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We hypothesized that appraisal of brain connectivity may shed light on the substrate of the radiologically isolated syndrome (RIS), a term
applied to asymptomatic subjects with brain MRI abnormalities highly suggestive of multiple sclerosis. We thus used a multimodal MRI
approach on the human brain by modeling measures of microstructural integrity of white matter (WM) tracts with those of functional
connectivity (FC) at the level of resting state networks in RIS subjects, demographically matched normal controls (NC), and relapsing-
remitting (RR) MS patients, also matched with RIS for brain macrostructural damage (i.e., lesions and atrophy). Compared with NC, in
both RIS subjects and MS patients altered integrity of WM tracts was present. However, RIS subjects showed, at a less conservative
threshold, lower diffusivities than RRMS patients in distinct cerebral associative, commissural, projection, and cerebellar WM tracts,
suggesting a relatively better anatomical connectivity. FC was similar in NC and RIS subjects, even in the presence of important risk
factors for MS (spinal cord lesions, oligoclonal bands, and dissemination in time on MRI) and increased in RRMS patients in two clinically
relevant networks subserving “processing” (sensorimotor) and “control” (working memory) functions. In RIS, the lack of functional
reorganization in key brain networks may represent a model of “functional reserve,” which may become upregulated, with an adaptive or
maladaptive role, only at a later stage in case of occurrence of clinical deficit.
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Introduction
The term radiologically isolated syndrome (RIS) is applied to
asymptomatic subjects with brain MRI abnormalities highly sug-
gestive of MS (Okuda, 2009). A number of MRI studies have
shown that brain tissue damage in RIS shares similarities with
that of MS in terms of white matter (WM) lesions (load and
mapping), atrophy (De Stefano et al., 2011; Amato et al., 2012),
spinal cord lesions (Okuda et al., 2011), cortical lesions (Giorgio
et al., 2011), and metabolic changes suggestive of axonal damage
(Stromillo et al., 2013).

It is well known that both anatomical and functional con-
nectivity are altered in MS brains (Filippi et al., 2013). Ana-
tomical connectivity is defined by the whole set of WM tracts
connecting different gray matter (GM) regions of the brain

and is estimated in vivo from diffusion tensor imaging (DTI;
Johansen-Berg and Rushworth, 2009). Functional connectiv-
ity is studied by means of resting fMRI and reflects the strength
of correlated neurophysiological activity in different GM re-
gions of the brain, the so-called resting state networks (RSNs;
van den Heuvel and Hulshoff Pol, 2010). In case of disease,
resting fMRI provides a powerful approach for the study of
neuroplasticity, i.e., the ability of the brain to adapt to injury
through functional changes, without the confounding effect of
task-related performance (Tomassini et al., 2012). The need of
mapping neural connections, which convey information across
brain, is prompted by the notion that brain function does not
rely only on individual regions but rather depends on interac-
tion patterns across distributed large-scale networks (Catani
et al., 2012a).

MS patients show a distributed pattern of abnormalities in
brain functional connectivity, which are related to the extent
of focal pathology (Rocca et al., 2012; Janssen et al., 2013;
Cruz-Gómez et al., 2014) and to altered anatomical connec-
tivity (Rocca et al., 2007; Roosendaal et al., 2010; Hawellek et
al., 2011). Importantly, such abnormalities turn out to be clin-
ically meaningful, as demonstrated by their association with
physical disability and cognitive impairment (Rocca et al.,
2010; Bonavita et al., 2011; Hawellek et al., 2011; Faivre et al.,
2012; Loitfelder et al., 2012; Schoonheim et al., 2012; Basile et
al., 2013; Janssen et al., 2013; Cruz-Gómez et al., 2014; Gam-
boa et al., 2014).
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Given the importance of brain connectivity in clarifying the
intimate disease process leading to disability, its appraisal might
help shed light on the processes preceding the clinical manifesta-
tions of MS. Against this background, we sought to investigate
here, through the assessment of brain connectivity at anatomical
and functional levels, the relation between tissue damage and
neuroplasticity in RIS. Specifically, we aimed to assess across the
whole brain of RIS subjects compared with MS patients with
similar macrostructural damage and to healthy people (1)
changes in the microstructural integrity of WM tracts by tract-
based spatial statistics (TBSS) of DTI measures and (2) changes in
RSNs by resting fMRI.

