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Abstract

Background: Radiologically isolated syndrome (RIS) patients might have psychiatric and 

cognitive deficits, which suggests an involvement of major resting-state functional networks. 

Notwithstanding, very little is known about the neural networks involved in RIS.

Objective: To examine functional connectivity differences between RIS and healthy controls 

using resting-state functional magnetic resonance imaging (fMRI).

Methods: Resting-state fMRI data in 25 RIS patients and 28 healthy controls were analyzed 

using an independent component analysis; in addition, seed-based correlation analysis was used to 

obtain more information about specific differences in the functional connectivity of resting-state 

networks. Participants also underwent neuropsychological testing.

Results: RIS patients did not differ from the healthy controls regarding age, sex, and years of 

education. However, in memory (verbal and visuospatial) and executive functions, RIS patients’ 

cognitive performance was significantly worse than the healthy controls. In addition, fluid 

intelligence was also affected. Twelve out of 25 (48%) RIS patients failed at least one cognitive 

test, and six (24.0%) had cognitive impairment. Compared to healthy controls, RIS patients 

showed higher functional connectivity between the default mode network and the right middle 

and superior frontal gyri and between the central executive network and the right thalamus (pFDR 

< 0.05; corrected). In addition, the seed-based correlation analysis revealed that RIS patients 

presented higher functional connectivity between the posterior cingulate cortex, an important hub 

in neural networks, and the right precuneus.

Conclusion: RIS patients had abnormal brain connectivity in major resting-state neural networks 

and worse performance in neurocognitive tests. This entity should be considered not an “incidental 

finding” but an exclusively non-motor (neurocognitive) variant of multiple sclerosis.

Keywords

Radiologically isolated syndrome; multiple sclerosis; functional connectivity; resting-state neural 
networks

Introduction

The term “radiologically isolated syndrome” (RIS), coined in 2009 by Okuda et al.,1 refers 

to the incidental brain magnetic resonance imaging (MRI) finding of white matter lesions 

suggestive of multiple sclerosis (MS) with evidence of spatial dissemination in subjects with 

normal neurologic examination and no history of typical MS symptoms.

Given its rarity, it is unsurprising that, compared to MS, only some articles have addressed 

this entity’s basic scientific issues using advanced neuroimaging techniques.2–5 Although 

RIS cannot be still included in the MS spectrum,6 more than half of RIS patients experience 
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their first clinical event within 10 years of the index MRI, indicating that it is much more 

than a radiological finding.7

RIS brain damage beyond apparent T2 white matter lesions remains mainly unknown. A 

study demonstrated that RIS patients had significantly lower normalized cortical, thalamic 

volumes and thinning in several cortical areas, primarily distributed in the frontal and 

temporal lobes, than healthy controls.3 Of interest is that thalamic involvement has been 

observed in another study.8 The thalamus is acknowledged as a passive triage center and a 

contributor to cognitive functions like attention, processing speed, and memory because 

of its intrinsic function as a relay and integration center and participation in several 

thalamocortical networks.9

Cognition is a critical domain of MS research, and understanding the cognitive dysfunction 

in RIS patients might contribute to the overall understanding of these demyelinating 

processes. Cognitive deficits in RIS have been associated with a higher likelihood of 

progressing to clinically definite MS, even without clinical symptoms.5 Hence, studying 

cognitive function in RIS might help clinicians determine the need for closer follow-up 

and potential disease-modifying interventions. It is known that RIS patients might have non-

motor symptoms such as psychiatric (e.g. depression)10 and cognitive deficits in specific 

aspects of neuropsychological function, particularly in processing speed and executive 

functions,5,11–13 which suggests alterations of the executive attention neuronal networks. 

Nonetheless, very little is known about the underlying causes of the modifications in the 

neural networks of RIS patients and their involvement in non-motor manifestations; hence, 

further study is needed.

