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Introduction:

Cognitive impairment in patients with Multiple Sclerosis (MS) is a frequent phenomenon,
reported in up to 65% of patients. > Studies of MRI correlates to cognitive dysfunction have
shown that atrophy measures are better predictors of cognitive impairment than white matter
lesion volume. *® Furthermore, structural MRI studies have shown relations between cognitive
impairment and number of cortical lesions ’, diffusion tensor imaging changes % °, gray matter
magnetization transfer ratio '° and deep gray matter volume loss. #

Cortical involvement in MS has been increasingly recognized in recent years and the
presence of cortical lesions is well described both on MRI and histopathology. ''"!* Cortical
atrophy is associated with cognitive impairment in many neurodegenerative diseases, but also
in MS. Cortical atrophy can be assessed with intensity based segmentation methods or via
surface based methods. The latter approach provides sub-millimeter measurements of cortical
thickness. Such methods have been validated to assess cortical thickness in a variety of
neurological conditions. Regional areas of cortical thinning relate to clinical disability scores
and lesion volume.'* Bilateral thinning of the frontal and temporal cortex has been reported in

MS using Freesurfer (http://surfer.nmr.mgh.harvard.edu/) 14-16 and other volumetric MRI

analysis methods '” 18, This cortical thinning might be present already in the earliest stages of

t.1> However, there has been no well-defined

MS, ! even in the absence of cognitive impairmen
large cohort of patient with RRMS and cognitive impairment, where cortical thickness has been
studied and related to cognitive function. Involvement of the parietal lobe seems to potentially
occur later in the disease and parietal thinning have been reported to be prominent in patients
with RRMS and cognitive impairment (CI), where these areas were preserved in patients with
RRMS without CI. '* Another study found that significant cortical thinning was present solely
in very small areas of the parietal and frontal lobe in MS patients compared to healthy
controls'®, although cognitive status was not included.

Focus on cognitive impairment in MS is an important feature of current research as it
affects quality of life 2 and imaging correlates could facilitate the development and treatment
of cognitive impairment in MS. To explore the MRI correlates of cerebral cortical atrophy in

relation to CI in MS we carried out a multi-center study. In the MAGNIMS network 7 centers
participated to evaluate the extent of regional cortical atrophy in patients with RRMS with
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cognitive impairment (CI) and preservation of cognition (CP) compared to healthy controls. We

used Freesurfer to study cortical thickness in all subjects.

Methods:

Participants: This cross-sectional study was conducted in seven MAGNIMS
(www.magnims.eu) centers. Institutional ethics review boards in each participating center
approved the study and all subjects provided written consent for participation. Inclusion criteria
were a diagnosis of clinically definite RRMS and age > 18 years. Each center recruited patients
with MS with known cognitive impairment and cognitively preserved patients, as well as
healthy controls. Clinical information on patients were collected including Expanded Disability
Status Scale (EDSS) at time of MRI, disease duration, use of disease modifying treatments and

years of education.

Cognitive testing: All patients underwent the Brief Repeatable Battery of neuropsychological
tests (BRB-N) by trained local personnel in their native language. The BRB-N includes the
selective reminding test (SRT), spatial recall test (SPART), controlled oral word association test
(COWAT), paced auditory serial addition test (PASAT), symbol digit modalities test (SDMT)
and word list generation (WLG). Results of each test were scored according to published rules
[REF - ] and the BRB-N has been used for determination of cognitive impairment in Multiple
Sclerosis.! ? Individual test scores were combined and z-scores were calculated for four
cognitive domains (verbal memory, visual memory, attention and fluency), based on published
data from healthy controls. ?! Subjects that failed more than two tests were defined as

cognitively impaired (CI).

MRI data acquisition: All subjects at each individual site underwent an MRI using a
standardized protocol. The information on scanner manufacturer, 3D-T1 acquisition parameters
and enrollment numbers per site are listed in table 1. Additional axial T2/PD images were

obtained at all sites for lesion scoring purposes.

Lesion measurements: WM lesions were marked and outlined on the PD/T2 and T1-weighted



images to determine T2 lesion (including T2 lesion volume (T2LL) and T1 lesions (including

T1 “black hole” lesion volume (T1BH-LL) using ... [software, scoring person?]

