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Abstract

Background and Objectives

A CSF-in gradient in cortical and thalamic gray matter (GM) damage has been found in
multiple sclerosis (MS). We concomitantly explored the patterns of cortical, thalamic, and
caudate microstructural abnormalities at progressive distances from CSF using a multi-
parametric MRI approach.

Methods

For this cross-sectional study, from 3T 3D T1-weighted scans, we sampled cortical layers at
25%-50%-75% depths from pial surface and thalamic and caudate bands at 2-3-4 voxels from the
ventricular-GM interface. Using linear mixed models, we tested between-group comparisons of
magnetization transfer ratio (MTR) and R2* layer-specific z-scores, CSF-in across-layer z-score
changes, and their correlations with clinical (disease duration and disability) and structural
(focal lesions, brain, and choroid plexus volume) MRI measures.

Results

We enrolled 52 patients with MS (33 relapsing-remitting [RRMS], 19 progressive [PMS],
mean age: 46.4 years, median disease duration: 15.1 years, median: EDSS 2.0) and 70 controls
(mean age 41.5 + 12.8). Compared with controls, RRMS showed lower MTR values in the
outer and middle cortical layers (false-discovery rate [FDR]-p < 0.025) and lower R2* values in
all 3 cortical layers (FDR-p < 0.016). PMS had lower MTR values in the outer and middle
cortical (FDR-p < 0.016) and thalamic (FDR-p < 0.048) layers, and in the outer caudate layer
(FDR-p = 0.024). They showed lower R2* values in the outer cortical layer (FDR-p = 0.003)
and in the outer thalamic layer (FDR-p = 0.046) and higher R2* values in all 3 caudate layers
(FDR-p < 0.031). Both RRMS and PMS had a gradient of damage, with lower values closer to
the CSF, for cortical (FDR-p < 0.002) and thalamic (FDR-p < 0.042) MTR. PMS showed a
gradient of damage for cortical R2* (FDR-p = 0.005), thalamic R2* (FDR-p = 0.004), and
caudate MTR (FDR-p < 0.013). Lower MTR and R2* of outer cortical, thalamic, and caudate
layers and steeper gradient of damage toward the CSF were significantly associated with older
age, higher T2-hyperintense white matter lesion volume, higher thalamic lesion volume, and
lower brain volume (B > 0.08, all FDR-p < 0.040). Lower MTR of outer caudate layer was
associated with more severe disability (p = —0.26, FDR-p = 0.040). No correlations with
choroid plexus volume were found.

Discussion
CSF-in damage gradients are heterogeneous among different GM regions and through MS
course, possibly reflecting different dynamics of demyelination and iron loss/accumulation.
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Glossary

CP = choroid plexus; DIR = double-inversion recovery; EDSS = Expanded Disability Status Scale; FDR = false-discovery rate;
FLAIR = fluid attenuation inversion recovery; GM = gray matter; HC = healthy controls; MS = multiple sclerosis; MTR =
magnetization transfer ratio; PMS = progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SWI =

susceptibility-weighted image; WM = white matter.

Introduction

The accumulation of focal white matter (WM) lesions
resulting from blood-brain barrier disruption and immune cell
infiltration stands as the primary pathologic feature of mul-
tiple sclerosis (MS). However, recent pathologic studies have
identified a CSF-in gradient of damage,1 being more severe at
periventricular™ and subpial levels, and potentially related to
the infiltration of proinflammatory cytokines from the CSF.
This pathologic process may contribute not only to WM and
gray matter (GM) lesion accrual but also to microstructural
damage accumulation in thalamic® and cortical* normal-
appearing tissue.

The application of advanced high-field (3T) or ultra-high-
field (7T) MRI techniques specific to different MS-related
pathologic processes has further supported the relevance of
surface-in damage gradient in both CSF-adjacent GM*"* and
WM.'%'? In thalamic and cortical GM, a gradient of micro-
structural alterations, in diffusivity abnormalities, lower mag-
netization transfer ratio (MTR),” lower T1/ T2-weighted
ratio,® and increased T2*°” has been observed from the ear-
liest phases of the disease,*®’ becoming more severe in pro-
gressive patients with MS.>6°

To comprehensively characterize CSF-mediated pathology in
patients with MS and its accumulation across different phases
of the disease, we conducted a multiparametric MRI study.
Our investigation may leverage to better understand the
heterogeneous pathologic processes affecting cortex and deep
GM structures in MS because they are close to CSF but have
different cytoarchitectural properties, thus being differently
susceptible to inflammatory insults.

To this aim, we evaluated concomitantly cortical and thalamic
CSF-in gradients of damage through MTR and R2* trends in
MS disease phases. We also analyzed the caudate, another
CSF-adjacent GM nucleus,"*'® known to be involved in dif-
ferent neurodegenerative conditions,"® which may provide
novel insights into CSF-driven inflammatory injury. The
combined evaluation of MTR and R2* allows a more specific
distinction between different pathologic substrates of damage
because MTR provides information on muyelin density,
whereas R2* is specific for iron content and, to a lesser extent,
for myelin.’*** To explore possible common driving mech-
anisms, we correlated CSF-in damage gradient with T2-
hyperintense WM and GM lesion volume and atrophy mea-
sures. In addition, given increasing evidence of choroid plexus
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(CP) enlargement as a marker of chronic inflammation, 4

we also investigated the correlation between CP volume and
CSF-in damage trends, to define possible relations between
proinflammatory environment and CP remodelling observed
in MS.**?° Finally, we addressed the clinical relevance of
gradient abnormalities through their correlation with clinical
variables (disease duration and Expanded Disability Status
Scale [EDSS] score).

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

Approval was received from the institutional ethical standards
committee on human experimentation of IRCCS Ospedale
San Raffaele for any experiments using human participants
(Protocol No. 2015-33). Written informed consent was
obtained from all participants before study participation
according to the Declaration of Helsinki.

Study Population

From the database of Neuroimaging Research Unit, IRCCS
San Raffaele Scientific Institute, we retrospectively selected 52
consecutive patients with MS (33 relapsing-remitting
[RRMS] and 19 progressive [PMS]) who underwent the
same MRI protocol between May 2017 and May 2022. In-
clusion criteria were age 18 years or older, diagnosis of MS
according to 2017 revision of the McDonald criteria, relapse-
free and steroid-free status for at least 1 month before study
entry, absence of other neurologic or psychiatric conditions,
and a stable treatment for MS for at least 6 months.

We also selected 70 consecutive healthy controls (HC) with
no neurologic diseases or systemic disorders potentially af-
fecting the CNS, with a completely normal neurologic
examination.

Clinical Assessment

Within 3 days from MRI acquisition, all patients with MS
underwent a complete neurologic examination, with EDSS
score rating, definition of clinical phenotype, and recording of

disease-modifying treatments, performed by a neurologist
blinded to MRI findings.

MRI Data Acquisition

To be included, the following brain MRI sequences were
required to have been acquired for each patient with MS and
HC using a 3.0 T Philips Ingenia CX scanner (receiving Coil =
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dS-Head-32): (1) sagittal three-dimensional (3D) fluid at-
tenuation inversion recovery (FLAIR), (2) sagittal 3D T1-
weighted turbo field echo, (3) sagittal 3D double-inversion
recovery (DIR), (4) 3D fast field echo with and without an
off-resonance radiofrequency saturation pulse, and (5) 3D
susceptibility-weighted image (SWI), both magnitude and
phase images for each echo were saved. Details of the MRI
protocol are available in the eMethods.

Quantification of Lesions and Atrophy

Focal T2-hyperintense WM lesions were identified by a fully
automated and validated approach using 3D FLAIR and 3D
T1-weighted as input images.27 T2-hyperintense WM lesion
volume was obtained for each patient from their lesion masks,
after visual check of the results of automatic segmentations.