Resting-state functional magnetic resonance imaging (fMRI) is an advanced neuroimaging 

technique to investigate functional connectivity in the brain.14–16 This approach can 

uncover complex functional networks and provide insights into brain organization that 

may not be apparent with task-specific fMRI.14–16 Changes in neural networks have 

been identified in several neurological and psychiatric diseases without obvious structural 

modifications, indicating the method’s high sensitivity.14–16 Also, resting-state fMRI data 

analysis often involves data-driven approaches like independent component or seed-based 

correlation analyses.14–19 These methods allow for an exploratory examination of functional 

connectivity patterns without relying on a priori knowledge or assumptions about task-

related activations.14–19 Only one restingstate functional connectivity study has been 

conducted in RIS patients, and no differences were found compared to healthy controls.17

The aim of conducting a new resting-state fMRI study in RIS is to gain insights 

into the functional alterations occurring in the brain at this early stage and identify 

early biomarkers or predictive factors for the subsequent development of clinical MS. 

In this study, resting-state fMRI data were analyzed using an independent component; 

specifically, we assessed the following resting-state neural networks: the default mode 

network (DMN), the sensorimotor network, the salience network, the dorsal attentional 

network, the frontoparietal network (left and right), the linguistic network, the cerebellum 

network, the central executive network, the medial visual network, and the lateral visual 

network. In addition, following the procedures used to study other diseases,18,19 seedbased 
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correlation analysis was performed to obtain more information about specific differences 

in the functional connectivity of resting-state networks between RIS patients and healthy 

controls. We hypothesized that some resting-state neural networks involved in cognitive 

processes might be impaired in RIS patients, mainly the DMN and the central executive 

network.

Methods

We initially recruited 27 RIS patients diagnosed according to Okuda et al.’s criteria1 from 

MS databases of six Madrid (Spain) centers specializing in demyelinating diseases. Of these 

27, two were excluded because of preprocessing problems of their MRIs. The final RIS 

sample consisted of 24 right-handed and one left-handed patient (21 women; mean age 

= 41.9 years). Reasons for the index RIS patient MRI, which was performed a mean of 

5.3 years (range = 0.5–16) earlier, were headache (N = 11), tinnitus-hypoacusis (N = 5), 

cervicalgia (N = 3), and miscellanea (N = 6).

Neurologists with expertise in MS performed a thorough neurologic examination and an 

accurate clinical history to exclude any neurologic signs and history of remitting clinical 

symptoms lasting more than 24 hours consistent with MS. The patients also underwent 

a comprehensive workup to rule out other medical conditions that could explain the MRI-

detected brain lesions.

Among the 25 RIS patients, 15 (60%) fulfilled the criteria for higher risk for conversion to 

future MS according to (1) the presence of lesions within the spinal cord or (2) no lesions 

of the spinal cord but the presence of at least two of the following characteristics: abnormal 

cerebrospinal fluid, gadoliniumenhancing lesions, or dissemination in time.2 Among the 15 

RIS patients classified as a higher risk for conversion to future MS, nine were based on 

spinal cord lesions criteria, and six were on several risk criteria.

We initially recruited 29 healthy controls from relatives or friends of health professionals at 

the University Hospital “12 de Octubre” and the University Hospital of Getafe in Madrid 

(Spain). However, one was excluded because of preprocessing problems with her MRI. The 

final sample of the control group was 26 right-handed and two left-handed healthy controls 

(23 women; mean age = 41.1 years). None of the healthy controls had a history of known 

psychiatric or neurological disorders. We excluded RIS patients and healthy controls with 

a history of alcohol or drug abuse, significant acute comorbidities, or any serious chronic 

illness (patients with stable chronic medical conditions were included). Table 1 summarizes 

the entire sample’s demographic, clinical, and neuropsychological testing results and shows 

that the two groups did not differ in age, sex, and education.

