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Abstract

Background: In MS, functional connectivity (FC) dynamism may influence disease evolution.
Objectives: The objective is to assess time-varying functional connectivity (TVFC) changes over time at
2.5-year follow-up in MS patients according to physical and cognitive worsening.

Methods: We collected 3T magnetic resonance imaging (MRI) for TVFC assessment (performed using
sliding-window analysis of centrality) and clinical evaluations at baseline and 2.5-year follow-up from 28
healthy controls and 129 MS patients. Of these, 79 underwent baseline and follow-up neuropsychological
assessment. At 2.5 years, physical/cognitive worsening was defined according to disability/neuropsycho-
logical score changes.

Results: At follow-up, 25/129 (19.3%) MS patients worsened physically and 14/79 (17.7%) worsened
cognitively. At baseline, MS patients showed reduced TVFC versus controls. At 2.5-year follow-up, no
TVFC changes were detected in controls. Conversely, TVFC decreased over time in parieto-temporal
regions in stable MS patients and in default-mode network in worsened MS. In physically worsened MS,
basal ganglia TVFC reductions were also found. Reduced TVFC over time in the putamen in physically
worsened and reduced TVFC in the precuneus in cognitively worsened were significant versus stable MS.
Discussion: At 2.5-year follow-up, default-mode network TVFC reductions were found in worsening
MS. Moreover, reduced deep gray matter TVFC characterized physically worsened patients, whereas
precuneus involvement characterized cognitively worsened MS patients.

Keywords: Multiple sclerosis, MRI, resting-state functional MRI, time-varying functional connectivity,
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Introduction abnormalities can partially explain subsequent MS

Multiple sclerosis (MS) is characterized by complex
pathological substrates, resulting in non-uniform clin-
ical manifestations and variable disease progression.!
Therefore, determining biomarkers associated with an
unfavorable disease course is of paramount impor-
tance to optimize patients’ management.

Magnetic resonance imaging (MRI)—derived meas-
ures are good candidates for identifying mechanisms
associated with disability progression and cognitive
deterioration. Conventional MRI often enters in dis-
ease monitoring and in evaluating disease-modifying
treatment (DMT) efficacy;? however, T2-visible MRI

course just at the earliest disease stages.>> Conversely,
the association between atrophy progression and con-
comitant worsening of MS disability>8 and cognitive
deficits®? is more evident.

Among advanced MRI techniques, resting state
(RS) functional magnetic resonance imaging (fMRI)
allows to map large-scale functional networks and
to establish how MS pathology impairs functional
integration.!® A few longitudinal RS fMRI studies
put in relation RS functional connectivity (FC)
changes over time with concomitant disability or
cognitive worsening.!!-13 Faivre et al.!! described an
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association between longitudinal RS FC decrease
and clinical worsening at 2-year follow-up, suggest-
ing maladaptive mechanisms. Conversely, Koubiyr
et al.’® found an increased coupling among struc-
tural and functional networks at 5-year follow-up in
patients with clinically isolated syndromes, which
was related to cognitive deterioration. Similarly,
Huiskamp et al.!? found a longitudinal increase of
ventral attention network centrality in cognitively
preserved MS patients transitioning to mild cogni-
tively impaired. Such results suggest a not straight-
forward relationship between longitudinal RS FC
changes and concomitant disease evolution, which
may depend from disease stage and specific analy-
sis methods.

Traditionally, RS FC has been quantified using data
from the whole RS fMRI examination, making the
hypothesis that FC is static across the whole time
series. Recently, time-varying functional connectiv-
ity (TVFC)™ has been introduced as a novel tech-
nique that aims at measuring variability of RS FC
fluctuations during the course of RS fMRI acquisi-
tion. Since the human brain is a dynamic system
continuously integrating and coordinating external
and internal information, TVFC may provide addi-
tional information on intrinsic functional brain prop-
erties, complementing traditional RS FC data.’> In
MS patients, cross-sectional TVFC analyses showed
abnormalities of sensorimotor and cognitive net-
works,!>18 varying according to disease stage'®!8
and correlating with clinical disability!> and cogni-
tive impairment.'>!>-17 Longitudinal TVFC studies
in MS are still scanty; however, preliminary evi-
dence showed that cognitive decline at 5-year fol-
low-up was associated with progressive TVFC
instability over time.'” The impact of longitudinal
TVFC changes on concomitant clinical disability
worsening needs further investigations, since pre-
liminary TVFC studies focused on early MS stages
presenting with minimal medium-term disability
changes.'8