On DIR images, after exclusion of possible artifacts,”® cortical
lesions were identified following published recommenda-
tions.”® Both cortical lesions confined to the cortical ribbon
without involving the underlying subcortical WM (pure
intracortical) and mixed WM/GM lesions (leukocortical)
with a predominant (>50%) extension in the cortex were
considered. Manual detection of cortical lesions on DIR im-
ages was performed by consensus of 2 experienced raters (P.P.
and M.R.). In case of disagreement, a third rater evaluated the
lesions and reached a final decision (M.A.R.). Thereafter,
cortical lesion volume was estimated using a local thresh-
olding segmentation technique (Jim 8.0 software).

Thalamic and caudate lesions were defined as focal hyper-
intensities on DIR images that were also hypointense on 3D
T1-weighted images and with a predominant (>50%)

extension in the thalamus or caudate nuclei. Manual detection
of thalamic and caudate lesions on DIR was performed by
consensus of 2 experienced raters (P.P. and M.R), with
evaluation of a third rater (M.A.R.) in case of disagreement,
then, the lesion volume was estimated using a local thresh-
olding segmentation technique (Jim 8.0 software).

The segmentation of whole brain, cortex, WM and CSF, and
their normalized volumes were obtained from 3D TI1-
weighted images, after lesion-filling, using the FSL SIENAx
software. Thalamic and caudate segmentations were derived
using the FIRST tool, and their volume was normalized for
head size using the SIENAx scaling factor.

Cortical Thickness Quantification

Cortical pial and WM surfaces were obtained using the
FreeSurfer software (version 7.1.1), according to a multistep
procedure that calculates the cortical WM and CSE-WM
(pial) boundary in the 3D Tl-weighted space (Figure 1)
Topologic defects in cortical surfaces due to WM and leuko-
cortical lesions were avoided applying lesion filling before the
processing and manually corrected, if necessary. Mean cortical
thickness was measured in each subject computing the distance
(mm) between cortical- WM border and pial surface.”

Creation of Thalamic and Caudate Bands

Using a pipeline implemented in Matlab (R2012b, Math-
Works), concentric bands from the ventricular CSF were
generated within the thalamus: a dilation of one voxel was
applied on the CSF mask to obtain the intersection between
the thalamus and the dilated CSF masks; this intersection was
the seed region to calculate the geodesic distance of each

Figure 1 Methodologic Process to Obtain Cortical, Thalamic, and Caudate Layers at Progressive Distance From the CSF

25%
50%

75% (A) From left to right, subsequent
steps to obtain 3 approximately equi-
distant cortical layers: original 3D T1-
weighted sequence; pial and GM-WM
boundary surface segmentations
obtained with FreeSurfer software;
surfaces at 25%, 50%, and 75% of the
cortical thickness from the GM-WM
boundary surface (image for illustra-
tive purpose, as long as the surfaces
were obtained in 3 dimensions). (B)
From left to right, subsequent steps to
obtain 3 thalamic and caudate 1 voxel-
thick layers: original 3D T1-weighted
sequence; thalamic and caudate seg-
mentations obtained with the FSL
SIENAX software (FIRST tool); concen-
tric bands generated from the ven-
tricular  CSF using a pipeline
implemented in Matlab which calcu-
lates the geodesic distance of each
voxel from the CSF, in the 3 dimen-
sions; extraction of the first 4 layers
from the GM-CSF interface; sub-
traction of the first layer adjacent to
the CSF. See text for further details.
GM = gray matter; WM = white matter.
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thalamic voxel from CSF, in the 3 dimensions.® The same

process was applied on caudate (head and body) (Figure 1).

MTR and R2* Analysis at Progressive Distances
From CSF

MTR images were calculated according to the formula: MTR
= (MO[non saturated] — MS[saturated]/M0 x 100). R2*
maps were obtained by fitting multiecho SWI with a method
based on Auto-Regression on Linear Operations.>

Each individual MTR and R2* map was coregistered to 3D
T1-weighted image and to the corresponding cortical surface
without reslicing by using a boundary-based registration
algorithm.7’31 MTR and R2* values were then sampled along the
surfaces at 25% (outer layer), 50% (middle layer), and 75%
(inner layer) of the cortical thickness from pial to cortical-WM
interface. To this aim, surfaces at 25%, 50%, and 75% of the
cortical thickness were calculated from the cortical WM
boundary surface and averaged over the entire cortex (Figure 1).

After coregistration of each individual MTR and R2* map to
3D T1-weighted image, MTR and R2* were sampled in each
band of the thalamus and caudate at a progressive distance of
1-2-3-4 voxels from the ventricular surface. As previously
done,®'"'*** for both deep GM structures, the first layer
adjacent to the CSF was excluded to limit partial volume
confounding effects (Figure 1). As proinflammatory cytokine
infiltration, microglial reactivity and neuroaxonal damage
have been observed up to 10 mm from the thalamus-CSF
boundary in progressive patients with MS,2 we expected to
find a gradient of damage in all the layers investigated. For
consistency between the 3 GM structures evaluated, the
second layer (closer to CSF) was defined as ‘outer layer),
whereas the fourth layer (farther from CSF) as ‘inner layer’.

Choroid Plexus Volume Quantification

The CPs of the lateral ventricles were manually segmented on
3D T1-weighted sequences using a local thresholding seg-
mentation technique (Jim 8.0 software), and their volume was
calculated.” Reliability of the method, in interrater and intra-
rater agreement, has already been shown in a previous study."’3
The CPs of the third and fourth ventricles were not included,
given their inconstant visualization. The lateral ventricles were
obtained by summing their relevant parts from FreeSurfer seg-
mentation. Volumes of CPs and lateral ventricles were normal-
ized for head size using the SIENAx scaling factor.

Statistical Analysis

Demographic and clinical variables were compared between
groups using x°, Fisher exact and Mann-Whitney U tests, or
linear models, as appropriate.

Age-adjusted and sex-adjusted linear models were performed
to assess differences in MRI features between HC and patients
with MS, as well as between clinical phenotypes. Lesion vol-
umes were square-root-transformed. Normalized brain and
lateral ventricle volumes were included as additional cova-
riates in the analysis of normalized CP volume.>
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To estimate MTR and R2* expected lifespan trajectories in
the 3 evaluated layers of cortex, thalamus, and caudate nucleus,
we fitted linear mixed models, accounting for nested design
(layers within participants), to HC data, considering sex, age, and
the layer as predictors. The inclusion of age squared and higher-
order interaction terms was evaluated according to the Akaike
information criterion. For each structure, we investigated the
occurrence of a physiologic gradient of MTR or R2* values
across layers in the CSF-in direction and quantified it assessing
mean CSF-in MTR and R2* changes per layer.

Estimated parameters from the described models were then
used to convert MTR and R2* ratio values measured in pa-
tients with MS to z-scores, which represent a standardized
measure of deviation from the sex-specific, age-specific, and
layer-specific expected values in the control population. We
assessed and compared MTR and R2* layer-specific z-scores
in patients with MS, as a whole and according to clinical
phenotype, with linear mixed models, testing the null hy-
pothesis that mean z-scores equal zero (i.e.,, healthy population
expected value). Mean CSF-in z-score changes per layer were
also evaluated to investigate the presence of a gradient of mi-
crostructural abnormalities across layers in the CSF-in direction.

Correlations between MTR and R2* layer-specific z-scores
and CSF-in z-score changes per layer in the 3 structures in the
whole MS group and in the 2 MS phenotypes were evaluated
through Pearson correlation.

We finally explored the association of MTR and R2* layer-
specific z-scores and CSF-in z-score changes per layer with
demographic, clinical, and MRI (brain lesion and volumetric
measures) variables, in patients with MS also according to
clinical phenotypes, by linear mixed models.

