1) Check for updates

MULTIPLE

SCLEROSIS | MSJ
JOURNAL

Original Research Paper

Gray matter atrophy cannot be fully explained
by white matter damage in patients with MS
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Abstract

Background: Source-based morphometry (SBM) was recently used for non-random “patterns” of gray
matter (GM) atrophy or white matter (WM) microstructural damage.

Objective: To assess whether and to what extent such patterns may be inter-related in MS.

Methods: SBM was applied to images of GM concentration and fractional anisotropy (FA) in MS patients
(n=41, median EDSS=1) and normal controls (NC, n=28). The same procedure was repeated on an
independent and similar data set (39 MS patients and 13 NC).

Results: We found in MS patterns of GM atrophy and reduced FA (p <0.05, corrected). Deep GM atro-
phy was mostly (70%) explained by lesion load in projection tracts and lower FA in posterior corona
radiata and thalamic radiation. By contrast, sensorimotor and posterior cortex atrophy was less (50%)
dependent from WM damage. All patterns correlated with EDSS (» from —0.33 to —0.56, p <0.03) while
the only cognition-related correlation was between posterior GM atrophy pattern and processing speed
(r=0.45, p=0.014). Reliability analysis showed similar results.

Conclusion: In relatively early MS, we found a close link between deep GM atrophy pattern and WM
damage while sensorimotor and posterior cortex patterns were partially independent from WM damage
and perhaps related to primary mechanisms. Patterns were clinically relevant.
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Introduction

Structural abnormalities, as detected by magnetic res-
onance imaging (MRI), are well known in multiple
sclerosis (MS) brains in the form of gray matter (GM)
atrophy and white matter (WM) damage.!?> Some
studies suggested that WM damage may be spatially
linked with subsequent cortical and deep GM atrophy
in primary progressive and long-standing MS.3-3
Other studies showed that most of the cortical GM
atrophy may be partially independent from WM
lesions in both early and progressive MS.%7

Few recent studies have revealed in MS, at the level of
“patterns” (i.e. co-varying structurally and/or func-
tionally related regions of the human brain), the pres-
ence of GM atrophy>® or WM microstructural
damage,’ as expressed by low fractional anisotropy
(FA) on diffusion tensor imaging (DTI) data. Such pat-
terns were detected with source-based morphometry

(SBM), a novel model-free and data-driven multivari-
ate MRI-based approach using independent compo-
nent analysis (ICA) on brain images of different MRI
modalities.!® SBM allows grouping brain structural
abnormalities into spatial patterns, well beyond the
traditional assessment of single brain regions.!! Such
approach may thus help shed light on complex patho-
genic mechanisms, including possible relationships
between GM atrophy and WM microstructural dam-
age in distinct anatomical regions of the MS brain.
Given the great potential of this approach in providing
new insights on this relevant issue, we used here SBM
on MRI data of an MS patient cohort with relatively
mild disability in order to assess whether and to what
extent distinct spatial patterns of GM atrophy and WM
microstructural damage exist, may be inter-related and
have clinical relevance. To increase the reliability of
the results, the same procedure was performed on an
independent MRI data set with similar characteristics.
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Table 1. Demographic, clinical, and LV characteristics of the study groups. Study and Reliability data sets were
acquired, respectively, before and after MR scanner upgrade.

Study data set Reliability data set p-value
(41 MS, 28 NC) 39 MS, 13 NC)
Age (mean = SD, years)
MS 35.6=10.4 40.7+9.1 0.0202
NC 33.2+10.0 35.6 8.9 0.0872
p-value (MS v NC) 0.348 0.2578
Sex (male/female number)
MS 13/28 13/26 0.877°
NC 5/23 6/7 0.057°
p-value (MS v NC) 0.198° 0.406°
Disease duration (mean = SD, years) 9.1+7.0 8.0*x8.0 0.514¢
EDSS (median (range)) 1.5 (0-6) 1.5 (1-6.5) 0.661°¢
Cognitive impairment (yes/no) [%] 9/32 [22%)] 12/27 [31%] 0.370¢
WM LV (median (range) cm?) 5.61 (0.30-79.05) 3.80 (0.14-31.86) 0.072¢

Projection (median (range) cm?)
Association (median (range) cm?)
Commissural (median (range) cm?)
Subcortical (median (range) cm?)
Brainstem/cerebellar (median (range) cm?)