Here, we hypothesized that TVFC analysis might pro-
vide novel insights into the functional mechanisms
associated with disease progression in MS; in particu-
lar, we supposed that physical and cognitive deterio-
ration might be associated with peculiar TVFC
changes in specific brain areas. To address this, we
assessed longitudinal TVFC evolution over 2.5 years
of follow-up in MS patients, and we investigated spe-
cific TVFC changes characterizing MS patients pre-
senting with physical disability progression or
cognitive deterioration.

Methods

Ethics committee approval

Approval was received from the institutional ethical
standards committee on human experimentation.
Written informed consent was obtained from all sub-
jects prior to study participation.

Patients

We retrospectively included from our internal database
consecutive MS patients, selected for having two clini-
cal and MRI evaluations separated by a minimum fol-
low-up of 1.5years. Part (80%) of subjects were
included in previous publications,?’ where data were
analyzed using a static RS FC approach and follow-up
MRI scans were not included. Inclusion/exclusion crite-
ria were: (1) right handedness (five subjects discarded);
(2) relapse- and steroid-free, and (3) no DMT changes
for at least 3months before both MRI scans (four sub-
jects discarded); (4) no drug/alcohol abuse history; (5)
no MRI contraindications; and (6) no neurological or
systemic disorder other than MS (three subjects dis-
carded). Right-handed healthy controls (HCs) with no
history of neurological, psychiatric, or systemic disor-
ders, who also underwent two MRI scans separated by
a minimum follow-up of 1.5years, were selected, serv-
ing as reference for structural MRI and TVFC analysis.

Clinical and neuropsychological assessment

Within 2days from both MRI examinations, MS
patients underwent a neurological evaluation, with
rating of the Expanded Disability Status Scale (EDSS)
score?! and DMT recording. Besides EDSS score rat-
ing, the follow-up neurological assessment also col-
lected information on clinical relapse occurrence and
DMT changes (binary coded). At follow-up, patients
were considered as physically worsened if they had
an EDSS score increase =1.5 when baseline EDSS
was 0, =1.0 when baseline EDSS was between 1.0
and 5.5, or =0.5 when baseline EDSS was =6.0.20

At baseline and follow-up, 79 MS patients underwent a
neuropsychological assessment using the Brief
Repeatable Battery of Neuropsychological tests?? (BRB-
N, baseline: version A, follow-up: B). Performances
were adjusted for age, sex and education and trans-
formed into Z-scores according to the Italian normative
data.?32* Then, Z-scores were averaged according to
cognitive domain (i.e. verbal memory, visuo-spatial
memory, information processing speed, attention, and
verbal fluency); an average global cognitive Z-score was
also calculated. At baseline, patients were classified as
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cognitively impaired in case of failure in at least two
tests (Z-score<—1.5) in different cognitive domains.?
At follow-up, MS patients were defined as cognitively
worsened if they had a Z-score decrease of 0.5 in at least
two cognitive domains.?

MRI acquisition and structural MRI analysis

At baseline and 2.5-year follow-up, all subjects
underwent brain MRI using two 3.0T scanners
(Scanner 1: Achieva, n=21/99 HC/MS patients;
Scanner 2: Ingenia, n="7/30 HC/MS patients; cogni-
tive sample: Scanner 1/2: n=56/23 MS patients;
Philips Medical Systems, Eindhoven, The
Netherlands). Acquisition was performed using the
same scanner at baseline and follow-up for the same
subject, using the protocol described in the
Supplementary methods, and included the following
scans: (1) T2*-weighted echo planar imaging
sequence for RS fMRI; (2) dual-echo (DE) turbo spin
echo or three-dimensional (3D) fluid-attenuated
inversion recovery (FLAIR)/3D  T2-weighted
sequence for cross-sectional and longitudinal
T2-hyperintense lesion assessment (Supplementary
methods); and (3) 3D Tl-weighted sequence for
cross-sectional and longitudinal brain atrophy assess-
ment (Supplementary methods).