Benjamini-Hochberg false-discovery rate (FDR) correction
was performed to account for the overall number of tests
performed, for each analysis separately. SAS release V.9.4
(SAS Institute, Cary, NC) was used for computations. p val-
ues < 0.05 were deemed statistically significant.

Data Availability

The corresponding author, who had complete access to all the
data of the study, assumes responsibility for the integrity of
the data and accuracy in the analysis. The anonymized data set
used and analyzed for this study can be obtained from the
corresponding author on reasonable request.

Results

Demographic, Clinical, and Conventional

MRI Findings

Compared with HC, all MS, as well as both RRMS and PMS
groups separately, had significantly higher T2-hyperintense
WM lesion volume (FDR-p < 0.001), lower normalized vol-
umes of the brain and thalamus (FDR-p < 0.008), and higher
normalized volumes of CP (FDR-p < 0.028) and lateral
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ventricles (FDR-p < 0.002). Compared with HC, whole MS
and PMS groups were also significantly older (p < 0.042) and
showed significantly lower normalized caudate volume (FDR-
p < 0.049) and lower cortical thickness (FDR-p < 0.017).
Compared with RRMS, PMS had significantly higher EDSS
score (p < 0.001), higher T2-hyperintense WM, thalamic
and cortical lesion volumes (FDR-p < 0.028), lower nor-
malized brain, thalamic and cortical volumes (FDR-p
< 0.033), lower cortical thickness (FDR-p = 0.017), and
higher normalized lateral ventricle volume (FDR-p =

MTR and R2* Values in Thalamic, Caudate
Nucleus, and Cortical Layers in HC

Different age- and layer-effects of MTR and R2* patterns were
observed in the 3 GM regions explored. With aging, thalamic MTR
values showed a quadratic trend (§ = —0.001; p = 0.023) with a
peak around the age of 40 years in all the 3 layers explored. No
significant changes in thalamic R2* values were observed through
lifespan in any layer (p > 0.149). Caudate and cortical R2*
values showed a linear increase with age for all layers (for
the caudate nucleus: p = 0.066; p < 0.001; for the cortex:

0.017) (Table 1). B-range = 0.026-0.035; all-p < 0.001). No significant changes in

Table 1 Main Demographic, Clinical, and Conventional MRI (Brain Lesion and Volumetric Measures) Variables of Healthy
Controls and Patients With Multiple Sclerosis as a Whole and According to Their Disease Clinical Phenotype

RRMS vs PMS vs
MS vs HC HC PMS vs HC RRMS
HC (70) MS (52) p (FDR-p)  RRMS (33) PMS (19) p (FDR-p) p (FDR-p) p (FDR-p)
Mean age (SD) 41.5(12.8) 46.4(9.7) 0.025 45.5(10.4) 47.9 (8.3) 0.129 0.042 0.377
(range) [yl (20.2-64.5) (26.1-63.2) (26.1-63.2) (31.4-59.7)
Female/male (%) 40 (57)/30  29(56)/23 (44)  0.880 18(55)/15(45) 11 (58)/8 (42) 0.804 0.953 0.815
(43)
Median DD (IQR) [y] — 15.1 (6.0-23.0) — 13.6 (4.0-22.3) 15.3 — — 0.548
(7.0-23.0)
Median EDSS (IQR) — 2.0 (1.0-5.5) — 1.5(1.0-1.5) 6.0 (4.5-6.5) — — <0.001
DMT status (%): None/first line/ — 13(25)/23 (44)) — 9(27)/17 (52)/ 4(21)/6(32)/9 — — 0.176
second line* 16 (31) 7 (21) (47)
Median WM LV (IQR) [mL] 0.0 2.7 (1.0-7.1) <0.001 2.0 (0.8-4.0) 7.3(2.8-16.0) <0.001 <0.001 0.004
(0.0-0.3) (<0.001) (<0.001) (<0.001) (0.008)
Median thalamic LV (IQR) [mL] 0.0 0.0 (0.0-0.1) — 0.0 (0.0-0.0) 0.0 (0.0-0.1) — — 0.022
(0.0-0.0) (0.028)
Median caudate LV (IQR) [mL] 0.0 0.0 (0.0-0.0) — 0.0 (0.0-0.0) 0.0 (0.0-0.3) — — 0.283
(0.0-0.0) (0.304)
Median cortical LV (IQR) [mL] 0.0 0.0 (0.0-0.1) — 0.0 (0.0-0.1) 0.1 (0.0-0.2) — — <0.001
(0.0-0.0) (<0.001)
EM
NBV (SE) [mL] 1,560 (4) 1,516 (7) <0.001 1,533 (8) 1,487 (11) 0.005 <0.001 0.002
(<0.001) (0.008) (<0.001) (0.003)
NTV (SE) [mL] 22.19 20.00 (0.28) <0.001 20.78 (0.28) 18.64 (0.43)  <0.001 0.003 <0.001
(0.14) (<0.001) (<0.001) (<0.001) (0.001)
NCV (SE) [mL] 9.88(0.11) 9.48(0.15) 0.042 9.74 (0.16) 9.02 (0.27) 0.484 0.008 0.027
(0.049) (0.484) (0.012) (0.033)
Cth (SE) [mm] 2.34(0.01) 2.30(1.17) 0.005 2.32(0.01) 2.26 (0.02) 0.187 0.001 0.012
(0.008) (0.208) (0.002) (0.017)
NCPV (SE) [mL] 2.58 (0.06) 2.95(0.08) 0.001 2.90 (0.07) 3.03(0.17) 0.002 0.022 0.451
(0.002) (0.003) (0.028) (0.467)
NLVV (SE) [mL] 20.49 32.37 (2.08) <0.001 27.88 (1.74) 40.40 (4.29)  <0.001 <0.001 0.012
(1.17) (<0.001) (0.002) (0.001) (0.017)

Abbreviations: Cth = cortical thickness; DD = disease duration; DMTs = disease modifying treatments; EDSS = Expanded Disability Status Scale; EM = estimated
mean; FDR = false-discovery rate; HC = healthy controls; IQR = interquartile range; LV = lesion volume; NBV = normalized brain volume; NCPV = normalized
choroid plexus volume; NCV = normalized caudate volume; NLVV = normalized lateral ventricle volume; NTV = normalized thalamic volume; PMS =
progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SE = standard error; WM = white matter.

Comparisons performed by linear models (age), )(2 (sex), Mann-Whitney U (disease duration and EDSS), and Fisher exact (DMTs status) tests. FDR-corrected
(Benjamini-Hochberg procedure) results from age-adjusted and sex-adjusted linear models are reported for MRI features. Lesion volumes were square-root-
transformed. Normalized brain and lateral ventricle volumes were included as additional covariates in the analysis of normalized choroid plexus volume.
First-line DMTs: interferon B-1a, dimethyl fumarate, teriflunomide, glatiramer acetate; 2nd line DMTs: natalizumab, fingolimod, siponimod, ocrelizumab,
methotrexate.
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Figure 2 Estimated Sex-Adjusted MTR and R2* Lifespan Trajectories in Cortical, Thalamic, and Caudate Layers of Healthy

Controls
A @ Outer layer
381 23l @ Middle layer
@ Inner layer
37 224
N 361 - . _ 214
=) ¥ dtess R » «* " N
S 35 LT . - T
o s . . I 204
= : . g8 X
= 34 . o i
. 199 -
334
18
324
171
20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60 65
Cortex (age) Cortex (age)
B
41 234
40 22+
214 Lo 7.
539 = §20 L i
E38{ T r : |
S |
% 9] ! ey B
374 ® DT s
18
364
174
20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60 65
Thalamus (age) Thalamus (age)
C
384 pry
3 274
7 261
254
3 391 T 24
S I
o = 239 .
= 351 & 224 -
= e 5q]
344 20+ i
19
334 18
171

20 25 30 35 40 45 50 55 60 65
Caudate (age)

20 25 30 35 40 45 50 55 60 65

Caudate (age)

The figure shows in the first row MTR and R2* mean estimated sex-adjusted values (solid lines with 95% shaded Cls) in (A) cortex, (B) thalamus, and (C) caudate
in outer, middle, and inner layers across ages in healthy controls (linear mixed model). See text for further details. Cls = confidence intervals; MTR =

magnetization transfer ratio.

caudate or cortical MTR values were observed through lifespan
in any layer (all p > 0.269) (Figure 2).