Materials and Methods
Study subjects
We enrolled asymptomatic subjects fulfilling
the diagnostic criteria for RIS (Okuda, 2009;
n � 18, 12 females, age � 40.6 � 10 years;
Table 1) and included in previously studied co-
horts (De Stefano et al., 2011; Giorgio et al.,
2011; Stromillo et al., 2013) and also relapsing-
remitting (RR) MS patients matched with RIS
subjects for demographics (n � 20, 12 females,
age � 39.7 � 8 years) and for macrostructural
brain damage [T2-weighted lesion volume
(LV): 5.4 � 6.6 cm 3 in RIS, 6.2 � 7.1 cm 3 in
RRMS, p � 0.9; T1-weighted LV: 2.3 � 2.5 cm 3

in RIS, 2.6 � 2.8 cm 3 in RRMS, p � 0.9; nor-
malized brain volume (NBV): 1505 � 13 cm 3

in RIS, 1470 � 12 cm 3 in RRMS; normalized
GM volume (NGMV): 764 � 43 cm 3 in RIS,
746 � 40 cm 3 in RRMS, p � 0.15 for both].
RRMS patients had disease duration � 5.1 �
2.7 years, Expanded Disability Status Scale �
1.7 � 1.4, and 18 of 20 were on disease-
modifying treatments (DMTs) at study entry.
As a third study group, we selected a group of
demographically matched normal controls
(NC; n � 20, 12 females, age � 39.4 � 9 years),
made up of laboratory and hospital workers
with normal neurological examination, no his-
tory of neurological disorder, and no focal WM
lesions on brain MRI.

The study received approval from the local
ethics committee. Informed written consent
was obtained from all subjects.

MRI acquisition
Brain MRI was acquired in all subjects at the NMR Center of the Univer-
sity of Siena using a 1.5 T Philips Gyroscan (Philips Medical Systems). A
sagittal survey image was used to identify the anterior and posterior
commissure (AC and PC). Sequences were oriented in the axial plane
parallel to the AC–PC line. A dual-echo, turbo spin-echo sequence (TR/
echo time TE1/TE2 � 2075/30/90 ms, voxel size � 1 � 1 � 3 mm)
yielded proton density and T2-weighted images. DTI data consisted of
EPI (TR � 8500 ms; TE � 100 ms; voxel size � 2.5 mm 3), with diffusion
weighting distributed in 32 directions and b-value � 1000 s*mm �2.
Resting fMRI data were 190 volumes of EPI sequence with TR � 1000 ms,
TE � 50 ms, voxel size � 3.75 � 3.75 � 6 mm. A high-resolution

Figure 1. Similar distribution across brain of T2-weighted LPMs in RIS (top) and RRMS (bottom). The color overlay created on
top of the MNI standard brain represents the probability of lesion occurrence (lesion frequency) in a particular spatial location.
Images are shown in radiological convention.

Table 1. Demographic and clinical characteristics of RIS subjects

Subjects Sex Age Age at first brain MRI Reason for first brain MRI DIT on brain MRI CSFa Spinal cord MRIb

1 M 46 44 Depression � � �
2 F 44 43 Anxiety � � n.p.
3 F 53 44 Facial trauma � � �
4 F 53 50 Cervical trauma � � �
5 M 38 35 Dermatitis � � �
6 F 49 41 Cervical trauma � � �
7 M 45 42 Neuropathic pain � � �
8 F 42 40 Dizziness (�2 min) � � �
9 F 49 40 MS family history � n.p. �
10 F 26 21 Pituitary adenoma � � �
11 M 33 29 Headache � � �
12 F 40 31 Migraine with aura � � �
13 F 26 22 Migraine without aura � � �
14 F 35 34 Neck pain � � �
15 M 53 50 Headache � � �
16 M 48 45 Headache � n.p. n.p.
17 F 20 19 Headache � � �
18 F 32 28 Suspected pituitary adenoma � � �

DIT, dissemination in time; n.p., not performed. a�, presence of oligoclonal bands and/or abnormal IgG index; �, normal pattern. b�, presence of spinal lesion; �, absence of signal abnormalities.
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T1-weighted image (TR � 25 ms, TE � 4.6 ms,
voxel size � 1 mm 3) was acquired for brain
volume measurement, image registration, and
anatomical mapping. Periodical quality assur-
ance sessions were performed and no major
hardware upgrade was performed on the scan-
ner during the time of the study.

MRI data analysis
Brain lesions and atrophy. A single observer vi-
sually assessed MRI scans. Labeling of new T2-
lesions, for the assessment of dissemination in
time from a previous MRI, was performed in
RIS subjects with a semi-automated segmenta-
tion technique based on user-supervised local
thresholding (Jim 5.0; Xinapse System; www.
xinapse.com/Manual/). T2-weighted lesion
probability maps (LPMs) were created in RIS
subjects and RRMS patients using a previously
described procedure (Rossi et al., 2012; Giorgio
et al., 2013).

Global and GM brain atrophy, expressed,
respectively, as NBV and NGMV, were quanti-
fied in RIS and RRMS on high-resolution T1-
weighted image using the SIENAx method,
part of the FMRIB Software Library (w w w .
f m r i b . o x . a c . u k / f s l /; Smith et al., 2004;
Jenkinson et al., 2012). To avoid GM misclas-
sification due to WM lesions, the latter were
masked out and refilled with intensities match-
ing the surrounding normal-appearing WM
before segmentation analysis (Battaglini et al.,
2012).

Analysis of the microstructural integrity of
WM tracts. Voxelwise analysis of DTI data
from the three study groups was performed
across the whole brain using TBSS (Smith et al.,
2006) version 1.2, part of FSL. First, DTI data
were corrected for MRI eddy currents and head
motion using affine registration to a reference
volume, i.e., the one without diffusion weight-
ing (b � 0). Second, images of fractional an-
isotropy (FA), axial diffusivity (AD), and radial
diffusivity (RD) were created by fitting a tensor
model to the raw DTI data using FMRIB Dif-
fusion Toolbox (Behrens et al., 2003) version
3.0, and then brain extracted using Brain Ex-
traction Tool (BET; Smith, 2002). All subjects’
FA data were then aligned into a common stan-
dard space (FMRIB58_FA) using the nonlinear
registration tool FMRIB Nonlinear Image Reg-
istration Tool (FNIRT; Andersson et al.,
2007a,b), which uses a b-spline representation
of the registration warp field (Rueckert et al.,
1999). Next, the mean FA image was created
and thinned to create a mean FA “skeleton”
(thresholded at FA � 0.2), which represents the
centers of all WM tracts common to the study groups. Aligned FA data
from all study subjects was then projected onto this WM skeleton.

TBSS was also applied to the other DTI-derived data (i.e., AD and RD).
To achieve this, FA images were used for nonlinear registration, skeleton-
ization, and projection stages.

The resulting projected (onto the mean WM skeleton) data of FA, AD,
and RD images were finally fed into voxelwise group statistics (see below,
Statistics).

Analysis of the brain functional connectivity. It was performed across the
whole brain using probabilistic independent component analysis (PICA;
Beckmann and Smith, 2004) as implemented in MELODIC version 3.12,
also part of FSL.

The following data preprocessing was applied to the input data: mo-
tion correction using MCFLIRT (Jenkinson et al., 2002), nonbrain re-
moval using BET (Smith, 2002), spatial smoothing using a Gaussian
kernel of 8 mm full-width at half-maximum, normalization of the whole
dataset by a single scaling factor (“grand-mean scaling”) to ensure dataset
comparability at group level, and high-pass temporal filtering (Gaussian-
weighted, least-squares straight line fitting, using a cutoff of 100 s).