TVFC analysis

After RS fMRI pre-processing (Supplementary meth-
ods), TVFC was assessed basing on the calculation of
degree centrality,?® a measure quantifying the relative
importance of individual gray matter (GM) voxels
over the whole-brain networks that was already used
in multicenter studies of MS?¢ and showed minor
scanner-related effects, easy to be controlled using
scanner-adjusted statistical models.?’” Using DPABI
software (http://rfmri.org/dpabi), we splitted RS fMRI
scans into sliding windows of 22 time points (Scanner
1) or 42 time points (Scanner 2), to take into account
for different repetition times/acquisition lengths (but
at the same time maintaining an equal window length
in seconds across scanners), with a shift length of one
volume across windows. Degree centrality maps were
computed for each window. Then, the coefficient of
variation across sliding windows of degree centrality
was calculated to produce TVFC maps, taken as a
measure of FC dynamism.

Statistical analysis

Analyses of demographic, clinical, and structural MRI
variables were performed using SPSS software (IBM,
version 26.0, Armonk, NY, USA). Demographic and

clinical characteristics of study subjects were com-
pared between HC and MS patients using independent
samples t-tests and Mann—Whitney U and chi-square
tests, as appropriate. T2 lesion volume (LV) was log-
transformed. Between-group comparisons of structural
MRI metrics and their changes over time were per-
formed using analysis of variance (ANOVA) and
repeated-measure  ANOVA  models, respectively,
adjusted for age, sex, and acquisition scanner. Baseline
TVFC differences between MS patients and HC were
investigated using SPM12 and a two-sample z-test,
adjusted for age, sex, and acquisition scanner.
Longitudinal TVFC changes within study groups and
time-by-group interactions were tested using SPM12
and repeated-measures ANOVA models, adjusted for
age, sex, and acquisition scanner. Finally, SPM12 and
multiple regression models adjusted for age, sex, and
acquisition scanner were used to test correlations
between TVFC and clinical variables. Results were
assessed at p<<0.05, cluster-wise family-wise error
(FWE)2 corrected and at p <<0.001, uncorrected (clus-
ter extent k;=10) for explorative purposes.

Results

Clinical, neuropsychological, and structural MRI
measures

Main study population. Demographic, clinical, and
structural MRI data are summarized in Table 1. We
initially screened 176 subjects for inclusion; of these,
129 MS patients (103 relapsing-remitting/26 progres-
sive MS) and 28 HCs were finally included. At base-
line, age and sex were not different between MS
patients and HC, while brain volumetry in all tissue
compartments was significantly reduced in MS
patients versus HC (Table 1).

The median follow-up duration was 2.5years (inter-
quartile range (IQR)=2.0-3.4 years) in MS patients and
2.7years (IQR=2.3-2.8years) in HC (p=0.15, Table
1). The median EDSS score at follow-up was 2.0
(IQR=1.5-4.0, median EDSS change between baseline
and follow-up=0.0, IQR=—0.5 to 0.5, p-value vs base-
line=0.03). At follow-up, 25/129 (19.3%) MS patients
showed confirmed EDSS worsening. In patients, T2 LV
significantly increased over time (p <0.001). In addi-
tion, they showed significantly higher annualized per-
centage brain volume change (PBVC) (p=0.007) and
normalized deep gray matter volume (NDGMV) change
(»=0.002) compared to HC.

Physically worsened MS patients were older
(»=0.005) and had higher baseline EDSS score
(»<0.001), longer disease duration (p=0.006), and
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Table 1. Main demographic, clinical, and MRI features of patients with multiple sclerosis (MS) and healthy controls

(HCs) at baseline and follow-up evaluations.