3.4(0.22-32.39)
0.33 (0-9.28)
1.19 (0.06-9.35)
1.74 (0.09-33.25)
0.09 (0-1.51)

2.38 (0.04-15.19) -
0.27 (0-2.09) -
0.62 (0-5.73) -
1.87 (0-13.94) -
0.08 (0-0.74) -

MS: multiple sclerosis; NC: normal controls; EDSS: Expanded Disability Status Scale; WM: white matter; LV: lesion volume.

aTwo-sample z-test.
bChi-squared test.
‘Mann—Whitney U test.

Methods

Participants

Two independent subject data sets were recruited,
respectively, before and after MR scanner upgrade
(Table 1): the “Study data set” of 41 MS patients and 28
normal controls (NC), and the “Reliability data set” of
39 MS patients and 13 NC. All MS patients were diag-
nosed with 2010 McDonald criteria'? and had to be free
from relapses and corticosteroid treatment for at least
I month before study entry. NC were recruited among
laboratory and hospital workers, had normal neurologi-
cal examination and no history of neurological disorder.

In MS patients, disability was measured on the
Expanded Disability Status Scale (EDSS),!? whereas
cognition was assessed by a trained and blinded neu-
ropsychologist, using the Brief Repeatable Battery
(BRB).!'* Failure of a BRB test was defined as a score
<2 standard deviations from the Italian normative
values!’ and cognitive impairment was defined as a
failure of =2 BRB tests.

The study protocol received approval from the Ethics
Committee of Azienda Ospedaliera Universitaria
Senese. Informed written consent was obtained from

all participants before study entry in accordance with
Declaration of Helsinki.

MRI data acquisition

MRI data were acquired with an eight-channel head
coil on a three Tesla MR scanner (Philips Medical
Systems, Best, The Netherlands) located at Meyer
University Hospital, Florence. A sagittal survey image
was used to identify anterior and posterior commis-
sures. Sequences were acquired in the axial plane par-
allel to the bicommissural line. A dual-echo, turbo
spin-echo sequence (repetition time (TR)/echo time
(TE)1/TE2=4000/10/100ms, voxel size=1X1X3 mm)
yielded proton density (PD) and T2-weighted (T2W)
images. DTI data were an echo-planar imaging sequence
(TR=7036ms; TE=196ms; voxel size=2.5mm?)
with 32 diffusion directions and b-value=900 s/mm?.
A high-resolution T1-weighted image (T1W, TR=10ms,
TE=4ms, voxel size=1mm?) was also acquired for
image registration, anatomical mapping and analysis of
GM concentration.

Study and Reliability data sets were acquired, respec-
tively, before and after MR scanner upgrade and using
the same imaging protocol.
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MRI data analysis
It was performed at the Quantitative Neuroimaging
Laboratory (QNL) of the University of Siena. All
images were visually assessed to rule out artifacts or
incidental findings.

WM lesions. MS lesions were outlined on PD images
by an experienced observer (R.T.B.), blinded to patient
identity, with a semiautomated segmentation technique
based on user-supervised local thresholding (Jim 6.0;
Xinapse System, Leicester, UK) which allowed com-
pute global lesion volume (LV) across brain.

Regional LV was computed using the WM parcella-
tion map (WMPM) of a John Hopkins University
(JHU) standard-space atlas (Eve Atlas, www.mristu-
dio.org). First, for each patient, LV was calculated in
each WM region (label) of the atlas by masking
WMPM with the corresponding lesion mask.!® Then,
WM regions were grouped in five anatomically mean-
ingful areas, such as projection, association, commis-
sural, subcortical, and brainstem/cerebellar WM, in
line with previous studies,!” and for each area, LV was
computed by summing the values from all corre-
sponding WM regions (Supplementary Table 1).

Binarized lesion mask of each patient was registered
onto MNI152 standard brain through tools of FSL
(FMRIB Software Library, www.fmrib.ox.ac.uk/fsl)
using linear registration (FLIRT (FMRIB Linear Image
Registration Tool))'® followed by nonlinear registration
(FNIRT (FMRIB Non-linear Image Registration
Tool))."” Two experienced observers (J.Z. and A.G.)
independently checked all lesion masks registered onto
standard brain, and an agreement was found in all
cases. Finally, lesion probability map (LPM) was gen-
erated first merging and then averaging all lesion masks
previously registered onto standard brain.