Regarding possible layer effects, MTR values showed a sig-
nificant change per layer in the CSF-in direction in all 3 GM
structures, with MTR values being significantly lower in the outer
layer (for the thalamus, p = 0.400; p < 0.001; for the caudate, p =
0.389; p < 0.001; for the cortex, f = 1.617; p < 0.001). R2* values
showed a significant change per layer in the CSF-in direction only
in the caudate nucleus (B = 0.540, p < 0.001), with R2* values
being significantly lower in the outer layer (Figure 2).
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MTR and R2* Z-Scores in Cortical, Thalamic, and
Caudate Layers in Patients With MS

In the cortex, compared with HC, patients with MS had sig-
nificantly lower MTR in the outer (FDR-p < 0.001) and
middle layers (FDR-p = 0.019), as well as significantly lower
R2* in all the 3 layers explored (outer layer: FDR-p < 0.001;
middle layer: FDR-p = 0.004; inner layer: FDR-p = 0.014). A
significant CSF-in z-score change per layer (positive slope) of
cortical MTR was found (FDR-p < 0.001), defining a more
consistent cortical damage close to the CSF (Table 2,
Figure 3).
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Table 2 Mean Estimated MTR and R2* Layer-Specific Z-Scores and CSF-In Z-Score Change per Layer in Patients With Multiple Sclerosis, as a Whole and According to Disease
Phenotype, in Cortex, Thalamus, and Caudate

Cortex
All MS RRMS PMS PMS vs RRMS
EM (SE) p (FDR-p) ES (SE) p (FDR-p) EM (SE) p (FDR-p) ES (SE) p (FDR-p) EM (SE) p (FDR-p) ES (SE) p (FDR-p) p (FDR-p) p (FDR-p)
MTR
Outer -0.95(0.19) <0.001 (<0.001) 0.34 (0.05) <0.001 (<0.001) -0.66 (0.24) 0.007 (0.025) 0.27 (0.06) <0.001 (0.002) -1.46 (0.31) <0.001 (<0.001) 0.48 (0.09) <0.001 (<0.001) 0.047 (0.098) 0.054 (0.108)
Middle -0.46 (0.16) 0.004 (0.019) -0.28 (0.19) 0.156 (0.226) -0.78(0.25) 0.003 (0.016) 0.117 (0.190)
Inner -0.27 (0.14) 0.053 (0.108) -0.13(0.17) 0.435 (0.503) -0.50(0.22) 0.028 (0.068) 0.191 (0.259)
R2*
Outer -0.78 (0.15) <0.001 (<0.001) 0.10 (0.04) 0.024 (0.061) -0.67 (0.19) 0.001 (0.005) 0.02 (0.05) 0.765 (0.816) -0.97 (0.24) <0.001 (0.003) 0.25(0.07) 0.001 (0.005) 0.340 (0.414) 0.009 (0.030)
Middle -0.62(0.17) <0.001 (0.004) -0.65(0.21) 0.004 (0.016) -0.58 (0.28) 0.039 (0.082) 0.854 (0.879)
Inner -0.58 (0.18) 0.003 (0.014) -0.64 (0.23) 0.008 (0.027) -0.47 (0.3) 0.124 (0.192) 0.650 (0.709)
Thalamus
Ms RRMS PMS PMS vs RRMS
EM (SE) p (FDR-p) ES (SE) p (FDR-p) EM (SE) p (FDR-p) ES (SE) p (FDR-p) EM (SE) p (FDR-p) ES (SE) p (FDR-p) p (FDR-p) p (FDR-p)
MTR
Outer -0.57(0.18) 0.003 (0.016) 0.17 (0.04) <0.001 (0.002) -0.36 (0.23) 0.118 (0.190) 0.12(0.05) 0.015 (0.042) -0.93(0.30) 0.003 (0.016) 0.24 (0.06) 0.001 (0.005) 0.142 (0.209) 0.173(0.245)
Middle -0.35(0.16) 0.038 (0.082) -0.18 (0.20) 0.387 (0.456) -0.65 (0.26) 0.017 (0.048) 0.171 (0.245)
Inner -0.24(0.16) 0.138 (0.208) -0.12(0.20) 0.567 (0.640) -0.46 (0.26) 0.090 (0.159) 0.308 (0.379)
R2*
Outer -0.50(0.20) 0.009 (0.030) 0.08 (0.04) 0.065 (0.124) -0.38(0.25) 0.136 (0.207) -0.02 (0.05) 0.755 (0.815) -0.81(0.33) 0.016 (0.046) 0.25(0.07) <0.001 (0.004) 0.302 (0.377) 0.003 (0.014)
Middle -0.39(0.21) 0.070 (0.130) -0.36 (0.27) 0.183 (0.251) -0.43(0.35) 0.218 (0.290) 0.870 (0.879)
Inner -0.37(0.21) 0.077 (0.139) -0.41(0.26) 0.121(0.190) -0.30(0.34) 0.381 (0.456) 0.793 (0.836)
Caudate
All MS RRMS PMS PMS vs RRMS
EM (SE) p (FDR-p) ES (SE) p (FDR-p) EM (SE) p (FDR-p) ES (SE) p (FDR-p) EM (SE) p (FDR-p) ES (SE) p (FDR-p) p (FDR-p) p (FDR-p)
MTR
Outer -0.45(0.20) 0.030 (0.070) 0.12(0.04) 0.007 (0.025) -0.17(0.25) 0.489 (0.559) 0.06 (0.05) 0.249 0.322) -0.94 (0.33) 0.006 (0.024) 0.22(0.07) 0.002 (0.013) 0.068 (0.128) 0.064 (0.124)
Middle -0.34(0.19) 0.091 (0.159) -0.14(0.24) 0.573 (0.640) -0.68 (0.32) 0.039 (0.082) 0.183(0.251)
Inner -0.21 (0.19) 0.253(0.322) -0.05(0.23) 0.821 (0.857) -0.49(0.31) 0.112(0.188) 0.255(0.322)
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g _ 8 o 4 In the thalamus, compared with controls, patients with MS
§ g‘"‘ = & && showed significantly lower MTR and R2* only in the outer
a e i E 5 layers (FDR-p = 0.016 and 0.030, respectively). A significant
4b90 . 2 o g CSF-in z-score change per layer only of thalamic MTR was
£ A 2158 % g 5 found (FDR-p = 0.002) because of a more pronounced de-
5 @ %‘ S lc e 5 B¢ viation of thalamic MTR from age-specific and sex-specific
E % < 5188 s g § expected values closer to the CSF (Table 2, Figure 3).
o 2 EZ
§ z —‘% E’é In the caudate, compared with HC, MS showed no sig-
S = é g §'§ nificant difference in both MTR and R2* of all the 3
= % = 2 E"Tg layers (FDR-p > 0.070). However, we found a significant
g & 8 _é'r CSF-in z-score change per -1ayer ofMTR a.nd .RZ* (FDR-p
a g T o5y =0.025 and 0.031, respectively), with a significant trend
g g e g 3 @'% of larger MTR reduction closer to CSF and R2* increase
n = O ) . .
§ & S g ggg moving away from the CSF (Table 2, Figure 3).
PR R - a2
i‘_i = 33|8) ¢ 23Z MTR and R2* Z-Scores in Cortical, Thalamic, and
3 & Sl% |z £ 25 5 Caudate Layers in MS Phenotypes
= = 3|3 |3 g §_§§ In the cortex, compared with HC, patients with RRMS
'§ £ ;;g < showed significantly lower MTR in the outer layer (FDR-p
J4) _ §18|8| & & é"é = 0.025), as well as significantly lower R2* in all the 3 layers
é 2 g § S’ % & % 83 (all FDR-p < 0.016), while PMS showed significantly reduced
& ala S |o |- g ‘EE s MTR in the outer (FDR-p < 0.001) and middle (FDR-p =
E - @ g S 3 0.016) layers, as well as significantly decreased R2* only in the
g 3 z ¢ 5238 outer layer (FDR-p = 0.003). In the direct comparison, no
L: E ] E g%g significant difference between PMS and RRMS was found
g 2 S = E%% (FDR-p > 0.098). We found a significant cortical CSF-in
g - g EE% z-score change per layer in both RRMS and PMS (FDR-p =
§ a g é g § 8 0.002 and FDR-p < 0.001, respectively), without significant
U 2 § w BE ; between-group difference. A significant CSF-in gradient
g g ; %é of alteration of cortical R2*, with lower values closer to CSF,
a slglg| S g8 was found only in PMS (FDR-p = 0.005), with a significant
~ g"' s|g|e % %E g between-phenotype effect (FDR-p = 0.030) (Table 2,
—_ — o o 3 .
L £ T 8|8 £ 5358 Figure 4).
c < 303 7| & E § é II‘AI the tha}lamus, cot-npared with HC, RRMS showed no sig-
3 2| 8 s g | g g>¢ nificant differences in both MTR and R2* of all the 3 layers
S E Z|= 1913 8 8 E S (FDR-p > 0.190), whereas PMS showed significantly lower
m E‘;— § E: Eﬁ MTR in the outer (FDR-p = 0.016) and middle layers
& _rg;' ,\ 5 & 13; 4 (FDR-p = 0.048), as well as significantly lower R2* only in
23 g = A ;%é the outer layer (FDR-p = 0.046). In the direct comparison,
a _g < 5 £ 833 no significant difference between PMS and RRMS was
g5 g o=% found (FDR-p > 0.209). A significant CSF-in z-score
3y g 3 ° a5 change per layer of thalamic MTR was found in both RRMS
*é £ g s I §~§ 8= and PMS (FDR-p = 0.042 and FDR-p = 0.005, re-
o ®© 8 S BoLE § spectively), without significant between-group difference.
S T% I g == A significant CSF-in gradient of alteration of thalamic R2%,
= § = § § E ;E g 4 g with lower values closer to CSF, was found only in PMS
E é é g g g GEJE E;E (FDR-p = 0.004), with a significant between-phenotypes
% = = s |s |s %ﬁ% = effect (FDR-p = 0.014) (Table 2, Figure 4).
E o EBRS:
k7 % 9 - N ) ? 3 g §§ In the caudate, compared with HC, RRMS showed no significant
&S "é z s sl |S | 22258 difference in both MTR and R2* of all the 3 layers (FDR-p >
§ il S| |° g_é ‘é éL E 0.559), whereas PMS showed significantly lower MTR in the
N e | B®553 outer layer (FDR-p = 0.024), as well as significantly higher R2* in
= . £ E g 2 E < g = all the 3 layers (all FDR-p < 0.031). In the direct comparison, a
i 3 |° | 293%3 significantly higher R2* in the inner layer was found in PMS
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Figure 3 MTR and R2* Z-Score Distribution in Cortical, Thalamic, and Caudate Layers in All Patients With Multiple Sclerosis
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Violin plots show the distribution of MTR and R2* z-scores in (A) cortex, (B) thalamus, and (C) caudate in the outer, middle, and inner layers in patients with
multiple sclerosis. Healthy controls are only shown as a reference group for illustrative purposes. The symbol (*) indicates layers with a significantly nonzero
(i.e., healthy population expected value) mean estimated z-score. Arrows denote significantly nonzero estimated slopes (i.e., mean CSF-in z-score changes per
layer), suggestive of a CSF-in gradient of microstructural abnormalities. FDR correction (Benjamini-Hochberg procedure) was applied. See main text and Table
2 for further details. HC = healthy controls; MS = multiple sclerosis; MTR = magnetization transfer ratio.