HC (n=28) MS patients (n=129) P

Men/women 15/13 57/72 0.402
Mean age (IQR) (years), baseline 35.9 (25.944) 39.7 (32.445.9) 0.09°
Mean disease duration (IQR) (years) - 11.0 (3.49-16) -
Median EDSS (IQR), baseline - 2.0 (1.5-3.5) -
Median EDSS (IQR), FU - 2.0 (1.5-4.0) -
Baseline DMT: none/first line/second line - 21/69/39 -
DMT change: yes/no - 32/97 -
Median FU duration (IQR) (years) 2.7(2.3-2.8) 2.5(2.0-3.4) 0.15¢
Mean ARR, FU (SD) - 0.15(0.27) -
Mean T2 LV (SD) (mL), baseline 0.09 (0.2) 8.0 (9.4) <0.0014
Mean T2 LV (SD) (mL), FU 0.1(0.3) 8.8(10.3) <0.001¢
Median new T2 lesions (IQR), FU - 0(0-1) -
Mean NBV (SD) (mL), baseline 1575 (62) 1513 (93) 0.007¢
Mean NGMV (SD) (mL), baseline 774 (72) 729 (104) 0.034
Mean NWMYV (SD) (mL), baseline 801 (81) 785 (71) 0.034d
Mean NDGMYV volume (SD) (mL), baseline 54.3(3.2) 48.8 (6.3) <0.0014
Mean annualized PBVC (SD) (%) 0.02 (1.6) -0.39 (0.4) 0.0074
Mean annualized NDGMYV volume change (SD) (%) 0.29 (0.3) —0.53 (0.8) 0.002¢

IQR: interquartile range; EDSS: Expanded Disability Status Scale; FU: follow-up; DMT: disease-modifying treatment; ARR:
annualized relapse rate; SD: standard deviation; LV: lesion volume; NBV: normalized brain volume; NGMV: normalized gray matter
volume; NWMV: normalized white matter volume; NDGMYV: normalized deep gray matter volume; PBVC: percentage brain volume

change.

aChi-square test.

bTwo-sample #-test.

‘Mann—Whitney U-test.

dANOVA model adjusted for age, sex, and acquisition scanner.

higher annualized relapse rate (p=0.02) than stable
patients. Physically worsened MS patients tended to
have lower baseline brain volumetry (normalized
brain volume (NBV): p=0.01; normalized gray mat-
ter volume (NGMV): p=0.03; NDGMV: p=0.04;
normalized white matter volume (NWMV): p=0.10)
than stable patients. No differences were found
between physically worsened and stable patients in
terms of baseline T2 LV (p=0.5), T2 LV increase over
time (p=0.24), number of new T2-visible lesions
(p=0.46), annualized PBVC (p=0.33), and annual-
ized NDGMYV change (p=0.40).

Cognitive sample. Seventy-nine MS patients (69
relapsing-remitting/10 progressive MS) underwent a
complete neuropsychological assessment at baseline
and follow-up. The main characteristics of this sub-
population are described in the Supplementary results.

At baseline, 20 MS patients were cognitively impaired
and 59 were cognitively preserved. At follow-up,
14/79 (17.7%) patients were classified as cognitively
worsened.

TVFC analysis

Baseline TVFC analysis. Results of the comparison
of TVFC between MS patients and HC are outlined in
Figure | and Table 2. At baseline, MS patients showed
reduced TVFC compared to HC in the bilateral orbi-
tofrontal cortex (p < 0.05, FWE corrected). At uncor-
rected threshold (p < 0.001), they also showed a lower
TVFC in the left cerebellum, right precuneus, left
thalamus, right angular gyrus, and bilateral gyrus rec-
tus. Reduced TVFC in the left orbitofrontal cortex
was significantly correlated with a longer disease
duration (r=—0.41, p<0.001).

Longitudinal TVFC analysis: physical worsen-
ing. No significant TVFC changes over time were
detected within HC. Results of the longitudinal TVFC
changes detected within physically stable and wors-
ened MS patients are shown in Figure 2 and Table 3.
At 2.5-year follow-up, a widespread reduction of
TVFC over time (p<<0.05, FWE corrected) was
found within physically stable patients in temporal,
parietal, occipital, and frontal lobes, as well as in the
cerebellum. Within physically worsened patients,
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Tvalue

Figure 1. Brain regions showing significant differences of baseline time-varying functional connectivity (TVFC)
between healthy controls (HCs) and multiple sclerosis patients (SPM12 two-sample #-test adjusted for age, sex, and
acquisition scanner, p < 0.001 uncorrected for illustrative purposes). Decreased TVFC in MS patients compared to HC is
color-coded in blue to light blue. Images are in neurological convention. L: left; R: right.