In each subject, registration of resting fMRI data to high-resolution
T1-weighted image and standard space (MNI152) was performed using
FLIRT (Jenkinson et al., 2002) with boundary-based registration cost
function and FNIRT (warp resolution: 10 mm; Andersson et al.,
2007a,b). Preprocessed data were then temporally concatenated across

Figure 2. TBSS analysis of DTI measures across the whole brain. Red-yellow shows clusters where RIS subjects (A) and RRMS
patients (B) had DTI abnormalities (lower FA or higher AD and RD; p � 0.01, corrected) with respect to NC. C, Regions of WM tracts
where RIS subjects had lower AD and RD than RRMS patients are shown ( p � 0.05, corrected). Green is the mean WM skeleton.
Background image, shown in radiological convention, is the FMRIB58 FA standard space. See Results and Table 2 for details. See
text for abbreviations.
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subjects to create a single 4D dataset. Such a dataset was variance nor-
malized and then decomposed into a set of 30 independent components
(ICs) using PICA, where the number of dimensions was automatically
estimated using the Laplace approximation to the Bayesian evidence of
the model order (Beckmann and Smith, 2004). Next, voxelwise analysis
of resting fMRI data was performed using the “dual-regression” ap-
proach (Beckmann et al., 2009). In stage 1, for each subject the group-
average set of spatial maps was regressed (as spatial regressors in a
multiple regression) into the subject’s 4D space-time dataset. This re-
sulted in a set of subject-specific time courses, one per group-level spatial
map. In stage 2, those time courses were regressed (as temporal regres-
sors, again in a multiple regression) into the same 4D dataset, resulting in
a set of subject-specific spatial maps, one per group-level spatial map.

ICs of interest were selected by visual inspection and by comparison
with previously defined RSNs (Beckmann et al., 2005; Damoiseaux et al.,
2006; De Luca et al., 2006) and reflect “coactivation” or “synchroniza-
tion” across the network. The remaining ICs represented physiological
noise (cardiac, respiratory and CSF pulsations, and head motion),
scanner-related artifacts, and misregistrations, and were removed before
further analysis.

Statistics. Voxelwise statistical inference for LPM, TBSS, and PICA
analyses was performed within the GLM framework with FSL randomize,
a nonparametric permutation testing (5000 permutations). A three-
group ANOVA, controlling for age and sex, followed by Bonferroni-
corrected pairwise comparisons ( p � 0.01), was used to assess voxelwise
differences among the three groups. Thresholding was performed using
Threshold-Free Cluster Enhancement (TFCE), fully corrected for multi-
ple comparisons across space. We repeated the functional connectivity
comparison analyses also adding GMV as a covariate to the GLM design.

Results
Lesions
Brain lesions were present in all RIS subjects and RRMS pa-
tients. Spinal cord lesions were found in 7 of 18 (i.e., 40%) RIS
subjects and in 14 of 20 (i.e., 70%) RRMS patients. T2-
weighted LPMs of RIS and RRMS showed an overall similar
distribution across brain (Fig. 1) and no difference in proba-
bility of lesion occurrence (lesion frequency) was found at
voxelwise analysis.

Figure 3. Functionally relevant RSNs (the most informative slices are shown) across study subjects (RIS, RRMS, and NC) identified with PICA. Images (axial, coronal, and sagittal) are z-statistics
overlaid on the average high-resolution image transformed into standard space (MNI152). Z values are red to yellow, ranging from 3 to 10. Images are shown in radiological convention. See text for
abbreviations.