MRI data analysis: cortical thickness and surface based cortical volume
Surface-based cortical analysis was performed using Freesurfer 5.1.0

(http://surfer.nmr.mgz.harvard.edu), technical aspects of the involved procedures have been described

in detail elsewhere. >*2® Briefly, the processing pipeline includes motion correction, removal of non-
brain tissue using a hybrid watershed/surface deformation procedure, intensity normalization,
transformation to standard space, segmentation of subcortical white and gray matter, tessellation of
gray/white-matter boundary, automated correction of topological defects, and surface deformation to
form the gray and white matter boundaries. 24 2”3 Cortical thickness measures, calculated as the
closest distance from the gray/white boundary to the gray/CSF boundary at each vertex on the
tessellated surface, capable of detecting sub-millimeter differences between groups.?® Cerebral cortex

31,32 with extraction of

was parcellated into six lobar structures based on gyral and sulcal structure,
average hemispheric and lobar regional cortical thickness and surface based cortical volumetric
measures. Surface based volumes were obtained per lobar region and normalized by multiplying the
native cortical grey matter volumes with the scaling factor for registration to the MNI template.
Cortical thickness measures have been validated against histology **> and manual measurements >* 3
and these morphometric procedures have been demonstrated to show good test-retest reliability across
scanner manufacturers and across field strengths. 3 (Example in figure 1)

Visual inspection was performed on each scan for accuracy; dural segments were removed
manually and white matter control points were placed when initial segmentation steps had suboptimal
performance. Subsequent continuation of the processing pipeline resulted in good results in the
majority of the scans. Though accurate cortical thickness measures can be affected by juxta-cortical
and mixed cortical lesions (extending into the subcortical white matter), we opted to perform the
analysis on unfilled T1 weighted images. The potential overfilling of lesions would artificially
decrease the cortical thickness and create bias towards exaggerated atrophy in patients with significant
lesion load in juxta-cortical distribution. All segmentations in control subjects were of good quality
and in the MS group there were some patients that needed manual adjustments of the white matter
segmentation maps. To inspect for the lesion burden and the effect on cortical thickness measures we

created a color overlay of the lesion maps on the initial segmentation maps, where lesions that were
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accurately recognized as white matter were colored green and areas identified as lesions by manual
tracing that were classified as non-white matter by the segmentation process were colored red. These
maps were used to manually fill the segmentation maps of the lesions accurately and this was fed back
into the processing pipeline to calculate white and grey matter surfaces. An example of this is provided
in figure 1. When this process did not result in accurate correction of the surface maps, the subject was
excluded from further analysis, which led to exclusion of 4 MS cases with a significant burden of

subcortical lesions (figure 1C).

Statistical analysis: Statistical analysis of demographic, clinical data and regional thickness
and surface based volumes was performed in SPSS 21.0 (Chicago, IL). In normally distributed
variables, multivariate GLM was used, using center, age and gender as covariates. Variables not
normally distributed were log-transformed and included in the analysis. A p-value < 0.05 was
considered statistically significant.

Vertex-based General Linear Model (GLM) approach using the QDEC-tool

(http://surfer.nmr.mgh.harvard.edu) was applied to analyze the correlation between vertex-

based cortical thickness and cognitive testing (z-scores as variable), correcting for center, age
and gender. We used a Gaussian smoothing kernel with full width at half maximum of 10 mm.

Significance was set at p<0.01 with correction for multiple testing.
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RESULTS:

Demographic and clinical information are summarized in table 2. Sixty patients with RRMS and sixty-
five control subjects (58% female) were enrolled. In the patient group, four patients were excluded
based on extensive white matter lesion load affecting the Freesurfer process (2 CP, 2 CI). Of the fifty-
six patients (63% female), twenty (36%) were defined as cognitively impaired and thirty-six (64%) as
cognitive preserved. Of the cognitively impaired patients, 7 subjects had failed 2 tests and 13 subjects
had failed 3 or more. Among the cognitively preserved patients, 7 subjects failed 1 test. Control
subjects were slightly younger (p=0.048) than patients and had similar gender distribution (p=0.40).
Between cognitively preserved and impaired MS patients, there were differences in age (p=0.012),
EDSS (p=0.03) and disease duration (p=0.03), but not gender. In CI patients, the most commonly
affected domain was attention (z=-1.4), followed by visual memory (z=-1.1) and verbal memory (z=-
0.85). Fluency was not significantly different between Cl and CP patients (p=0.10).