After obtaining written (signed) informed consent from all participants, formal 

neuropsychological testing (see below) was implemented. In addition, on the same week 

of the neuropsychological testing, a multi-sequence MRI examination was acquired using a 

single 3T scanner in a unique center, the University Hospital of Fuenlabrada in Fuenlabrada, 

Madrid, Spain. The ethical standards committee of the University Hospital “12 de Octubre” 

(Madrid, Spain) approved all procedures.
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Cognitive functioning measurement

Intellectual abilities.—Participants completed the Vocabulary and Matrix subtests from 

the Wechsler Adult Intelligence Scale–Third Edition (WAIS-III).20 The vocabulary subtest 

was used as a traditional test of crystallized intellect influenced by educational experience, 

and the matrix subtest was used to measure fluid intelligence.20 Both subtests tap into 

different cognitive domains, with vocabulary focusing on verbal comprehension and 

expression and matrix on non-verbal reasoning and problem-solving.20

Neuropsychological assessment.—Cognitive functioning was performed through the 

Brief Repeatable Battery of Neuropsychological Tests.21 We also administered the Stroop 

Color and Word Test, which aims to assess the phenomenon of interference linked to the 

inhibitory control process,22 and the Controlled Oral Word Association Test, which is used 

to explore phonemic fluency, executive functions, and memory.23 The sequence of letters 

usually used and applied in this study was “F,” “A,” and “S.”23 Depressive symptoms were 

assessed with the Beck Depression Inventory–Second Edition.24

The neuropsychological test scores and the Vocabulary and Matrix subtests from the 

WAIS-III20 scores were converted to a z-score and adjusted for age, sex, and education, 

using the healthy controls as the reference group. First, age and education were centered 

around the mean (score – mean). Second, the coefficients for age, sex, and education, 

required to calculate expected test scores, were calculated using multiple linear regression 

analysis in healthy controls; the cognitive test scores (analyses were performed separately 

for each cognitive test) were the dependent variables, meanwhile age, sex, and education 

were the covariables. Third, expected test scores were computed for the entire group using 

a regression equation in which age, sex, and education were weighted by the estimated 

age, sex, and education regression coefficients generated previously. Finally, we calculated 

z-scores by dividing (actual test score – expected test score) by the standard deviation of 

the residuals. RIS patients’ test scores were considered impaired when the z-score of the 

particular measure was 1.5 standard deviations below the healthy control mean and were 

classified as cognitively impaired when performed below 1.5 standard deviations in at least 

two cognitive domains.25

MRI acquisition

Images were acquired in a General Electric HDxt 3T MR scanner, using a whole-body radio-

frequency coil for signal excitation and a quadrature eight-channel coil for the reception. 

Structural images were obtained using a T1-weighted sequence (3D FSPGR T1-w: repetition 

time (TR) = 9776 ms, echo time (TE) = 4488 ms, inversion time (TI) = 450 ms, field of 

view = 288 mm, acquisition matrix = 288 × 288, slice thickness = 1 mm, full brain coverage, 

resolution = 1 × 1 × 1 mm3, flip angle = 120; 170 sagittal slices). A fluid-attenuated 

inversion recovery (FLAIR) sequence (TR=9002, TE=150.852, TI=2100, flip angle=90, 30 

slices, and thickness=4mm) was acquired to detect T2-hyperintense lesions.

Participants were instructed to keep their eyes closed, relax, and not think about anything 

specific without falling asleep while acquiring resting-state fMRI data. These data were 

obtained using a gradient-echo echo-planar T2*-weighted sequence (240 volumes, 50 slices, 
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TR = 2500 ms, TE = 16 ms, matrix dimensions = 64 × 64 pixels, voxel dimensions = 

3.4 × 3.4 × 3 mm3, flip angle = 77 and four dummy scans; total time = 8 min). Two phase-

encoding polarity field map sequences with the same characteristics in opposite directions 

(posteroanterior and anterior-posterior) were acquired to correct magnetic susceptibility 

distortion.

Preprocessing

Visual inspection was carried out for the detection of artifacts and anatomical abnormalities. 