Table 2. Regions along cerebral WM tracts where RIS subjects showed DTI abnormalities with respect to NC at whole-brain TBSS analysis

WM regions (local maxima) Side MNI X, Y, Z Cluster size (voxel count) t-stats

Lower FA
Inferior longitudinal fascicle L �41, �31, �15 2563 4.95
Inferior fronto-occipital fascicle R 39, �45, �4 67 4.16
Splenium of the corpus callosum R 17, �35, 32 45 4.71
Inferior longitudinal fascicle R 38, �48, 4 40 4.56
Posterior corona radiata adjacent to precuneus cortex R 26, �53, 25 26 3.89

Higher AD
Posterior corona radiata mapping on the superior longitudinal fascicle L �21, �44, 31 476 4.33

R 26, �36, 32 315 5.98
Higher RD

Forceps major L �29, �54, 15 3079 4.6
Posterior corona radiata mapping on the inferior fronto-occipital fascicle R 27, �54, 23 2527 5.53

TFCE, p � 0.01 corrected. For each DTI metric, regions are ordered according to cluster size.
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Microstructural integrity of white
matter tracts
Compared with NC, both RIS subjects
and RRMS patients showed altered DTI
metrics at TBSS analysis across the whole
brain (p � 0.01, corrected). In particular
(Fig. 2A, Table 2), RIS subjects showed
lower FA (0.49 � 0.04 vs 0.55 � 0.02) in
clusters overlapping lesional areas, with
local maxima in the inferior longitudinal
fascicle (ILF) bilaterally and in the inferior
fronto-occipital fascicle (IFOF), splenium
of the corpus callosum (sCC), and poste-
rior corona radiata (CR) adjacent to pre-
cuneus cortex on the right. In addition,
RIS subjects also showed clusters of al-
tered diffusivities in lesional areas when
compared with NC (Fig. 2A, Table 2):
higher AD (1.27 � 0.11 vs 1.14 � 0.03 �
10�3 mm 2/s) in the posterior CR map-
ping on the superior longitudinal fascicle
(SLF) bilaterally and higher RD (0.60 �
0.07 vs 0.51 � 0.03 � 10�3 mm 2/s) in the
forceps major on the left and in the poste-
rior CR mapping on the IFOF on the right.

RRMS patients showed, similarly to RIS subjects, changes in
DTI metrics with respect to NC. These abnormalities mapped on
several WM tracts across brain both within lesions and regions of
the normal-appearing WM (Fig. 2B): lower FA (0.47 � 0.03 vs
0.54 � 0.02) in the ILF, fornix, and body of the CC on the left, in
the IFOF, sCC, and genu of the CC on the right; higher AD
(1.50 � 0.14 vs 1.30 � 0.04 � 10�3 mm 2/s) in the CR bilaterally,
in the IFOF/ILF on the left, in the posterior limb of the internal
capsule on the right; and higher RD (0.65 � 0.07 vs 0.54 � 0.02 �
10�3 mm 2/s) in the posterior CR on the right, in the anterior
thalamic radiation and SLF on the left.

No significant clusters of DTI metrics across brain survived in
the comparison analysis between RIS subjects and RRMS pa-
tients. However, by using a less conservative threshold (i.e., p �
0.05, corrected; Fig. 2C) WM of RIS subjects showed, with respect
to that (both lesions and normal-appearing WM) of RRMS pa-
tients, lower AD (0.98 � 0.06 vs 1.14 � 0.13 � 10�3 mm 2/s) in
the IFOF and cerebellum on the left; lower RD (0.57 � 0.03 vs
0.66 � 0.05 � 10�3 mm 2/s) in the IFOF, ILF, cerebellum, supe-
rior CR mapping on the corticospinal tract on the left; in the body
of the CC on the right; and in the SLF bilaterally, while there was
no difference in FA. In RIS subjects, no WM regions with higher
AD and RD than in RRMS patients were found.

Functional connectivity
No difference was found among RIS subjects, RRMS patients,
and NC in the head movement parameters during resting fMRI
acquisition (relative displacement: 0.06 � 0.05 mm in RIS,
0.06 � 0.04 mm in RRMS, 0.06 � 0.03 mm in NC, p � 0.90;
absolute displacement: 0.26 � 0.16 mm in RIS, 0.32 � 0.13 mm
in RRMS, 0.29 � 0.20 in NC, p � 0.52).