Table 2. Brain regions showing significant differences of baseline time-varying functional connectivity (TVFC)
between healthy controls (HCs) and multiple sclerosis (MS) patients (SPM12 two-sample #-test adjusted for age, sex, and
acquisition scanner, p <0.001 uncorrected, cluster extent k,=10).

Comparison Brain region BA MNI space T-value g
coordinates (x, y, z)

MS R OFC? 11 12, 60,12 4.62 163

patients <HC L OFC: 11 ~28.62, 12 4.38 83
L cerebellum - —26, 70, —54 4.69 53
R precuneus 23 8, —66, 28 3.84 26
L thalamus - -10, 22,8 3.56 20
R angular gyrus 39 44, -56, 30 3.91 17
R gyrus rectus 25 10, 16, —12 3.80 11

MS - - - - -

patients > HC

BA: Brodmann area; MNI: Montreal Neurologic Institute; MS: multiple sclerosis; HC: healthy control; OFC: orbitofrontal cortex; L:

left; R: right.

aResults surviving at p <0.05 family-wise error corrected for multiple comparisons.

peculiar TVFC reductions in bilateral cerebellum, left
posterior cingulate cortex, bilateral superior and mid-
dle frontal regions, left putamen, and left insula
(»<0.001, uncorrected) were detected. Reduced
TVFC in the left putamen in physically worsened
compared to stable MS patients (k;=19, p<0.001)
and reduced TVFC in the right precentral gyrus in
physically stable compared to worsened patients
(kg=27, p<0.001) were significant at time-by-group
interaction analysis.

Longitudinal TVFC analysis: cognitive worsen-
ing. Results of the longitudinal changes of TVFC
within cognitively stable and worsened MS patients
are shown in Figure 3 and Table 4. At follow-up, a
reduction of TVFC versus baseline was found
within cognitively stable MS patients in the

bilateral superior occipital gyrus, left lingual cortex,
right fusiform gyrus, and left superior temporal
gyrus (p <0.05, FWE corrected). At uncorrected
threshold (p < 0.001), decreased TVFC in the bilat-
eral temporal cortex, left cuneus, bilateral superior
frontal gyrus, and cerebellum was also detected
within this group.

Conversely, TVFC decrease over time was found
within cognitively worsened MS patients not only in
the right cuneus but also in right calcarine cortex,
right precuneus, left superior frontal cortex, and left
lingual cortex (p <0.001, uncorrected). Reduced
TVFC in the right precuneus in cognitively wors-
ened compared to stable MS patients was significant
at time-by-group interaction analysis (kz=11,
p<0.001).
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(b)

T value

T value

Figure 2. Brain regions showing significant changes of time-varying functional connectivity (TVFC) over time in
physically stable (a) and in physically worsened (b) multiple sclerosis patients (SPM12 repeated-measure full-factorial
model, adjusted for age, sex, and acquisition scanner, p <0.001 uncorrected). Decreased TVFC at follow-up versus
baseline is color-coded in blue to light blue. Images are in neurological convention. The red boxes highlight the clusters
significant at the time-by-group interaction analysis. L: left; R: right; A: anterior; P: posterior.

Validation analyses

To better validate our data, three sensitivity analyses
were performed, to test: (1) effects of “pure” physical
and cognitive worsening; (2) exclusion of patients
deteriorating just in one cognitive domain; and (3)
scanner effects. Results from sensitivity analyses are
reported in the Supplementary results and confirm the
main study findings. In particular, the analysis of
“pure” effects of disability and cognitive worsening
confirmed a peculiar TVFC reduction over time in the
right precuneus within the “pure” cognitively worsen-
ing group, and a peculiar TVFC reduction over time
in the left putamen within the “pure” physically wors-
ening group, even if these findings were observed at a
more liberal threshold compared to that used in the
main analysis.

