449-1457 (2012).

Proc. Intl. Soc. Mag. Reson. Med. 22 (2014)


http://www.ncbi.nlm.nih.gov/pubmed?term=Filippi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed?term=Preziosa%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed?term=Copetti%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed?term=Riccitelli%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed?term=Horsfield%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed?term=Martinelli%20V%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed?term=Comi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed?term=Rocca%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed?term=Rocca%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=24122185
http://www.ncbi.nlm.nih.gov/pubmed/24122185##
http://www.ncbi.nlm.nih.gov/pubmed?term=Filippi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23478461
http://www.ncbi.nlm.nih.gov/pubmed?term=Rocca%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=23478461
http://www.ncbi.nlm.nih.gov/pubmed/23478461##
http://www.ncbi.nlm.nih.gov/pubmed/24289839