GM preprocessing. We followed the VBM (voxel-
based morphometry) pipeline of SPM12 (Statistical
Parametric  Mapping,  http://www.fil.ion.ucl.ac.uk/
spm/). On T1W images, GM segmentation was per-
formed using the Unified Segmentation method after
“filling” hypointense lesions.?? Then, DARTEL (Dif-
feomorphic Anatomical Registration using Exponenti-
ated Lie algebra) was used to determine the nonlinear
deformations for image warping and to increase the
accuracy of inter-subject alignment. Finally, all GM
images were spatially normalized to Montreal Neuro-
logical Institute (MNI) standard brain and smoothed
with an 8-mm full width at half maximum (FWHM)
Gaussian kernel, thus representing GM concentration, a
proxy for GM volume.

WM preprocessing. DTI data were preprocessed
through the FSL program Eddy, which corrects for
eddy current—induced distortions, subject movement,
and signal dropout. Then, we used FDT (FMRIB Dif-
fusion Toolbox) to obtain FA images by fitting a dif-
fusion tensor model at each voxel. All subjects” FA
images were first registered onto a standard-space
image (FMRIB58 FA) using FNIRT?' and then
smoothed with a 3-mm sigma (i.e. 7-mm FWHM)
Gaussian kernel. For each MS patient, the informa-
tion on lesion mask was incorporated into the FNIRT
step in order to avoid over-distortion of lesion areas.

SBM of GM and FA images. Following the original
pipeline,'? analyses were performed on images of GM
concentration'! (i.e. without modulation by Jacobian
determinant) and FA of the Study data set using GIFT
(Group ICA of FMRI Toolbox; http://mialab.mrn.org/
software/gift/).

The number of independent components (IC) (i.e.
patterns) was automatically estimated with the “min-
imum description length” criterion through a neural
network algorithm (Infomax). The statistical reliabil-
ity of these patterns was tested using ICASSO (soft-
ware for investigating the reliability of ICA estimates
by clustering and visualization), which repeated esti-
mation 10 times with different initial conditions and
bootstrapped data sets. For each time of estimation, a
set of IC was obtained from bootstrapped samples of
the image series. Each bootstrapped data set con-
sisted of about one-third of the total images in the
series.

Patterns were arrayed into two matrices. The first
matrix was a “mixing matrix” (subject-by-pattern),
which indicates the loading coefficient of each sub-
ject for each pattern. The value of the subject-wise
loading coefficient represents the corresponding GM/
FA pattern (i.e. source) and can be viewed as the
degree to which a pattern is present in a subject. A
lower loading coefficient of the GM and FA patterns
represents, respectively, GM atrophy and microstruc-
tural damage along WM tracts. The second matrix
was a “source matrix” (pattern-by-GM/FA voxels),
which reflects the relationship between the pattern
and the GM/FA voxels.

Statistical analysis. Differences between MS and NC
were tested, using the mixing matrix’s loading coef-
ficients of each pattern, with a general linear model,
adjusted for age and sex. Statistical threshold was
p<<0.05, false discovery rate (FDR)-corrected for
multiple comparisons.?2
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In order to extract vectors (i.e. variables) for subse-
quent multivariate regression models, the source
matrix of each pattern showing group difference was
converted into Z scores and thresholded > 3, thus cre-
ating a “pattern mask.” Then, the mean of the voxels
within the “pattern mask” was calculated for each
patient, generating an N, X 1 vector for each pat-
tern, in line with a recent pipeline.?

Spearman coefficient, FDR-corrected, was used to
investigate correlation of GM and FA pattern meas-
ures (i.e. vectors) with clinical measures (EDSS and
BRB tests) and to compute correlations between
measures of GM (i.e. vectors of GM atrophy patterns)
and WM (i.e. vectors of FA patterns, global and
regional LV), FDR-corrected for multiple
comparisons.