Discussion

Here, we explored changes over time of network con-
nectivity dynamism in MS patients and their associa-
tion with concomitant worsening of physical and
cognitive deterioration. In general, MS patients were
characterized by decreased TVFC over 2.5-year fol-
low-up. However, while stable MS patients presented

TVFC reductions predominantly in sensorimotor and
associative cortices, physically and cognitively wors-
ening MS patients exhibited reduced TVFC over time
in default-mode network regions. In addition, the
time-by-group interaction analysis indicated a spe-
cific link of physical disability worsening with
decreased TVFC of the left putamen, while the same
analysis indicated a link of cognitive deterioration
with decreased TVFC of the right precuneus.

Baseline TVFC analysis showed that MS patients had
decreased TVFC versus HC in bilateral orbitofrontal,
parietal, cerebellar, and thalamic regions. This is not
the first study detecting a decreased connectivity
dynamism in MS compared to HC, especially in
frontal!¢-17.29 and parietal'®17 lobes, as well as in the
cerebellum and in subcortical nuclei.'® This finding is
likely to indicate a disease-induced loss of flexibility
in functional brain interactions, leading to impaired
efficiency in information exchange between distant
brain areas, especially those related to sensorimotor
and associative functions. Of note, cross-sectional
TVFC abnormalities detected by previous studies
were generally characterized by concomitant TVFC
increases and reductions,!>16:1830 which was not the
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Table 3. Brain regions showing significant changes of time-varying functional connectivity (TVFC) over time within
physically stable and worsened multiple sclerosis (MS) patients at 2.5-year follow-up (SPM12 repeated-measures full-
factorial model, adjusted for age, sex, and acquisition scanner, p < 0.001 uncorrected, cluster extent kz=10).

Physically stable MS patients: L cerebellum crus I¢ - —42,-62,-30 5.52 87
follow-up <baseline L MOG® 19 -28,-74, 26 5.38 257
L SFG* 9 —-12, 48,38 5.23 96
RITG® - 62, 6,32 4.96 599
LITG? 20 —56,—4, 28 4.89 84
R MTG? 37 52,-58,6 4.67 170
L MTG® 21 —58, 26, 2 4.58 205
L IFG® 48 —44, 10,16 4.58 967
L cuneus? 18 —4, -80, 28 4.53 153
LIOG* 18 —24,-88, -6 4.50 114
L SOG* 18 —-18,-92,28 4.23 77
R precuneus? — 6, —40, 58 4.17 97
L supramarginal gyrus? 48 —46, —46, 30 5.39 229
R precentral gyrus 6 52,-2,44 5.01 44
R MFG 48 30, 32,28 4.52 48
R I10G 19 42,-87,0 428 67
L insula 48 —-38,6, 10 4.24 50
R insula 48 34,10, 12 4.16 36
RIPG - 60, —48, 46 3.96 26
Physically stable MS patients: - - - - -
follow-up > baseline
Physically worsened MS patients: L cerebellum crus I - —30, —64, —36 439 40
follow-up <baseline R cerebellum crus 11 - 42, -64,-46 4.02 16
L insula 48 -32,16,-16 4.25 36
B medial SFG 9 2,48, 46 4.24 38
9 6,44, 48 3.79 38
L MFG 8 —32.20, 50 4.20 38
8 -30, 26, 56 4.12 38
R SFG 10 16, 62, 10 3.63 10
L PCC 23 -6, 42,36 4.03 16
L putamen 11 -16, 16, -2 3.69 11

Physically worsened MS patients: -
follow-up > baseline

case of our study. The variety of approaches used to
assess TVFC'S and the investigation of different dis-
ease phases are both likely to have a role in explaining
such heterogeneity of findings.!6-18.2°

The most novel part of our study was the longitudinal
['VFC assessment, which was the topic of only a few

previous investigations'®!1 putting such changes in rela-
tionship with physical and cognitive deterioration. The
first result we would like to highlight is that TVFC
tended to decrease at 2.5-year follow-up both within sta-
ble and worsened MS patients, although brain regions
involved by such a decrease differed. While stable
patients mainly showed TVFC decrease over time in
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T value