Global cortical thickness: The average cortical thickness was similar for left and right
hemispheres in all subgroups. Average cortical thickness was significantly different between
controls (2.54 mm) and MS patients (2.44 mm, p<0.001). CI and CP patients had no significant
difference in global cortical thickness.

Vertex-wise cortical thickness: Differences between control subjects and MS patients were
most pronounced in the superior and middle temporal gyrus and inferior parietal regions.
(figure 4A) Direct comparison between CP and CI patients with MS showed no statistical
differences in vertex based cortical thickness measures. No significant correlations were seen in
this analysis within the MS group for EDSS, disease duration and global z-scores of the BRB-
N. There was a significant correlation between white matter lesion volume and cortical

thickness (figure 4B).

Lobar region-wise analysis: Regional cortical thickness was defined using the Desikan-
Killiany atlas into six lobar regions (cingulate, frontal, insula, occipital, parietal and temporal)
and mean thickness in these regions were compared between subgroups. Given the correlation

35,37, 38

between age and cortical thickness (figure 3), as reported by others , we reduced the

cognitively preserved patient group to match the CI group for sub-analysis. These subgroups



had no statistically significant different distribution of age, EDSS and disease duration.
Using multivariate GLM analysis using center and gender as covariates (table 3) significant
differences in cortical thickness were only found to affect the temporal lobe (difference of 0.1
mm between groups, p=0.05), using age, gender and center as covariate. There was a trend

towards significance in the cingulate (p=0.055) between CI and CP groups.

Correlation clinical features and cortical thickness: In the MS patient group, partial
correlations with correction for age, gender and center showed significant correlations between
regional cortical thickness and EDSS (-0.34, p=0.01), age (-0.27, p=0.04) and lesion volumes
(both T2-LL (-0.51, p<0.001) and T1BH-LL (-0.46, p<0.001)). These correlations for EDSS
and lesion volumes were only statistically significantly different in the frontal, temporal and

parietal lobes.

Correlation cognitive subtest and cortical thickness:

The obtained z-scores for each of the tested cognitive domains (verbal memory, visual memory,
attention and fluency) were correlated to regional cortical thickness in the total MS group using
partial correlations with correction for age, gender and center (n=56). This showed significant
correlations between verbal memory and cortical thickness in the insula (p=0.035) and between

visual memory and parietal cortex (p=0.044), with a trend for occipital cortex (p=0.055).



DISCUSSION

In this multi-center study we found differences between cortical thickness in control subjects and
patients. The magnitude of differences in cortical thickness between the study groups was smaller than
previously reported in single-center studies. ** Similar to a recent multi-center study on cortical
thickness in MS,® frontal cortical thinning between patients and healthy controls was less strong than
previously reported. ** > The average global thickness differences that were found between control
and MS groups were in the order of 0.1 mm. This is in contrast with a single center study where these
differences in cortical thickness were four to five times larger in respectively mild and severely
cognitively impaired patients.*® The magnitude of our findings in the MS group is comparable to mild
cognitive impairment in prior studies. *° Despite the absence of striking global atrophy between
cognitively impaired and preserved patients with MS, we did show (subtle) regional difference
between cortical thickness in CP and CI patients. No significant differences were found using vertex
based surface comparisons between the two subgroups, likely related to the limited size of the
differences between the two subgroups, relatively small sample size and the possible regional
heterogeneity of the cortical thinning. Multivariate GLM region-wise analysis revealed significant
reductions in cortical thickness in temporal lobe with a trend for reduced cingulate cortical thickness.
In addition, worse performance in specific cognitive domains was correlated to regional cortical
thickness measures. Attention and visual memory scores were most affected in the CI group, and
verbal memory scores correlated to regional cortical thinning in the insula where visual memory

scores correlated to parietal thinning.