All volumes were manually reoriented. Preprocessing was performed using fMRIPrep 

20.2.1 (available at https://fmriprep.org/en/stable/), one of the most reliable automated 

procedures that optimally correct magnetic susceptibility-induced distortions (phase-

encoding polarity).26,27 This analysis included the following:

Anatomical data preprocessing: Each T1-weighted (T1w) image was corrected for 

intensity non-uniformity with N4BiasFieldCorrection (ANTs 2.3.3) and used as a 

T1w reference throughout the workflow. The T1w reference was then skull-stripped 

with a Nipype implementation of the “antsBrainExtraction.sh” workflow (from 

ANTs), using OASIS30ANTs as the target template. Brain tissue segmentation of 

cerebrospinal fluid, white matter, and gray matter was performed on the brain-extracted 

T1w using “fast” (FSL 5.0.9). Volume-based spatial normalization to one standard 

space (MNI152NLin2009cAsym) was performed through nonlinear registration with 

“antsRegistration” (ANTs 2.3.3), using brain-extracted versions of both T1w reference and 

the T1w template.

Functional data preprocessing: A functional reference volume and its skull-stripped version 

were generated using a custom methodology of fMRIPrep. A B0-non-uniformity map (field 

map) was estimated based on two echo-planar imaging references with opposing phase-

encoding directions, with “3dQwarp” (AFNI 20160207). The corrected echo-planar imaging 

reference was calculated based on the estimated susceptibility distortion for a more accurate 

co-registration with the anatomical reference. The BOLD reference was then co-registered 

to the T1w reference using “flirt” (FSL 5.0.9) with the boundary-based registration cost 

function. Co-registration was configured with nine degrees of freedom to account for 

distortions remaining in the BOLD reference. Head-motion parameters concerning the 

BOLD reference (transformation matrices and six corresponding rotation and translation 

parameters) were estimated before spatiotemporal filtering using “mcflirt” (FSL 5.0.9).

The BOLD time series were resampled onto their original, native space by applying a 

single composite transform to correct for head motion and susceptibility distortions. These 

resampled BOLD time series were resampled into a standard space. First, a reference 

volume and its skull-stripped version were generated using a custom methodology of 

fMRIPrep. Several confounding time series were calculated based on these data: framewise 

displacement, DVARS, and three region-wise global signals. Framewise displacement was 

computed using Power (absolute sum of relative motions) and Jenkinson (relative root mean 

square displacement between affines). The three global signals were extracted within the 

cerebrospinal fluid, the white matter, and the whole-brain masks. In addition, physiological 

regressors were removed for component-based noise correction.28
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Structural data analysis

T2-hyperintense lesions were segmented in FLAIR images by employing the automated 

lesion growth algorithm as implemented in the Lesion Segmentation Toolbox (LST) 

version 2.0.1 (www.statisticalmodelling.de/lst.html) for Statistical Parametric Mapping 

(SPM12: http://www.fil.ion.ucl.ac.uk/spm).29 Several studies have corroborated the validity 

of LST, also in MS studies.30–32 In addition, total and regional brain volumes (cortical 

and subcortical: caudate nucleus, putamen, globus pallidus, thalamus, amygdala, and 

hippocampus) were calculated using FreeSurfer v5.3.033 freely available online (http://

surfer.nmr.mgh.harvard.edu/). These measurements were normalized using the estimated 

intracranial volume provided by the software, which follows the procedure by Buckner et 

al.34

Functional connectivity analysis

The Conn Toolbox (available at https://www.nitrc.org/projects/conn), an open-source 

MATLAB/SPM-based software, was used to perform the following analysis steps, given its 

high sensitivity and reliability in functional connectivity studies.35 Independent Component 

Analysis (ICA) (Group-level ICA—RIS patients and healthy controls; the number of 

components = 25; dimensionality reduction = 64) provided spatial maps that were identified 

as the DMN, the sensorimotor network, the salience network, the dorsal attentional network, 

the frontoparietal network (left and right), the linguistic network, the cerebellum network, 

the central executive network, the medial visual network, and the lateral visual network. 