We then used stepwise multivariate linear regression
analyses, in which vectors of each GM atrophy pat-
tern were treated as dependent variable while FA pat-
tern vectors, global LV (log-transformed to allow
normal distribution), and regional LV (Z-transformed
to allow normal distribution) were considered as inde-
pendent variables. The combination of measures of
WM macro- and microstructural damage able to best
predict each pattern of GM atrophy in the Study data
set was tested using the following equation

GM atrophy Pattern = Constant + f3,
x(Regional LV) + B, x(FA Pattern)

Finally, in order to increase reliability of the results,
the same SBM procedure was repeated on an inde-
pendent data set of MS patients and NC with similar
characteristics. First, SBM was run on GM and FA
images of the Reliability data set using the same set-
ting as the Study data set. Second, the multivariate
regression model (i.e. beta-coefficients) best predict-
ing each GM atrophy pattern of the Study data set was
applied to the Reliability data set. Pearson correla-
tions between true and predicted values of each GM
atrophy pattern were assessed.

p-value <0.05 was set as significant for all analyses,
performed with R software (https://www.r-project.
org/).

Results

Clinical, demographic, and LV characteristics of

the study groups

There was no age and sex difference between MS
and NC for both Study (p=0.348 and p=0.198,

respectively) and Reliability (»p=0.257 and p=0.406,
respectively) data sets. In the comparison between
Study and Reliability data sets, there was no age and
sex difference for NC (p=0.087 and p=0.057,
respectively) and MS patients did not differ for sex
(»p=0.877), disease duration (p=0.514), EDSS
(p=0.661), proportion of cognitive impairment
(»=0.370), and LV (p=0.072). Data are summarized
in Table 1.

GM patterns
Six GM patterns were automatically detected across
brain of the Study data set.

GM atrophy (p <0.05, FDR-corrected) was found in
MS patients compared to NC for Pattern-1 (“deep
GM pattern”: caudate and thalamus), Pattern-2
(“sensorimotor GM pattern”: paracingulate gyrus,
precuneous cortex, precentral gyrus, supplementary
motor cortex, superior frontal gyrus, and postcentral
gyrus), and Pattern-4 (“posterior GM pattern”: infe-
rior temporal gyrus, occipital fusiform gyrus, lingual
gyrus, posterior cingulate, and precuneus cortex)
(Figure 1(a) and (b), Table 2).

No significant group differences were found for
Pattern-3 (inferior frontal gyrus, pars opercularis),
Pattern-5 (lateral occipital cortex, parahippocampal
gyrus), and Pattern-6 (cerebellar cortex).

FA patterns
Four FA patterns were automatically detected across
brain of the Study data set.

Lower FA (p <0.05, FDR-corrected) in MS than
NC was found for FA Pattern-2 (corticospinal tract
(CST, internal capsule and brainstem) and splenium
of the corpus callosum (sCC), both mainly in the
normal appearing WM) and FA Pattern-4 (posterior
thalamic radiation (PTR) and corona radiata (PCR),
overlapping with WM lesions) (Figure 1(a) and (b),
Table 3).

No significant group difference was found for FA
Pattern-1 (superior corona radiata). FA Pattern-3 was
visually identified as noise and thus discarded.

Correlation of patterns of GM atrophy and

reduced FA with clinical measures

All patterns of GM atrophy and reduced FA correlated
with EDSS (7 from —0.33 to —0.56, p <0.03) while,
for cognition tests, the only significant correlation
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Figure 1. Significant patterns of GM atrophy (in yellow, Z>3) and WM microstructural damage (i.e. decreased FA) (in green, Z> 3) in our group of MS patients with relatively mild
disability compared to NC and corresponding box plots of loading coefficients are shown for the Study (a and b) and Reliability (¢ and d) data sets. Lesion probability map (in light-
blue to yellow, range: 1%—46% for both data sets) is also shown to assess the spatial relationship between lesions and significant patterns. Background image is the MNI152 standard
brain, in radiological orientation.

a.u.: arbitrary unit.
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Table 2. Patterns of GM atrophy (p <0.05, FDR-corrected) in MS patients with relatively mild disability compared to

NC in the Study data set.