compared with RRMS (FDR-p = 0.030). A significant CSF-in
z-score change per layer of MTR values in the caudate was found
only in PMS (FDR-p = 0.013), although without significant
between-phenotypes difference (Table 2, Figure 4).

Analysis of Associations
No significant correlations were found between MTR and R2*
in MS as a whole and according to phenotypes, except from

Neurology.org/NN

the MTR-R2* correlation in the outer cortical layer in the
whole MS group (r = 0.44, FDR-p = 0.04) (eTable 1).

In the whole MS group, lower cortical MTR in the outer layer
significantly associated with older age (FDR-p = 0.027) and
lower cortical thickness (FDR-p = 0.023). Decreased MTR in
the outer and middle cortical layers significantly associated
with lower normalized brain volume (FDR-p < 0.018),
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Figure 4 MTR and R2* Z-Score Distribution in Cortical, Thalamic, and Caudate Layers in Patients With Multiple Sclerosis,

According to Their Clinical Phenotype
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Violin plots show the distribution of MTR and R2* z-scores in (A) cortex, (B) thalamus, and (C) caudate in the outer, middle, and inner layers in relapsing-
remitting and progressive multiple sclerosis. The symbol (*) indicates layers with a significantly nonzero (i.e., healthy population expected value) mean
estimated z-score. Arrows denote significantly nonzero estimated slopes (i.e., mean CSF-in z-score changes per layer), suggestive of a CSF-in gradient of
microstructural abnormalities. The symbol (*) above arrows marks significant differences in slopes between phenotypes (linear mixed models). FDR
correction (Benjamini-Hochberg procedure) was applied. See main text and Table 2 for further details. MTR = magnetization transfer ratio; PMS = progressive

multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis.

whereas lower MTR in all 3 layers significantly associated with
higher WM lesion volume (FDR-p < 0.027). A steeper cortical
MTR gradient in the CSF-in direction significantly associated
with older age (FDR-p = 0.016), higher WM lesion volume
(FDR-p = 0.016), lower normalized brain volume (FDR-p <
0.001), and lower cortical thickness (FDR-p = 0.016).

Decreased R2* in the outer cortical layer significantly asso-
ciated with lower normalized brain volume (FDR-p = 0.027),
whereas the steeper CSF-in cortical gradient of R2* signifi-
cantly associated with lower cortical thickness (FDR-p =
0.027) (Table 3). No significant associations were found
between cortical MTR and R2* and cortical lesion volume.
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Table 3 Associations of MTR and R2* Layer-Specific Z-Scores and CSF-In Z-Score Changes per Layer With Demographic,
Clinical, and Conventional MRI Metrics in Patients With Multiple Sclerosis in Cortex, Thalamus, and Caudate