Figure 3. Brain regions showing significant changes of time-varying functional connectivity (TVFC) over time in
cognitively stable (a) and in cognitively worsened (b) multiple sclerosis patients (SPM12 repeated-measure full-factorial
model, adjusted for age, sex, and acquisition scanner, p <0.001 uncorrected). Decreased TVFC at follow-up versus
baseline is color-coded in blue to light blue. Images are in neurological convention. The red box highlights the cluster
significant at the time-by-group interaction analysis. L: left; R: right; A: anterior; P: posterior.

sensorimotor and associative regions, physically and
cognitively worsening patients exhibited TVFC decrease
in regions of the default-mode network and deep GM.
Taken together, these results suggest that in our entire
cohort RS FC is going toward a more static, less flexible
configuration, suggesting that information exchange
within and across different functionally specialized brain
systems is progressively hampered over time. However,
not all TVFC decreases are necessarily detrimental: only
those occurring in critical networks (such as the default-
mode network) are likely to have an impact on MS dete-
rioration. Indeed, the default-mode network is one of the
most important brain networks, being consistently
altered in MS patients.'” From a dynamic point of view,
such a network is thought to have a central role in linking
new external information to previously acquired data
and in facilitating information exchange with other high-
order networks, such as the fronto-parietal and the cen-
tral executive networks.!? It is therefore conceivable that
a TVFC decrease localized in the default-mode network
has a major impact on MS disease worsening. This is
also supported by findings from another recent longitu-
dinal study, which used static RS FC and found default-
mode network dysfunction in intact MS converting to
cognitively impaired MS patients.!?

With this regard, it is interesting to note that our find-
ings related to cognitive worsening indicate a peculiar

TVFC reduction at time-by-group interaction analysis
in the right precuneus, which is once again a central
node of the default-mode network. The precuneus has
a major role in a wide spectrum of integrated tasks
(e.g. visuo-spatial imagery, episodic memory
retrieval, self-processing, and consciousness).’!
Previous RS FC studies consistently showed that the
default-mode network gets stuck in a more central26-32
and less dynamic state!>!7 in cognitively impaired MS
patients. In addition, abnormal TVFC of the precu-
neus was previously shown to have a role in explain-
ing cognitive performance of patients with
neuromyelitis optica spectrum disorder.’* This is
probably explained by the high-energy consumption
of the posterior parietal cortex, creating a hypoxic
environment which in turn might promote neurode-
generation and worsening of cognitive performances.

Our results seem to be partly in contradiction with one
recent report,!® which found a more unstable network
organization in cognitively declining MS patients at
5-year follow-up. Notably, such a study had a longer
follow-up duration than our study, and it used a differ-
ent methodological TVFC approach. More specifi-
cally, the network flexibility parameter found to be
increased at follow-up versus baseline was cohesion,
that is, the number of mutual switches between sub-
networks, while the number of independent switches
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Table 4. Brain regions showing significant changes of time-varying functional connectivity (TVFC) over time in
cognitively stable and worsened multiple sclerosis (MS) patients at 2.5-year follow-up (SPM12 repeated-measures full-
factorial model, adjusted for age, sex and acquisition scanner, p <0.001 uncorrected, cluster extent k,=10).

Comparison Brain region BA MNI space T-value kg
coordinates (x,
Y 2)

Cognitively stable MS patients: L SOG? 19 -22,-76,32 5.35 147

follow-up <baseline L lingual gyrus® 19 —34,-88,-16 4.53 194
R SOG# 19 26,—74, 28 4.47 71
R FFG® 19 28, —64,-10 4.20 88
L STG® 48 —50, 28, 16 4.19 107

48 —52,-28, 14 4.13 87

RITG 20 52,10, -40 4.33 24
L cerebellum crus | - —42, —64, =30 4.45 60
R cerebellum lob VI — -18,-72,-16 391 50
L cuneus 18 —4, 82,28 422 64
R STG 21 62,-32,6 4.11 12
R SFG 11 14, 36, —20 4.07 17
L SFG 11 -10, 34, -12 3.94 17