PICA across the whole brain of the study population defined
12 functionally relevant RSNs (Fig. 3), including (anterior and
posterior) default mode network, executive network, (right and
left) working memory network, dorsal attention network, ante-
rior temporal lobe network, ventral frontoparietal network, sen-
sorimotor network, auditory/language network, and (primary
and secondary) visual network.

Two of these RSNs showed group heterogeneity. In particular,
RIS subjects had lower functional connectivity than RRMS pa-
tients in the sensorimotor network (postcentral gyrus bilaterally)
and in the right working memory network (middle frontal gyrus;
p � 0.01, corrected; Fig. 4, Table 3). Similarly to RIS subjects, NC
showed lower functional connectivity than RRMS patients in the
aforementioned RSNs mapping, respectively, on the postcentral
gyrus and right frontal pole (p � 0.01, corrected). No voxelwise
difference in brain functional connectivity was found between
RIS subjects and NC, even at a less conservative threshold (p �
0.05, corrected). Moreover, we explored functional connectivity
in RIS subjects with respect to the other two study groups in the
presence of important risk factors for MS (spinal cord lesions
[n � 7], oligoclonal bands [n � 11], dissemination in time on
MRI [n � 13] or the combination of them [n � 6]). In all RIS
subgroups, functional connectivity values, extracted from clus-
ters of the two aforementioned networks, were lower than in
RRMS patients (p � 0.02 for all; Fig. 5) and similar to NC.

Differences in the above RSNs were retained when also adding
GMV as a covariate.

Discussion
The term RIS refers to a relatively new entity and is applied to
asymptomatic subjects who nonetheless present brain MRI ab-

Figure 4. FC analysis of the two RSNs (sensorimotor and right working memory networks) where RIS subjects, similarly to NC,
showed lower values than RRMS patients ( p � 0.01, corrected). Red-yellow shows significant clusters of the comparison between
RIS subjects and RRMS patients mapping on the postcentral gyrus bilaterally (top) and middle frontal gyrus (bottom). Images (in
standard MNI152 space) are shown in radiological convention. See Results and Table 3 for details. See text for abbreviations.

Table 3. The two RSNs (sensorimotor and right working memory) where RIS
subjects showed, similarly to NC, lower FC than RMS patients at PICA across the
whole brain

Side MNI X, Y, Z (mm)
Cluster size
(voxel count) t-stats

Sensorimotor network
(local maxima)

Postcentral gyrus R 68, �10, 28 37 4.71
L �42, �32, 50 32 5.17

Working memory network
(local maxima)

Middle frontal gyrus R 44, 20, 46 38 5.28

TFCE, p � 0.01 corrected.
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normalities highly suggestive of MS. The reason this happens has
not been fully elucidated yet, but might be related with an excep-
tional ability to repair and/or to withstand the insult leading to
demyelination (Poser, 2004; De Stefano et al., 2011). A number of
previous studies (Lebrun et al., 2009; 2010; Okuda et al., 2009;
2011; Siva et al., 2009) have evaluated RIS with conventional
MRI, particularly highlighting the similarity with MS in terms of
both visible focal and diffuse brain damage (De Stefano et al.,
2011; Amato et al., 2012). On the other hand, studies on brain
anatomical and functional connectivity in MS have pointed out
their relevance in terms of both physical disability and cognitive
impairment (Roosendaal et al., 2009; Rocca et al., 2010; 2012;
Bonavita et al., 2011; Hawellek et al., 2011; Faivre et al., 2012;
Loitfelder et al., 2012; Mesaros et al., 2012; Schoonheim et al.,
2012; Basile et al., 2013; Bozzali et al., 2013; Janssen et al., 2013; Li
et al., 2013; Cruz-Gómez et al., 2014; Gamboa et al., 2014). To test
the hypothesis that brain connectivity would help interpret the
absence of clinical deficits in RIS, we assessed it in our RIS sub-
jects in relation to normal controls and to patients with RRMS
having similar macrostructural brain damage (i.e., lesions and
atrophy).