Total gray matter atrophy and regional analysis using other analysis modalities (e.g. voxel based
morphometry (VBM) and other software investigating cortical thickness measures % ') have
previously been reported to show regional variances in gray matter volume in multiple sclerosis, most
pronounced in the frontal, temporal and parietal lobes and are present even in the earlier stages of the
disease. 1" 4043 Studies on regional cortical volume loss and cognitive impairment in MS have been
limited, but have shown findings of regional variation between cognitively impaired and cognitively
preserved patients with relapsing remitting MS. A recent study using VBM found left superior
temporal gyrus, left insula and right middle occipital gyrus atrophy in CI compared to CP patients with
RRMS. # Another study did not replicate these finding and although volumetric differences between

Cl and CP were found, no significant regional difference between these groups. & These were both



relatively small sample studies from single centers and these findings underscore that possibly
multifactorial interplay between lesions, white matter integrity and regional deep and cortical gray
matter atrophy is important in the development of cognitive impairment. Our multi-center study
supports that indeed subtle variations may be present between these patient groups but that there is
more pronounced atrophy between MS patients and controls than between subgroups of cognitive
functioning. Likely, the heterogeneity in topographic distribution of inflammatory and degenerative
aspects of MS limit the use of one single analysis modality to explain all variance in cognitive
dysfunction in MS.

Prior studies revealed a correlation between the number of cortical” and juxta-cortical lesions® in
cognitive impairment. We purposefully did not aggressively fill the white matter lesions with normal
white matter intensities to avoid artificial underestimation of cortical thickness. This may have resulted
in an overestimation of cortical thickness in cases where CI could have been correlated to number of
juxta-cortical lesions. Our filling methods gave interpretable results in the majority of the cases; we
only had to exclude 4 patients due to the quality of the surface measurements being affected by large
number of juxta-cortical lesions. Similar techniques could be further refined in the future with
improved acquisitions allowing for determining the effect on cortical atrophy and accurate classified

juxta-cortical and mixed lesions.

Limitations of this study include the older age, slightly higher EDSS scores and disease duration of the
Cl patients compared to CP patients and controls. This was addressed by performing a sub-analysis
with younger CP patients to a subgroup analysis where these demographic features were not
significantly different. In addition, the study was performed on 1.5T scanners, applying slightly
different acquisition protocols in each center. This was corrected for by using an equal number of
control MRIs from each center performed on the same scanner and using each center as a covariate for
analysis. Future uniform scanning parameters could address such limitations, where on the other hand
it reflects the variability in daily practice between different centers that would be the typical setting for

everyday practice and within clinical trials.

We found a correlation between structural and clinical parameters and cortical thinning, but none of
these were independently predictive of cognitive dysfunction. We found no statistical significances in

lesion volumes between the CP and CI group, although a trend towards larger lesion volumes in CI



was seen, but the influence of white matter lesions was not assessed topographically. Such correlations
to lesion location and micro-structural properties of the involved white matter tracts could be useful.
White matter integrity, assessed by diffusion tensor imaging, was recently described to be

related to cognitive impairment in MS.2 46 Other modalities have been explored for their

predictive properties, including GM magnetization transfer ratios which was found to be a long
term predictor of the development of cognitive impairment, and other studies have described a
predictive role for thalamic atrophy in the development of CI in MS. Imaging correlation of
cognitive impairment in RRMS thus far is lacking a specific substrate and has equal

dissociative properties as the paradox between classical WM lesion detection and the extent of
physical disability. The likelihood of a single structural etiology being the determinant of the
development of cognitive impairment in MS is low and the application of multimodal structural

and functional imaging techniques is probably where future study directions should go.

Combining such imaging modalities in future longitudinal with uniform imaging protocols will
further elucidate the role of specific structural involvement in their development of difficulties

in specific cognitive domains. The use of regional cortical thickness measures could become a

useful additional tool in such future multi-center studies.