Cortex
MTR R2*
B? (SE) p (FDR-p) B® (SE) p (FDR-p) B? (SE) p (FDR-p) B® (SE) p (FDR-p)
Age (x107")
Outer -0.60 (0.18) 0.002 (0.027) 0.18 (0.05) <0.001 (0.016) -0.27 (0.15) 0.082 (0.255) 0.05 (0.05) 0.264 (0.469)
Middle -0.40 (0.15) 0.013(0.09) -0.18(0.17) 0.301(0.517)
Inner -0.24(0.14) 0.087 (0.262) -0.16 (0.19) 0.391 (0.598)
DD (x107")
Outer -0.42(0.17) 0.015 (0.095) 0.09 (0.05) 0.058 (0.200) -0.21(0.13) 0.117 (0.314) 0.00 (0.04) 0.967 (0.967)
Middle -0.33(0.13) 0.018 (0.099) -0.20(0.15) 0.184 (0.420)
Inner -0.24(0.12) 0.053 (0.197) -0.20 (0.16) 0.210 (0.423)
EDSS
Outer -0.23(0.08) 0.009 (0.073) 0.06 (0.02) 0.014 (0.091) -0.09 (0.07) 0.195 (0.420) 0.05 (0.02) 0.011 (0.085)
Middle -0.15(0.07) 0.028 (0.128) -0.01 (0.08) 0.868 (0.940)
Inner -0.11 (0.06) 0.078 (0.249) 0.01(0.08) 0.880 (0.941)
WMLV
Outer -0.52(0.11) <0.001 (0.002) 0.12(0.03) 0.001 (0.016) -0.23(0.10) 0.027 (0.128) 0.04 (0.03) 0.195 (0.420)
Middle -0.37(0.10) <0.001 (0.011) -0.14(0.12) 0.243 (0.450)
Inner -0.28 (0.09) 0.002 (0.027) -0.15(0.13) 0.256 (0.460)
cLv
Outer -1.13(0.92) 0.227 (0.428) 0.33(0.25) 0.194 (0.420) -1.51(0.68) 0.031 (0.140) 0.05 (0.21) 0.816 (0.916)
Middle -0.65 (0.75) 0.390 (0.598) -1.24(0.78) 0.118 (0.314)
Inner -0.46 (0.66) 0.483 (0.692) -1.41 (0.85) 0.104 (0.289)
NBV (x1072)
Outer 1.55 (0.29) <0.001 (<0.001) -0.48(0.07) <0.001 (<0.001) 0.81(0.25) 0.002 (0.027) -0.10 (0.08) 0.249 (0.456)
Middle 0.92 (0.26) <0.001 (0.018) 0.61(0.30) 0.047 (0.175)
Inner 0.60 (0.24) 0.017 (0.099) 0.62(0.33) 0.064 (0.212)
Cth
Outer 6.86 (2.02) 0.001 (0.023) -2.42(0.51) <0.001 (0.001) 0.92 (1.69) 0.589 (0.782) -1.51 (0.46) 0.002 (0.027)
Middle 3.99 (1.71) 0.024 (0.119) -1.63 (1.90) 0.393 (0.598)
Inner 2.01(1.55) 0.199 (0.420) -2.10 (2.06) 0.313(0.528)
NCPV (x1072)
Outer -0.01(0.03) 0.712(0.86) 0.02 (0.01) 0.079 (0.249) 0.02 (0.03) 0.409 (0.608) 0.01 (0.01) 0.500 (0.701)
Middle 0.01(0.03) 0.777 (0.888) 0.03 (0.03) 0.317(0.528)
Inner 0.02 (0.03) 0.397 (0.600) 0.03 (0.03) 0.330 (0.533)
Thalamus
MTR R2*
B? (SE) p (FDR-p) B® (SE) p (FDR-p) B? (SE) p (FDR-p) B® (SE) p (FDR-p)
Age (x107")
Continued
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Table 3 Associations of MTR and R2* Layer-Specific Z-Scores and CSF-In Z-Score Changes per Layer With Demographic,
Clinical, and Conventional MRI Metrics in Patients With Multiple Sclerosis in Cortex, Thalamus, and Caudate

(continued)
Thalamus
MTR R2*
B? (SE) p (FDR-p) B® (SE) p (FDR-p) B? (SE) p (FDR-p) B® (SE) p (FDR-p)
Outer -0.29(0.19) 0.140 (0.354) 0.09 (0.04) 0.036 (0.149) -0.26 (0.20) 0.202 (0.420) 0.06 (0.05) 0.220 (0.426)
Middle -0.17(0.17) 0.319(0.528) -0.21(0.22) 0.326 (0.530)
Inner -0.11(0.17) 0.499 (0.701) -0.15(0.21) 0.487 (0.692)
DD (x107")
Outer -0.13(0.17) 0.430 (0.634) 0.08 (0.03) 0.019 (0.100) -0.35(0.17) 0.046 (0.175) -0.02 (0.04) 0.570 (0.771)
Middle -0.02 (0.15) 0.918(0.943) -0.44 (0.18) 0.017 (0.099)
Inner 0.03 (0.14) 0.826 (0.917) -0.40 (0.18) 0.028 (0.128)
EDSS
Outer -0.16 (0.08) 0.056 (0.200) 0.04 (0.02) 0.046 (0.175) -0.18 (0.09) 0.041 (0.163) 0.05 (0.02) 0.009 (0.073)
Middle -0.12(0.07) 0.095 (0.273) -0.12(0.09) 0.213(0.423)
Inner -0.09 (0.07) 0.227 (0.428) -0.08 (0.09) 0.402 (0.604)
WM LV
Outer -0.16 (0.13) 0.209 (0.423) 0.06 (0.03) 0.018 (0.099) -0.37(0.13) 0.007 (0.070) 0.07 (0.03) 0.035 (0.148)
Middle -0.08(0.12) 0.474 (0.691) -0.31(0.14) 0.033(0.141)
Inner -0.03(0.11) 0.764 (0.888) -0.23(0.14) 0.103 (0.289)
LV
Outer -1.63(1.31) 0.219 (0.426) 0.12(0.28) 0.665 (0.829) 0.51 (1.43) 0.724 (0.869) 1.05 (0.29) 0.001 (0.016)
Middle -1.52(1.16) 0.197 (0.420) 1.96 (1.48) 0.191 (0.420)
Inner -1.38(1.13) 0.227 (0.428) 2.60 (1.43) 0.075 (0.245)
NBV (x1072)
Outer 0.73(0.33) 0.033(0.141) -0.23(0.07) 0.002 (0.024) 0.36 (0.37) 0.334 (0.534) -0.16 (0.08) 0.062 (0.208)
Middle 0.49 (0.30) 0.112 (0.306) 0.21(0.39) 0.591 (0.782)
Inner 0.28 (0.30) 0.358 (0.564) 0.05 (0.38) 0.896 (0.941)
NTV
Outer 0.25 (0.09) 0.006 (0.059) -0.05 (0.02) 0.012(0.087) 0.10 (0.10) 0.324 (0.530) -0.05 (0.02) 0.014 (0.091)
Middle 0.19 (0.08) 0.019 (0.100) 0.04 (0.10) 0.671(0.831)
Inner 0.15 (0.08) 0.058 (0.200) -0.01(0.10) 0.926 (0.946)
NCPV (x1073)
Outer 0.00 (0.04) 0.910(0.942) 0.01 (0.01) 0.486 (0.692) -0.01 (0.04) 0.769 (0.888) 0.01(0.01) 0.361 (0.564)
Middle 0.01 (0.03) 0.663 (0.829) -0.01 (0.04) 0.897 (0.941)
Inner 0.01(0.03) 0.653 (0.825) 0.00 (0.04) 0.934 (0.949)
Caudate
MTR R2*
B? (SE) p (FDR-p) B® (SE) p (FDR-p) B? (SE) p (FDR-p) B® (SE) p (FDR-p)
Age (x107")
Continued
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Table 3 Associations of MTR and R2* Layer-Specific Z-Scores and CSF-In Z-Score Changes per Layer With Demographic,
Clinical, and Conventional MRI Metrics in Patients With Multiple Sclerosis in Cortex, Thalamus, and Caudate