This identification was performed in CONN using the Sorensen–Dice coefficient to compare 

each map with the Human Connectome Project Independent Component Analysis atlas 

and visually complemented, following the procedure described in the literature.18,36,37 Seed-

based correlation analysis was used to gain more information about specific differences 

in the functional connectivity of resting-state networks between RIS patients and healthy 

controls, as previously done in the functional characterization of other diseases.18,19 The 

seeds of the resting-state networks used for this analysis are described in the Supplementary 

Material document.

Statistical analyses

Statistical analyses for the clinical and neuropsychological measures were conducted using 

SPSS 28 (Statistical Package for the Social Sciences) for the clinical and neuropsychological 

measures. We used two independent sample t-tests for continuous and normally distributed 

data. Moreover, the Mann–Whitney U-test was used for non-normally distributed data. 

Fisher’s exact test was used to analyze group differences in sex.

A multivariate analysis of covariance (interest factor = group; covariates = sex and age) 

was used to explore intergroup differences (RIS vs. healthy controls) in total and regional 

brain volume measurements (cortical and subcortical). Because of the many statistical tests 

performed to compare neuropsychological z-scores and all these measurements, we used the 

Benjamini–Hochberg procedure with a defined false discovery rate (FDR) of 5%.38

T2 lesion volume and the total number of T2-hyperintense brain lesions were compared 

between RIS patients and healthy controls using the Mann–Whitney U-test as they were not 
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normally distributed. Intergroup differences in functional connectivity (ICA and seed-based 

correlation) were explored using the CONN toolbox. Specifically, we computed Pearson’s 

product-moment correlation coefficients to conduct first-level functional connectivity 

analysis. The resulting correlation maps were then transformed into z-maps using Fisher’s 

r-to-z transformation. Subsequently, these z-maps were incorporated into a general linear 

model analysis at the second level to perform between-group comparisons, using the FDR 

correction for multiple comparisons (RIS patients vs. healthy controls, covariates = sex and 

age; pFDR < 0.05).

Using Pearson’s product–moment correlation coefficient or Spearman’s rank correlation 

coefficient, when data were non-normally distributed, we explored the correlations among 

the neuropsychological z-scores and the neuroimaging data (total and regional brain volume 

measurements, total number of T2-hyperintense brain lesions, T2 lesion volume, and 

functional connectivity data) whenever there were differences between groups.

Data availability statement

The data generated or analyzed during this study are available from the corresponding author 

upon reasonable request.

Results

The 25 RIS patients did not differ from the 28 healthy controls regarding age, sex, and 

years of education (Table 1). However, in memory (verbal and visuospatial) and executive 

functions, RIS patients’ cognitive performance was significantly worse than the healthy 

controls. In addition, fluid intelligence was also affected (Table 1). Twelve out of twenty-five 

(48%) RIS patients failed at least one cognitive test, and six (24.0%) fulfilled our criterion 

for cognitive impairment.

The T2 lesion volume (mL) (4.39 (2.21) ± 4.81 vs. 0.31 (0.15) ± 0.46; Mann–Whitney test, 

p < 0.001) and the total number of T2-hyperintense brain lesions (21.08 (20.50) ± 13.46 vs. 

3.25 (3.0) ± 2.79; Mann–Whitney test, p < 0.001) were higher in the RIS patients compared 

to healthy controls (Table 1). However, using a multivariate analysis of covariance (interest 

factor = group; covariates = sex and age), there were no significant differences (p < 0.05) 

between the RIS and healthy control groups in total and regional brain volumes (cortical and 

subcortical).

The ICA intergroup comparisons (RIS patients vs. healthy controls; pFDR < 0.05) of the 

identified resting-state neural networks showed significant results only in the DMN and the 

central executive network (Figure 1). Compared to healthy controls, RIS patients showed 

higher functional connectivity between the DMN and the right middle and superior frontal 

gyri (x = + 32, y = +08, z = +58) (pFDR = 0.023) (Table 2). Significant intergroup differences 

were also observed in the central executive network analysis: RIS patients showed higher 

connectivity between the central executive network and the right thalamus (x = +14, y = 

−18, z = +06; pFDR = 0.027) (Table 2). These networks showed no significant differences 

in the opposite direction (healthy controls > RIS patients). No significant intergroup 

differences (RIS patients > healthy controls; healthy controls > RIS patients) were found 
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in any other resting-state neural networks studied. The seed-based correlation analysis 

showed differences in functional connectivity in one anatomical region of the DMN, the 

posterior cingulate cortex (Table 2). Specifically, RIS patients presented higher functional 

connectivity than healthy controls (pFDR = 0.034) between the posterior cingulate cortex and 

the right precuneus (x = +06; y = −44; z = +60) (Figure 2 and Table 2).