1 Caudate

Thalamus

2 PCG
PreCC
PreG
SMC
PreCC
SFG
PosG

R
L
L
R
R
L
L
M
R
R
L
R
L
R
R
M
L
R

12,18, 10 8.8 0.006
—12, 14,12 9.1
-8, 18, 16 8.1
10, —20, 16 7.7
2,12,48 7.2 0.014
—6, =36, 48 49
—2,-38,54 7.7
0,6, 54 6.9
2,-38,56 6.9
4,14, 56 5.7
—4,—44, 66 55
6, —46, 66 4.6
—46, 54, 26 5.6 0.001
18,80, —18 4.7
10, —68, —12 4.5
0,-63, 15 3.6
—-10,-72,28 53
8,-72,34 4.6

Table 3. Patterns of decreased FA (p <0.05, FDR-corrected), reflecting microstructural damage along WM tracts, in MS
with relatively mild disability compared to NC in the Study data set.

2 CST L
Splenium of CC L

R

4 PTR/OR L
R

PCR L

-23,-15,9 3.6 0.023
-6,-39, 15 4.8
10, —40, 17 4.7
—38,-51,4 3.9 <0.001
33,-50, 15 5.5
—27,-46, 22 4.4

was found between GM atrophy Pattern-4 and Symbol
Digit Modalities Test (SDMT) (r=0.45, p=0.014)
(Table 4).

Correlation between patterns of GM atrophy and
WM damage measures

The anatomical relationship between GM atrophy
patterns and lesions across brain (LPM) is shown in

Figure 1. The three GM atrophy patterns showed a
moderate-to-close correlation with the two FA pat-
terns (Figure 2) and with global and supratentorial LV
(Spearman correlation in Table 5).

The stepwise multivariate linear regression analysis
(Multivariate regression model in Table 5) showed that
GM atrophy Pattern-1 was highly explained (R?=0.723,
adjusted (for the number of predictors) R?=0.709,
»<<0.001) by both LV along WM projection tracts and
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Table 4. Correlation between patterns of GM atrophy and
reduced FA and clinical measures in the Study data set.

EDSS SDMT

Rho p-valuet  Rho  p-value*
GM Pattern-1 —0.46  0.004 0.13 0410
GM Pattern-2 —0.33  0.035 024 0.173
GM Pattern-4 -0.49  0.003 0.45 0.014
FA Pattern-2 —0.56  0.001 023 0.173
FA Pattern-4 —0.43  0.006 0.27 0.173

GM: gray matter; FA: fractional anisotropy; EDSS: Expanded
Disability Status Scale; SDMT: Symbol Digit Modalities Test.
aFDR (false discovery rate)-corrected.

FA Pattern-4; GM atrophy Pattern-2 was moderately
explained (R?=0.522, adjusted R?=0.510, p<<0.001)
by FA Pattern-4; finally, GM atrophy Pattern-4 was
moderately explained (R2=0.604, adjusted R>=0.584,
p<<0.001) by both LV in subcortical WM and FA
Pattern-4.

Generalizability of SBM and multivariate

regression model

When the analysis was performed on the Reliability
data set, we found high spatial similarity with corre-
sponding patterns of the Study data set (Figure 1 (a)
and (¢) Supplementary Tables 2 and 3). As shown in
Figure 3, all predicted values of GM atrophy patterns
in the Reliability data set showed significant correla-
tions with corresponding true vales of the Study data
set (GM atrophy Pattern-1: »=0.77, p<0.001; GM
atrophy Pattern-2: »=0.60, p <0.001; GM atrophy
Pattern-4: r=0.58, p <0.001), suggesting good gen-
eralizability of the multivariate regression models.??

Discussion

In this study, we sought to assess in MS patients with
relatively mild disability whether and to what extent
distinct anatomical non-random “patterns” of GM
atrophy and WM microstructural damage may be
inter-related. Furthermore, the clinical relevance of
such patterns was investigated. For this purpose, we
applied to MRI data SBM, a novel model-free and
data-driven multivariate approach using spatial ICA.

Non-random patterns of GM atrophy and WM
microstructural damage

Most of the GM regions of our atrophy patterns were
found in a recent longitudinal SBM study on MS,?
whose atrophy patterns indeed included caudate and

thalamus (GM atrophy Pattern-1), precuneous cortex,
precentral gyrus, supplementary motor cortex (GM
atrophy Pattern-2), inferior temporal gyrus, and lin-
gual gyrus (GM atrophy Pattern-4). Moreover, our
atrophy pattern in the posterior GM was in line with
another recent SBM study on long-standing MS,
where a pattern of cortical thinning similarly mapped
on lingual gyrus and posterior cingulate cortex.>

As for FA patterns, decreased FA in CST, sCC (FA
Pattern-2), and PTR (FA Pattern-4) was also found in
a recent SBM study on secondary progressive MS.?
However, in that study, sCC and CST mapped in sepa-
rate patterns, thus demonstrating that WM micro-
structural damage may be differently organized in MS
groups with different disability.