Cognitively stable MS patients:  — - - - -

follow-up > baseline

Cognitively worsened MS R cuneus 18 8, 72,24 5.1 43

patients: follow-up <baseline R calcarine cortex 17 6,-72, 14 3.77 43
R precuneus 7 6, 52,42 3.94 16
L SFG 9 —12,48, 40 3.98 10

L lingual gyrus
Cognitively worsened MS -
patients: follow-up > baseline

18 —-18,-72,0 3.81 12

BA: Brodmann area; MNI: Montreal Neurologic Institute; MS: multiple sclerosis; SOG: superior occipital gyrus; FFG: fusiform
gyrus; STG: superior temporal gyrus; ITG: inferior temporal gyrus; SFG: superior frontal gyrus; L: left; R: right.

Clusters reported in bold are significant at the time-by-group interaction analysis.

aResults surviving at p < 0.05 family-wise error corrected for multiple comparisons.

was not increased.!” This seems to indicate that sub-
network configuration was more “fragmented” at
follow-up versus baseline, but groups of nodes had a
more “fixed” membership in the same subnetworks,
in turn suggesting a not straightforward increase of
RS FC dynamism. Another possible explanation of
such discrepancies might be the intrinsically limited
temporal resolution of RS fMRI scans, which proba-
bly hampers precise investigations of brain connectiv-
ity dynamism.’* Future studies complementing RS
fMRI with electrophysiological data may allow more
reliable inspections of TVFC reorganization.

With regard to physical worsening, the time-by-group
interaction analysis highlighted a specific effect of
decreased TVFC of the putamen. This deep GM
nucleus is primarily engaged in motor control, but it
has also some role in motor learning, executive func-
tions, behavior, and emotion.’®> Deep GM damage is
known to be severe and extensive in MS patients; in

particular, deep GM atrophy was found to be increas-
ing especially in patients presenting with clinical
worsening;> moreover, atrophy rate of the putamen
was found to be the highest among the other nuclei.’
In light of this, we can suppose that structural and
functional changes of deep GM are particularly rele-
vant for disability accumulation and that they repre-
sent useful metrics for monitoring clinical disease
progression.

We do acknowledge that this study is not without limi-
tations. First, MRI was performed using two different
3.0T scanners. However, the same scanner was used at
baseline and follow-up for the same subject, and all
MRI statistical analyses were adjusted for scanner.
Second, TVFC abnormalities localized in the orbito-
frontal cortex should be interpreted with caution, since
RS fMRI acquisitions are characterized by distortions
in this region. Third, the sample of cognitively and
physically worsened MS patients was relatively small,
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probably because of the short follow-up duration; a
lack of statistical power might explain why we
observed limited within-group TVFC changes in
worsening MS patients. A larger sample size (obtained,
e.g., in future multicenter studies) and longer follow-
up would be needed to increase the statistical power
and confirm or expand our results. Fourth, the defini-
tion of cognitive worsening over time was chosen in
agreement with the recent work of Dong et al.,?> bas-
ing on a cohort having similar follow-up duration.
However, there is still no general consensus on meth-
ods for assessing cognitive decline in MS studies, and
it is possible that different thresholds and approaches
may lead to bigger/smaller numbers of cognitively
worsening patients. Also, despite we tried to mitigate
learning effects using two different versions of the
BRB-N battery, we cannot exclude that practice effects
are still present in our data, since a cognitive evalua-
tion for HC was not available. Finally, larger and more
comprehensive studies including additional functional
and microstructural MRI metrics, as well as genetic,
environmental, and biological data, would be
necessary.

To conclude, we observed reduced TVFC of the
default-mode network in physically and cognitively
worsened patients at 2.5-year follow-up, while stable
MS patients presented decreased TVFC especially in
sensorimotor and associative areas of the occipital,
parietal and temporal lobes. Reduced connectivity
dynamism in deep GM characterized physically wors-
ened patients, while precuneus involvement was the
peculiar finding in cognitively worsened MS patients.
Centrality dynamics reductions in deep GM and pre-
cuneal regions may represent useful metrics to predict
and monitor cognitive and clinical disability accumu-
lation in this condition.
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