The greater the number of T2-hyperintense brain lesions, the poorer performance on 

neuropsychological tests, including memory (verbal and visuospatial memory) and fluid 

intelligence in RIS patients (Table 3). Furthermore, there was a significant negative 

correlation between T2 lesion volume and visuospatial memory (Table 3). However, there 

was no correlation between the neuropsychological tests and the functional connectivity 

data, except in the case of the delayed recall of the Selective Reminding Test (SRT) and the 

higher functional connectivity between the central executive network and the right thalamus 

(Table 3). Indeed, the better scores in the delayed recall test from the SRT (verbal learning 

and memory), the higher functional connectivity between the central executive network and 

the right thalamus.

Discussion

In this study, we have detected alterations in the functional connectivity of resting-state 

neural networks in RIS patients. Compared to healthy controls, RIS patients showed higher 

functional connectivity between the DMN and the right middle and superior frontal gyri and 

between the central executive network and the right thalamus (pFDR < 0.05; corrected). In 

addition, the seed-based correlation analysis revealed that RIS patients presented higher 

functional connectivity of the posterior cingulate cortex, an important hub in neural 

networks, and the right precuneus. Interestingly, only the correlation between RIS patients’ 

neuropsychological performance in delayed recall (verbal learning and memory) and the 

functional connectivity between the central executive network and the right thalamus was 

significant. This positive correlation suggests that higher functional connectivity in the 

central executive network with the right thalamus may be associated with successfully 

consolidating and retaining information over time in RIS patients because of a compensatory 

brain mechanism (see below). Indeed, RIS patients and healthy controls did not show 

significant differences in their performance on this specific test (Table 1).

Regarding anatomical data, contrary to other studies,3,8 we did not find statistically 

significant differences in total and regional brain volumes between RIS patients and the 

healthy control group. The volumetric analysis of various brain regions, including the 

thalami, yielded no significant variations between the two groups. Importantly, the total 

number of T2-hyperintense brain lesions was associated with greater impairment in memory 

(verbal and visuospatial memory) and fluid intelligence, suggesting that the damage or 

disruption caused by these lesions in specific brain regions can impact the cognitive 

functioning of RIS patients (Table 3).

The higher connectivity appears contradictory at first glance but has been observed 

in several other conditions, such as cognitive impairment, clinically isolated syndrome, 

diabetes mellitus, essential tremor, and orthostatic tremor.14,15,39–41 Two possible 
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mechanisms may partly explain how network dynamics interrelate in RIS. First, resting-state 

neural networks are functionally interconnected, and a malfunction in one network may 

cause a malfunction in others.42,43 As RIS patients may exhibit cognitive deficits,5,11–13 it 

is unsurprising to find altered resting-state neural networks involved in cognitive processes. 

Increased functional connectivity may reflect changes in neuronal activity, becoming more 

congruent between regions44 and indicating a compensatory brain mechanism for early 

neuronal dysfunction.45 The capacity may be lost as neuronal dysfunction advances, 

decreasing connectivity.44 This theory may explain the observed higher connectivity in 

RIS patients presented here. As RIS progresses (i.e. the development of MS), neuronal 

dysfunction will likely be significantly more prominent. In contrast, the more relatively 

preserved neurons in RIS may be able to provide a more effective compensatory mechanism. 