(continued)
Caudate
MTR R2*
B? (SE) p (FDR-p) B® (SE) p (FDR-p) B? (SE) p (FDR-p) B® (SE) p (FDR-p)
Outer -0.30(0.21) 0.149 (0.372) 0.02 (0.04) 0.632 (0.820) 0.03(0.19) 0.872 (0.940) 0.06 (0.04) 0.157 (0.386)
Middle -0.27 (0.20) 0.189 (0.420) 0.10(0.19) 0.596 (0.783)
Inner -0.26 (0.19) 0.176 (0.412) 0.14 (0.20) 0.475 (0.691)
DD (x107")
Outer -0.24 (0.18) 0.180 (0.417) 0.02 (0.04) 0.682 (0.839) -0.10 (0.16) 0.540 (0.740) 0.02 (0.03) 0.513 (0.709)
Middle -0.2(0.17) 0.268 (0.472) -0.09 (0.16) 0.589 (0.782)
Inner -0.21(0.17) 0.203 (0.420) -0.06 (0.17) 0.741 (0.873)
EDSS
Outer -0.26 (0.08) 0.004 (0.040) 0.05 (0.02) 0.008 (0.072) 0.13 (0.08) 0.127 (0.329) 0.01 (0.02) 0.625 (0.816)
Middle -0.19 (0.08) 0.026 (0.128) 0.11 (0.08) 0.175(0.412)
Inner —-0.16 (0.08) 0.057 (0.200) 0.14 (0.08) 0.095 (0.273)
WM LV
Outer -0.48 (0.13) <0.001 (0.011) 0.08 (0.03) 0.003 (0.033) -0.04 (0.13) 0.740 (0.873) 0.04 (0.03) 0.089 (0.264)
Middle -0.34(0.13) 0.010 (0.081) 0.01(0.13) 0.948 (0.958)
Inner -0.31(0.12) 0.015 (0.095) 0.05(0.13) 0.730 (0.870)
CaLVv
Outer -0.87 (2.84) 0.761 (0.888) -0.17 (0.59) 0.774(0.888) -0.52 (2.55) 0.839 (0.926) 0.60 (0.52) 0.256 (0.460)
Middle -1.04 (2.73) 0.706 (0.858) 0.33(2.54) 0.897 (0.941)
Inner -1.21 (2.60) 0.644 (0.824) 0.67 (2.65) 0.800 (0.909)
NBV (x1072)
Outer 0.41 (0.38) 0.281 (0.49) -0.12 (0.08) 0.119(0.314) -0.35(0.34) 0.313(0.528) 0.00 (0.07) 0.964 (0.967)
Middle 0.22 (0.37) 0.545 (0.743) -0.22 (0.34) 0.511 (0.709)
Inner 0.17 (0.35) 0.636 (0.820) -0.34(0.35) 0.341 (0.542)
NCV
Outer 0.08 (0.18) 0.648 (0.824) —-0.05 (0.04) 0.137(0.352) -0.19 (0.16) 0.233(0.434) —-0.05 (0.03) 0.166 (0.399)
Middle -0.02 (0.17) 0.893 (0.941) -0.22 (0.16) 0.164 (0.399)
Inner -0.03 (0.16) 0.866 (0.940) -0.28 (0.16) 0.087 (0.262)

NCPV (x1072)

Outer -0.01 (0.04) 0.913 (0.942) 0.01(0.01) 0.212(0.423) -0.01 (0.04) 0.862 (0.940) 0.01 (0.01) 0.288 (0.499)
Middle 0.01 (0.04) 0.812 (0.916) 0.00 (0.04) 0.909 (0.942)
Inner 0.02 (0.04) 0.689 (0.842) 0.01 (0.04) 0.824 (0.917)

Abbreviations: CLV = cortical lesion volume; CaLV = caudate lesion volume; Cth = cortical thickness; DD = disease duration; EDSS = Expanded Disability Status
Scale; EM = estimated mean; FDR = false-discovery rate; HC = healthy controls; LV = lesion volume; MTR = magnetization transfer ratio; NBV = normalized brain
volume; NCPV = normalized choroid plexus volume; NCV = normalized caudate volume; NTV = normalized thalamic volume; PMS = progressive multiple
sclerosis; RRMS = relapsing-remitting multiple sclerosis; SE = standard error; TLV = thalamic lesion volume; WM = white matter.

Beta-coefficients (B) related to standard errors and p values from linear mixed models are reported. The analysis for lesion volumes was performed on
square-root-transformed values. FDR correction (Benjamini-Hochberg procedure) was applied to account for the overall number of tests.

2B regression coefficient, quantifying the estimated mean change in the layer-specific z-score, associated with a one-unit increase in the predictor.

b B regression coefficient, quantifying the estimated mean change in the CSF-in z-score change per layer, associated with a one-unit increase in the predictor.
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The steeper CSF-in thalamic MTR gradient significantly as-
sociated with lower normalized brain volume (FDR-p =
0.024), whereas the steeper R2* thalamic gradient signifi-
cantly associated with higher thalamic lesion volume (FDR-p
= 0.016) (Table 3).

In the caudate, lower MTR in the outer layer significantly
associated with higher EDSS (FDR-p = 0.040) and higher
WM lesion volume (FDR-p = 0.011), whereas the steeper
CSF-in MTR gradient significantly associated with higher
WM lesion volume (FDR-p = 0.033). No significant associ-
ations were found between caudate MTR and R2* and cau-
date lesion volume (Table 3). MTR and R2* of the different
GM layers and their gradient of CSF-in damage were also
significantly associated with other clinical and structural MRI
measures but did not survive correction for multiple com-

parisons (Table 3).

No significant associations were found with CP volumes

(FDR-p > 0.499).

The analysis of associations in the RRMS and PMS groups
separately was similar to those found in the whole MS group,
with no evidence of significant between-group differences

(eTable 2).

Discussion

By exploring the CSF-in gradient of damage in the cortex,
thalamus, and caudate of patients with MS using MTR and
R2¥, our study showed that different patterns of abnormalities
can be detected in these 3 GM structures, especially in the
outer layers. These alterations were more severe in PMS and
correlated with more severe clinical disability and structural
MRI measures of brain damage.

Since GM MTR has been suggested to reflect mainly myelin
density,”>** whereas R2* is known to be influenced by both
iron and myelin content,””*' the combined analyses of MTR
and R2* in HC allowed us to explore the dynamic changes of
these substrates in different GM structures across lifespan.
The obtained trajectories were used to investigate how MS-
related pathologic processes affect to a different extent the
different CSF-adjacent GM structures after removing the
physiologic effects of sex and aging,.

The analysis of MTR and R2* trajectories across lifespan in
HC demonstrated a gradual increase of thalamic MTR until
mid-age, reflecting the physiologic myelination process oc-
curring mainly in the first life decades, with the highest myelin
density around 40s.>* Although a trend of thalamic R2* in-
crease was observed in the first decades, no significant changes
were detected through lifespan. This is consistent with pre-
vious findings'*** showing a steeper increase of thalamic iron
content until the late 30s, increasing only gradually thereaf-
ter.'> Moreover, since the thalamus has low iron content
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compared with other deep GM nuclei, this could explain its
relatively minor R2* changes."> Cortical and caudate R2,
instead, linearly increased with age, with a steeper slope in
the caudate.">*>>® In the deep GM nuclei constituting
the striatum, neurodegenerative processes characterized by
iron accumulation have been demonstrated in physiologic
aging,lé’n’19 due to their higher susceptibility to iron metab-
olism dysregulation® and higher astrocytes density.'>"”
deed, even after the myelinating process accomplishment,
with no further iron accumulation in oligodendrocytes,'®
microglia and astrocytes continue to store iron during adult-
hood and senescence.">'* These processes may explain
the elevated iron levels found post mortem in the basal
ganglia (except for the thalamus),>” and the age-related sus-
ceptibility increase on quantitative susceptibility mapping.13
A similar age-related iron accumulation process occurs in
the cortex, especially in the motor and frontal regions,
which are functionally linked to the deep GM nuclei circuits
and may undergo similar ageing-induced neurodegenerative
processes.'®'” Conversely, no significant changes in cortical
and caudate MTR were observed through lifespan. Although a
previous study showed MTR decrease after the age of 40,**
discrepancies may be partially due to younger mean age,
differences in MRI acquisitions (3T vs 1.5T), and analysis
performed in our HC group.>* Since these structures are less
myelinated than the thalamus,'® with aging they may undergo
a physiologic senescence-induced neurodegenerative process
characterized by neuronal energetic failure*’ and synaptic
loss,* rather than myelin loss, which may appear later from

the fifth/sixth decades.