Despite similarities, differences across SBM studies
exist and may be related to patient populations as well
as methodologies, including MR field strength, type
of SBM, and pattern detection (automated vs prede-
fined). Interestingly, however, in this study, the three
significant GM atrophy patterns and the two FA pat-
terns in the Study data set were confirmed, with high
spatial similarity, on the Reliability data set, suggest-
ing that such patterns are stable and consistent when
using the same methodology.

Atrophy in caudate and thalamus, expressed here as
deep GM pattern (GM atrophy Pattern-1), was recently
shown to drive disability worsening in MS?* and is
likely due to demyelination, inflammation, axonal
injury, iron deposition, and oxidative stress.?> Atrophy
in sensorimotor cortex (GM atrophy Pattern-2),
despite relatively mild disability of our MS group, was
previously found associated with motor dysfunc-
tion.26-2% Atrophy in posterior cortex (GM atrophy
Pattern-4) was similarly found in a recent SBM study,’
which linked it to impairment in information process-
ing speed.

Reduced FA in our MS group with relatively mild dis-
ability was found in CST and sCC (FA Pattern-2), in
line with a previous tract-based spatial statistics study
where both WM tracts resulted associated with EDSS
in MS patients with mild disability.3® Moreover,
reduced FA was found in PCR and PTR (FA Pattern-4).
The former, containing descending projection fibers
of the CST, subserves motor function to the lower
limbs. Altered diffusion in PCR is in line with a recent
study on pediatric-onset MS in the early adulthood
with no or minimal disability?! and highlights that,
even at this disease stage, there is already damage
along a WM tract clinically eloquent for ambulation,
which indeed represents the major contributor to
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Figure 2. Spatial relationship between patterns of GM atrophy (in yellow, Z>3) and WM microstructural damage (i.e.
decreased FA) (in green, Z> 3) in our group of MS patients with relatively mild disability for the Study (left panel) and
Reliability (right panel) data sets. Background image is the MNI152 standard brain, in radiological orientation.

EDSS. The latter, also containing projection fibers, is
an important cognition-related WM tract in MS,
showing close associations with processing speed and
visual working memory.3?

Association between patterns of GM atrophy and
reduced FA with clinical measures

All GM and FA patterns showed a low-to-moderate
correlation with EDSS. Such results are in line with
previous studies showing that EDSS correlated with

atrophy in regions of sensorimotor cortex,>?’ deep
and posterior GM.?*33 Likewise, WM tracts of our FA
patterns were singularly reported in previous studies
to correlate with EDSS.3435

Of note, FA Pattern-2 (CST and sCC, mainly in the
normal appearing WM) showed higher correlation
with disability than FA Pattern-4 (PTR and PCR,
mostly overlapping with lesions), supporting the clin-
ical relevance of microstructural damage beyond
macroscopic WM lesions.?
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Table 5. Correlation between patterns of GM atrophy and measures of WM damage and stepwise multivariate linear
regression models in the Study data set.

FA Pattern-2 0.54 <0.001
FA Pattern-4 0.67 <0.001
Global LV -0.77 <0.001
Projection LV —-0.73 <0.001
Association LV -0.59 <0.001
Commissural LV -0.67 <0.001
Subcortical LV -0.71 <0.001
Brainstem/Cerebellar —0.33 0.038
LV

0.57 <0.001 0.65 <0.001

0.70 <0.001 0.73 <0.001
—0.66 <0.001 —0.64 <0.001
—0.60 <0.001 —-0.61 <0.001
—0.55 <0.001 —0.65 <0.001
—0.52 <0.001 —-0.56 <0.001
—0.63 <0.001 —0.65 <0.001
—-0.37 0.018 —-0.55 <0.001

Constant 0.178
Predictors
FA Pattern-4 0.566**
Projection LV —0.041**
Subcortical LV -

0.048 0.432
1.005%* 0.524%**
- 0.524%**

The only significant correlation with cognition tests
was found between GM atrophy Pattern-4 and impair-
ment in information processing speed, highlighting
the key role of posterior GM atrophy for deficits of
information processing.’