References:

1. Rao SM, Leo GJ, Bernardin L, Unverzagt F. Cognitive dysfunction in multiple sclerosis. I.
Frequency, patterns, and prediction. Neurology. 1991 May;41(5):685-91.

2. Amato MP, Ponziani G, Siracusa G, Sorbi S. Cognitive dysfunction in early-onset multiple
sclerosis: a reappraisal after 10 years. Archives of neurology. 2001 Oct;58(10):1602-6.

3. Rovaris M, Filippi M, Falautano M, et al. Relation between MR abnormalities and patterns of
cognitive impairment in multiple sclerosis. Neurology. 1998 Jun;50(6):1601-8.

4. Benedict RH, Weinstock-Guttman B, Fishman I, Sharma J, Tjoa CW, Bakshi R. Prediction of
neuropsychological impairment in multiple sclerosis: comparison of conventional magnetic resonance
imaging measures of atrophy and lesion burden. Archives of neurology. 2004 Feb;61(2):226-30.

5. Sanfilipo MP, Benedict RH, Weinstock-Guttman B, Bakshi R. Gray and white matter brain
atrophy and neuropsychological impairment in multiple sclerosis. Neurology. 2006 Mar 14;66(5):685-
92.

6. Summers M, Fisniku L, Anderson V, Miller D, Cipolotti L, Ron M. Cognitive impairment in
relapsing-remitting multiple sclerosis can be predicted by imaging performed several years earlier.
Mult Scler. 2008 Mar;14(2):197-204.

7. Roosendaal SD, Moraal B, Pouwels PJ, et al. Accumulation of cortical lesions in MS: relation
with cognitive impairment. Mult Scler. 2009 Jun;15(6):708-14.

8. Hulst HE, Steenwijk MD, Versteeg A, et al. Cognitive impairment in MS: impact of white
matter integrity, gray matter volume, and lesions. Neurology. 2013 Mar 12;80(11):1025-32.

9. Akbar N, Lobaugh NJ, O'Connor P, Moradzadeh L, Scott CJ, Feinstein A. Diffusion tensor
imaging abnormalities in cognitively impaired multiple sclerosis patients. The Canadian journal of
neurological sciences Le journal canadien des sciences neurologiques. 2010 Sep;37(5):608-14.

10. Filippi M, Preziosa P, Copetti M, et al. Gray matter damage predicts the accumulation of
disability 13 years later in MS. Neurology. 2013 Oct 11.

11. Lucchinetti CF, Popescu BF, Bunyan RF, et al. Inflammatory cortical demyelination in early
multiple sclerosis. The New England journal of medicine. 2011 Dec 8;365(23):2188-97.

12.  Geurts JJ, Bo L, Pouwels PJ, Castelijns JA, Polman CH, Barkhof F. Cortical lesions in multiple
sclerosis: combined postmortem MR imaging and histopathology. AJINR American journal of
neuroradiology. 2005 Mar;26(3):572-7.

13.  Kutzelnigg A, Lucchinetti CF, Stadelmann C, et al. Cortical demyelination and diffuse white
matter injury in multiple sclerosis. Brain : a journal of neurology. 2005 Nov;128(Pt 11):2705-12.

14.  Sailer M, Fischl B, Salat D, et al. Focal thinning of the cerebral cortex in multiple sclerosis.
Brain : a journal of neurology. 2003 Aug;126(Pt 8):1734-44.

15.  Calabrese M, Rinaldi F, Mattisi I, et al. Widespread cortical thinning characterizes patients
with MS with mild cognitive impairment. Neurology. 2010 Jan 26;74(4):321-8.

16.  Ramasamy DP, Benedict RH, Cox JL, et al. Extent of cerebellum, subcortical and cortical
atrophy in patients with MS: a case-control study. Journal of the neurological sciences. 2009 Jul
15;282(1-2):47-54.

17. Carone DA, Benedict RH, Dwyer MG, et al. Semi-automatic brain region extraction (SABRE)
reveals superior cortical and deep gray matter atrophy in MS. Neurolmage. 2006 Jan 15;29(2):505-14.
18. Riccitelli G, Rocca MA, Pagani E, et al. Mapping regional grey and white matter atrophy in
relapsing-remitting multiple sclerosis. Mult Scler. 2012 Jul;18(7):1027-37.