In-

Aside from age-related physiologic variations, a CSF-in gra-
dient was found in healthy brain only for MTR predominantly
in the cortex’ but also in thalamus.® This is probably due to
the tissue histologic structure because the subpial cortex is
characterized by higher density of unmyelinated neurites and
small neurons.'* Conversely, a mild layer effect in iron con-
tent, measured by R2*, was detected only in the caudate. Such
physiologic cytoarchitectural layer-dependent variability still
needs to be explored; therefore, our findings provide in-
teresting insights into caudate histologic composition, need-
ing pathologic confirmation. Clearly, the application of
different methods to identify layers within distinct GM
structures and removing the outermost layer for the thalamus
and caudate may also contribute to explain variability among
GM structures.

In patients with MS, our results support the hypothesis of a
CSF-driven pathologic process that is heterogeneous in the 3
GM structures explorecl.2’4’7’9’11’12 In the cortex, compared
with HC, MTR was significantly lower in the outer layer in
both phenotypes, with abnormalities being more severe and
involving also the middle cortical layer in PMS. Moreover, a
cortical CSF-in MTR gradient was present in both MS groups.
Our findings support pathologic’>* and MRI data”** show-
ing that subpial demyelination occurs from the earliest MS
phases and accumulates with progression. We also found a
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significantly lower R2* in all 3 cortical layers in RRMS but
only in the outer layer in PMS, with a CSF-in gradient of
cortical R2* alteration reflecting lower values closer to CSF
only in PMS. These results are in line with previous studies
showing lower R2*** and higher T2* mainly in subpial
1aye1rs.6’7 However, differently from a previous 7T T2* study,6
we found that R2* abnormalities in PMS were not diffuse to
the entire cortical ribbon but involved only the outer layer.
Differences in the cohort of patients with MS explored, in
scanner field strengths, MRI sequences, and in the methods
applied may contribute to explain, at least partially, these
discrepancies. Globally, our results suggest that both lower
R2* and MTR especially in outer cortical layers may reflect
iron loss due to demyelination and oligodendrocytes loss.*”**
The presence of iron-rich activated microglials’lé’45 and
neurodegenerative processes associated with iron accumula-
tion, especially in PMS and in inner cortical layers, may
counterbalance myelin loss, thus increasing R2*.*>*

Compared with HC, we found both lower MTR and R2* in
the outer thalamic layer, together with a CSF-in damage
gradient, with lower CSF-adjacent MTR and R2*. Although
such abnormalities were significant only in PMS, no difference
between PMS and RRMS was found in the direct compari-
sons, except for a CSF-in gradient of thalamic R2*. Hetero-
geneous pathologic processes may affect the thalamus,>>*%*®
with a CSF-in pathologic gradient of demyelination, neuro-
axonal loss, and activated microglia especially in PMS.> By
showing both lower MTR and R2¥, our study confirms pre-
vious pathologic* and MRI findings”** suggesting that de-
myelination and iron loss>**** in the outer thalamic layer
may occur since the earliest MS phases and involve also
deeper layers with progression. In RRMS, the lack of MTR
and R2* difference may be secondary to a milder loss of myelin
and oligodendrocyte-associated iron that may also be coun-
terbalanced by an increased density of iron-rich activated
microglia.” Conversely, in PMS, demyelination and oligo-
dendrocyte loss may be relatively more substantial than the
amount of activated microglia and iron accumulation associ-
ated with neurodegeneration,*”*° thus promoting a significant
R2* decrease.”

Of interest, in the caudate, we found different MTR and R2*
patterns compared with the thalamus. Although further
studies are necessary to confirm our findings, this may be
explained by their different cytoarchitectures with possible
differences in tissue susceptibility to MS-related pathologic
processes. A significantly lower MTR in the outer caudate
layer and higher R2* in all 3 layers were found only in PMS.
Although pathologic studies showed that focal demyelination
may also affect the caudate, especially in periventricular
areas,3’48 our MTR results suggest a more limited CSF-in
gradient of myelin loss in this structure compared with the
thalamus, being evident only in advanced disease phases. A
higher R2* in all caudate layers aligns with previous studies
showing iron accumulation in MS patients’ striatum, espe-
cially in PMS.**° Although the mechanisms underlying iron

Neurology.org/NN

accumulation within the caudate are still unclear, several
processes are likely to co-occur: the striatum is particularly
rich in iron, thus is susceptible to iron regulatory mechanisms
disruption and neuronal death, as commonly observed in
neurodegenerative disorders.>® Moreover, also in this struc-
ture, iron accumulation/redistribution may be secondary to a
higher concentration of activated microglia/macrophages and
a higher neuronal iron uptake to enhance mitochondrial
genesis in the presence of oxidative stress.*’

The analysis of associations showed that clinical disability and
structural brain damage were mainly associated with MTR
and R2* of the outer layers of all 3 structures, as well as with a
steeper CSF-in damage gradient, although only a few associ-
ations survived correction for multiple comparisons. Our re-
sults are consistent with pathologic* and MRI studies®®
supporting the contribution of a CSF-in damage gradient in
determining the accumulation of focal lesions, brain atrophy,
and clinical disability. Notably, the lack of significant
structure-specific and layer-specific correlations between
MTR and R2* in patients with MS supports their combined
evaluation because they reflect different pathologic processes;
thus, our multiparametric evaluation may better characterize
CSF-in gradient of damage in MS.

Disappointingly, no association between CSF-in gradient
measures and CP enlargement was found. Since CP enlarge-
ment has been described from the earliest phases of MS and
remains relatively stable throughout the disease course,** it
may represent an early marker of chronic inflammation that
reaches a ceiling effect over time.

The study has some limitations. First, we evaluated 2 relatively
small cohorts of HC and patients with MS, not exploring
possible differences according to disease duration, clinical
disability, or primary-progressive/secondary-progressive
course. Second, high-field MRI does not provide the spatial
resolution of ultra-high-field scanners, both in assessment of
microstructural damage distribution and in lesion identifica-
tion. In this regard, although we applied published recom-
mendations for lesion assessment, manual detection of these
lesions on 3T scans might have some intrinsic bias and be less
sensitive compared with ultra-high-field scans or pathologic
evaluation. We explored cortical, thalamic, and caudate layers
at a global level, not evaluating specific damage patterns at the
regional level, which may provide further information on
underlying pathophysiologic mechanisms and consequent
contribution to clinical impairment. Although the hippo-
campus could be another relevant GM region in direct contact
with the CSF, frequently affected by MS, the evaluation of a
CSF-in gradient of damage of this structure is challenging
because of its convoluted macroscopical structure and its re-
duced thickness. Finally, the retrospective design of our study
might have introduced some confounding effects. Future
prospective, longitudinal studies are needed to evaluate the
structure-specific microstructural damage trajectories and
their associations with disease evolution.
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In conclusion, the concomitant assessment of MTR and R2* in
the cortex, thalamus, and caudate allowed us to detect het-
erogeneous and structure-specific gradients of microstructural
alterations related to CSF-proximity, in CSF-in demyelination
in these 3 structures occurring in all phases of the disease, but
becoming more severe in PMS, and of diffuse iron accumula-
tion in the caudate being evident in PMS. These alterations are
significantly associated with structural brain damage and may
contribute to disability progression throughout disease course.
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