Association between patterns of GM atrophy and
measures of WM damage

The three significant GM atrophy patterns showed a
moderate-to-close relationship with FA, particularly
in the posterior WM regions overlapping with lesions
(FA Pattern-4). Moreover, they also correlated with
both global and regional LV. Most of these associa-
tions with supratentorial LV were particularly close
for caudate and thalamus atrophy (GM atrophy
Pattern-1), thus supporting the idea that WM lesions
are an important contributor to atrophy in these struc-
tures.* Indeed, in both Study and Reliability data sets,
the multivariate regression model showed that atro-
phy in caudate and thalamus (GM atrophy Pattern-1)

was highly explained, in the order of 70%, by lesion
load along WM projection tracts and decreased FA in
PCR and PTR (FA Pattern-4). This finding highlights
the importance for deep GM atrophy of WM damage,
in terms of both macrostructural damage along WM
tracts clinically eloquent for motor function and WM
microstructural damage in posterior regions mostly
overlapping with lesions.

Interestingly, however, cortical atrophy (GM atrophy
Pattern-2 and Pattern-4) was less explained by WM
damage (in the order of about 50% in the two data sets),
thus indicating that this may be, at least in part, inde-
pendent from WM damage in MS patients with rela-
tively mild disability. The remaining variance might be
explained by other pathological processes, including
meningeal inflammatory infiltrates, recently shown to
act as independent factor for cortical atrophy beyond
WM lesions, %32 and the possible upstream sensorimotor
GM atrophy in presence of spinal cord pathology,’¢37
which however was not investigated in our study.
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Strengths and limitations

Important limitations of this study lie in the cross-
sectional design and the relatively small sample size.
Moreover, we are aware that in MS volumetric meas-
urement of posterior GM regions, which are part of
our GM Pattern-4, may be more dependent, unlike
other GM regions, on the analysis method used, as
recently demonstrated.?® Atrophy in these posterior
GM regions may be related to damage in the visual
system, and indeed, we found a close correlation with
FA Pattern-4, which included optic radiations.

Compared to VBM, surface-based methods may
potentially yield a better registration quality.’
However, they do not include in the default pipeline
important brain structures for MS such as deep GM
regions and cerebellum® and do not automatically
estimate the number of IC in SBM, thus potentially
introducing a bias. We are aware that VBM-based
nonlinear registration may, to some extent, be affected
by the presence of brain atrophy. Reassuringly, a care-
ful check of all registered images allowed us to rule
out the presence of clear misregistrations affecting the
creation of brain patterns. Moreover, the great repro-
ducibility of our results in two independent data sets
with similar characteristics strongly increases the
confidence in the robustness of the study.

SBM was applied here to assess patterns of GM atro-
phy and WM microstructural damage and their inter-
relation. This approach has shown some strengths,
as it seems to ideally overcome some limitations of
graph theory—based structural network analysis
regarding inappropriately defined “nodes” through
atlas-based parcellation, arbitrarily thresholded cor-
relation matrix, and high degree of abstraction of
network matrix, whose complex measures are sim-
ply represented by numbers.!%3 Moreover, ICA-
based analyses, including SBM, turn out be more
straightforward to interpret compared to canonical
correlation analysis (CCA) due to the clear distinc-
tion of correlation coefficients,** adjustment for the
nuisance effect of the dependence between varia-
bles*! and automated estimation of the IC number.*
However, SBM performs a separate assessment of
the GM atrophy and FA patterns and the subsequent
post hoc analyses of correlation and multivariate
regression. Future studies should assess the patho-
genic relevance of the direct combination or “fusion”
of such patterns using upfront imaging analysis
methods.

In conclusion, using cutting-edge MR-based methodol-
ogy, we provide here evidence of a close link between

WM damage and deep GM atrophy. By contrast, corti-
cal atrophy seems to be, at least in part, independent
from WM damage. This could be explained by a pri-
mary cortical neurodegeneration and perhaps related to
other primary mechanisms, including meningeal
inflammation. Moreover, all altered patterns had clini-
cal relevance, showing correlation with physical disa-
bility, whereas only posterior GM atrophy pattern
showed correlation with reduced cognitive perfor-
mance, at the level of information processing speed.
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