19. Calabrese M, Atzori M, Bernardi V, et al. Cortical atrophy is relevant in multiple sclerosis at



clinical onset. Journal of neurology. 2007 Sep;254(9):1212-20.

20. Rao SM, Leo GJ, Ellington L, Nauertz T, Bernardin L, Unverzagt F. Cognitive dysfunction in
multiple sclerosis. 1. Impact on employment and social functioning. Neurology. 1991 May;41(5):692-
6.

21. Boringa JB, Lazeron RH, Reuling IE, et al. The brief repeatable battery of neuropsychological
tests: normative values allow application in multiple sclerosis clinical practice. Mult Scler. 2001
Aug;7(4):263-7.

22. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Segmentation and surface
reconstruction. Neurolmage. 1999 Feb;9(2):179-94.

23. Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic
resonance images. Proceedings of the National Academy of Sciences of the United States of America.
2000 Sep 26;97(20):11050-5.

24. Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain. Neuron. 2002 Jan 31;33(3):341-55.

25. Fischl B, Sereno M1, Dale AM. Cortical surface-based analysis. Il: Inflation, flattening, and a
surface-based coordinate system. Neurolmage. 1999 Feb;9(2):195-207.

26. Fischl B. FreeSurfer. Neurolmage. 2012 Aug 15;62(2):774-81.

27.  Segonne F, Dale AM, Busa E, et al. A hybrid approach to the skull stripping problem in MRI.
Neurolmage. 2004 Jul;22(3):1060-75.

28. Fischl B, Salat DH, van der Kouwe AJ, et al. Sequence-independent segmentation of magnetic
resonance images. Neurolmage. 2004;23 Suppl 1:S69-84.

29.  Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for automatic correction of
intensity nonuniformity in MRI data. IEEE Trans Med Imaging. 1998 Feb;17(1):87-97.

30.  Segonne F, Pacheco J, Fischl B. Geometrically accurate topology-correction of cortical
surfaces using nonseparating loops. IEEE Trans Med Imaging. 2007 Apr;26(4):518-29.

31. Desikan RS, Segonne F, Fischl B, et al. An automated labeling system for subdividing the
human cerebral cortex on MRI scans into gyral based regions of interest. Neurolmage. 2006 Jul
1;31(3):968-80.

32. Fischl B, van der Kouwe A, Destrieux C, et al. Automatically parcellating the human cerebral
cortex. Cereb Cortex. 2004 Jan;14(1):11-22.

33.  Rosas HD, Liu AK, Hersch S, et al. Regional and progressive thinning of the cortical ribbon in
Huntington's disease. Neurology. 2002 Mar 12;58(5):695-701.

34. Kuperberg GR, Broome MR, McGuire PK, et al. Regionally localized thinning of the cerebral
cortex in schizophrenia. Arch Gen Psychiatry. 2003 Sep;60(9):878-88.

35. Salat DH, Buckner RL, Snyder AZ, et al. Thinning of the cerebral cortex in aging. Cereb
Cortex. 2004 Jul;14(7):721-30.

36. Han X, Jovicich J, Salat D, et al. Reliability of MRI-derived measurements of human cerebral
cortical thickness: the effects of field strength, scanner upgrade and manufacturer. Neurolmage. 2006
Aug 1;32(1):180-94.

37. Kochunov P, Glahn DC, Lancaster J, et al. Fractional anisotropy of cerebral white matter and
thickness of cortical gray matter across the lifespan. Neurolmage. 2011 Sep 1;58(1):41-9.

38. Narayana PA, Govindarajan KA, Goel P, et al. Regional cortical thickness in relapsing
remitting multiple sclerosis: A multi-center study. Neurolmage Clinical. 2012;2:120-31.