Of interest is that DMN and the central executive network may also be involved in MS.46,47 

However, in MS, alterations of resting-state neural networks are widespread and associated 

with motor, sensory, visual, and cognitive function abnormalities.48 Second, increased 

connectivity may not be compensatory but rather reflect abnormal neural activity or circuitry 

due to pathological processes like microglia-induced inflammation, contributing to aberrant 

neural plasticity.43 The increased connectivity, whether compensatory or maladaptive, may 

finally contribute to cognitive deficits. Notwithstanding, further research is needed to 

elucidate the mechanisms of network reorganization and their relationship to physical and 

cognitive disability in RIS.

The neuropsychological profile of RIS patients is generally similar to that of MS.11,12 

Two studies in RIS found a higher frequency of cognitive deficits with the same 

neuropsychological profile as patients with established relapsing-remitting MS.11,12 A study 

comparing RIS versus clinically isolated syndrome, that is, the earliest stage of relapsing-

remitting MS, has shown that 21.4% of RIS patients suffered cognitive impairment, a 

proportion virtually identical to that observed in clinically isolated syndrome patients.13 Our 

patients performed worse than the healthy controls, in different cognitive areas, mainly 

in verbal and visuospatial memory and executive functions. Of interest was that fluid 

intelligence was affected in RIS patients. This latter finding has also been reported in MS 

and could play a role in altering executive deficits.49

To our knowledge, only one study has investigated functional connectivity in RIS patients.17 

In that study,17 no differences in functional brain connectivity were found between RIS 

subjects and healthy controls. The possible explanations for these discrepant results are 

(1) the heterogeneity of RIS patients regarding disease duration/characteristics and (2) 

methodological issues, such as MRI data acquisition and preprocessing, and the different 

approaches used to explore functional connectivity and intergroup differences. Specifically, 

our MRI data were based on more recent acquisition and analysis methods, including 

correction for magnetic susceptibility and optimal physiological denoising.

The study should be interpreted within the context of several limitations. First, the sample 

size was relatively small. However, given the low incidence and prevalence of the disease, 

the RIS neuroimaging literature generally comprises studies with small sample sizes. 

Second, we recruited a group of RIS patients from the clinics of six different hospitals, 

and therefore, our results might not be generalized to population-dwelling RIS patients. 
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However, the proportion of RIS patients at high risk for conversion to MS (15/25) is similar 

to that of RIS patients who developed MS within 10 years in a recent large longitudinal 

study,7 indicating that our sample may be representative of the general population with RIS. 

Third, the study’s cross-sectional design could be viewed as a snapshot of a condition at a 

given time. Finally, we decided not to apply lesion filling, a controversial procedure given 

the difficulties observed in automatic segmentation, and that led some authors to suggest 

caution when choosing this approach, especially in individuals with higher lesion loads.50 

Specifically, the filled regions may not fully replicate the original data, which can introduce 

artifacts and inaccuracies, potentially affecting the identification of functional connectivity 

networks and the posterior statistical analysis.50

In closing, our results indicate the existence of aberrant connectivity in RIS patients, 

suggesting that brain tissue damage may not be limited to focal white matter lesions. Our 

RIS patients had abnormal brain connectivity in major resting-state neural networks that 

might be involved in non-motor symptoms (i.e. cognitive features). These findings support 

the hypothesis that RIS should be considered not an “incidental finding” but an exclusively 

non-motor (neurocognitive) variant of MS. Further research with larger sample sizes is 

required to comprehend better the pathophysiological processes underlying this novel entity.
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Figure 1. 
Results of the independent component analysis. Radiologically isolated syndrome patients 

showed higher functional connectivity than healthy controls; pFDR < 0.05 in default mode 

network (a) and central executive network (b). For visualization reasons, results are show 

with a significance level of 0.008 (uncorrected). The figure is shown in neurological 

convention.
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Figure 2. 
Results of seed-based correlation analysis. Radiologically isolated syndrome patients 

showed higher functional connectivity than healthy controls between the posterior cingulate 

cortex and the right precuneus; pFDR < 0.05. For visualization reasons, results are shown at a 

significance level of 0.008 (uncorrected). The figure is shown in neurological convention.
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