39. Querbes O, Aubry F, Pariente J, et al. Early diagnosis of Alzheimer's disease using cortical
thickness: impact of cognitive reserve. Brain : a journal of neurology. 2009 Aug;132(Pt 8):2036-47.
40. Charil A, Dagher A, Lerch JP, Zijdenbos AP, Worsley KJ, Evans AC. Focal cortical atrophy in



multiple sclerosis: relation to lesion load and disability. Neurolmage. 2007 Jan 15;34(2):509-17.

41. Nakamura K, Fox R, Fisher E. CLADA: cortical longitudinal atrophy detection algorithm.
Neurolmage. 2011 Jan 1;54(1):278-89.

42. Battaglini M, Giorgio A, Stromillo ML, et al. Voxel-wise assessment of progression of regional
brain atrophy in relapsing-remitting multiple sclerosis. Journal of the neurological sciences. 2009 Jul
15;282(1-2):55-60.

43. Bendfeldt K, Hofstetter L, Kuster P, et al. Longitudinal gray matter changes in multiple
sclerosis--differential scanner and overall disease-related effects. Human brain mapping. 2012
May;33(5):1225-45.

44, Riccitelli G, Rocca MA, Pagani E, et al. Cognitive impairment in multiple sclerosis is
associated to different patterns of gray matter atrophy according to clinical phenotype. Human brain
mapping. 2011 Oct;32(10):1535-43.

45, Nelson F, Datta S, Garcia N, et al. Intracortical lesions by 3T magnetic resonance imaging and
correlation with cognitive impairment in multiple sclerosis. Mult Scler. 2011 Sep;17(9):1122-9.

46. Llufriu S, Martinez-Heras E, Fortea J, et al. Cognitive functions in multiple sclerosis: impact of
gray matter integrity. Mult Scler. 2013 Sep 4.



Table 1: MRI protocols used per center for acquisition of 3D T1 images (all performed on 1.5 T)

Amsterdam Barcelona Graz London Milan Napoli Siena
Manufacturer GE SIEM SIEM SIEM PHIL GE PHIL
TR 7.8 2.3 1.9 2.2 8.3 5.5 10
TE 3.0 3.0 22 2.9 3.7 1.8 4.0
n 15 15 18 15 19 19 20



Table 1: Demographics

MS (n=56) Controls (n=65) p-value
Age 39.2 35.9 0.048
Gender (F/M) 35/21 38/27 0.65°
Cognition Preserved Impaired
n 36 20 -
Age 36.9 (8.1) 43.3 (8.9) - 0.012°
EDSS 1.9 (1.0) 2.5(1.3) - 0.030°¢
Disease duration 6.8 (4.4) 10.8 (8.4) - 0.031°
Education 13.7(3.1) 13.5(3.4) 0.87

Table 2: Summary of demographic and clinical features between study groups.

% student t-test, ® Chi-square, © Mann-Whitney
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Figure 3: Box-plots with cortical thickness per hemisphere (LH; left hemisphere and RH; right

hemisphere) and total normalized cortical grey matter (right-hand panel) for control (white, n=65),

MS-CP (MS, cognitive preserved, dark gray, n=36) and MS-CI (MS, cognitive impaired, light gray,

n=20) groups. Boxplot colors are white for controls, dark grey for CP subgroup, light grey for CI

subgroup.



Figure 4: GLM model of vertex based surface thickness. Upper panel (A) Controls vs MS patients.
Lower panel (B) shows within MS group analysis with T2 lesion volume (log scale) as a covariate.
Blue areas are with correction for multiple comparisons (p<0.01). (Monte carlo simulation p <0.01).

Analyses were corrected for center, age and gender.



Table 3: Region-wise Multivariate analysis between age matched groups (corrected for gender and

center with post-hoc analysis between sub-groups

CP (n=20) CI (n=20) p-value
Mean CTh (mm) 2.47 2.42 0.24
Frontal 2.50 2.49 0.95
Temporal 2.76 2.67 0.050 *
Occipital 2.05 2.00 0.12
Parietal 2.35 2.29 0.13
Cingulate 2.60 2.50 0.055
Insula 2.95 2.95 0.89
Cortical GM Volume 598 583 0.23
WM volume 594 572 0.27
Log-T2-LL 3.62 3.90 0.08
Log-T1BH-LL 3.38 3.66 0.09