Microstructural integrity of white matter tracts
In this study, RIS subjects showed altered integrity of WM tracts
with respect to NC only in correspondence of lesions. As ex-
pected, in RRMS such abnormalities mapped on both lesions and
normal-appearing WM. No voxelwise differences between RIS
subjects and RRMS patients were found. However, by using a less
conservative statistical thresholding RIS showed lower axial and

radial diffusivity and thus a relatively better anatomical connec-
tivity than RRMS along distinct cerebral WM tracts overlapping
both lesions and normal-appearing WM and belonging to asso-
ciation (inferior fronto-occipital fascicle and inferior and supe-
rior longitudinal fascicles), commissural (corpus callosum), and
projection (corticospinal tract) fiber systems and also in the in-
fratentorial region (cerebellum). In general, DTI measures are
obtained by fitting a diffusion tensor model to all voxels within
the brain. In this context, fractional anisotropy is a sensitive and
general measure of microstructural integrity of WM tracts
whereas axial and radial diffusivities have been, respectively, pro-
posed as markers of axon and myelin damage in MS animal mod-
els and histopathology studies (Song et al., 2005; Sun et al., 2007;
Wu et al., 2007; Budde et al., 2008; Schmierer et al., 2008;
Wheeler-Kingshott and Cercignani, 2009). The findings reported
here are in line with a previous study assessing microstructural
integrity of the WM in RIS and MS by using magnetization trans-
fer ratio (De Stefano et al., 2011). Indeed, the presence in RIS of
microstructural damage confined to lesions, with a milder sever-
ity than in MS, and the lack of involvement of the normal-
appearing WM, as it occurs in MS, may be among the factors
explaining the lack of clinical deficits in these subjects. Overall, it
is conceivable the presence of a different degree of myelin and/or
axon damage in the two entities is perhaps due to a more benefi-
cial response to it in RIS.

Functional connectivity
Results of the resting fMRI analysis showed group heterogeneity
among NC, RIS subjects, and RRMS patients within two brain

Figure 5. Columns and error bars represent mean and SD of FC values (z scores) averaged across the significant clusters in the right working memory network (A) and sensorimotor network (C)
where RIS subjects showed, similarly to NC, lower FC than RRMS patients. B, D, Show FC values in the subgroups of RIS with risk factors for MS. See Results for details and text for abbreviations.
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networks subserving sensorimotor and working memory func-
tions. In particular, functional connectivity in such brain net-
works was similar between RIS and NC but significantly
increased in RRMS. Importantly, the difference in FC between
RIS and RRMS was independent from the volume of GM, which
was similar in the two groups and also controlled for in the vox-
elwise analysis.

We found that both RIS subjects and NC had a similar func-
tional connectivity, which was otherwise enhanced in RRMS pa-
tients, at the level of the sensorimotor network, a part of the
“processing system” of the human brain (Power et al., 2011). This
functional change mapped on the postcentral gyrus, an impor-
tant structure of the parietal lobe and home to the primary so-
matosensory cortex, which is the main sensory receptive area of
the brain. Interestingly, such a region is connected with precen-
tral motor cortex through short frontoparietal U-tracts (central
sulcus connections), which play a role in sensorimotor integra-
tion and motor learning (Catani et al., 2012b).

Working memory, which is instead part of the “control sys-
tem” of the human brain (Power et al., 2011), was the other brain
network where functional connectivity was decreased in both RIS
subjects and NC with respect to RRMS patients. In particular,
change in functional connectivity mapped on the right middle
frontal gyrus and frontal pole, both parts of the right prefrontal
cortex, which monitors the episodic memory retrieval to respond
appropriately or, in other words, to make decisions by weighing
the risk-to-benefit ratio (Konishi et al., 2002; Floel et al., 2004;
Ranganath, 2004).

Interpretation of the preserved functional connectivity pat-
terns in RIS is inevitably linked to the changes of it, and thus to
the neuroplasticity occurring in MS brains (Tomassini et al.,
2012). Enhanced functional connectivity in MS has been deemed
not only as a compensatory process, i.e., leading to a better clin-
ical status through adaptive plasticity mechanisms (Bonavita et
al., 2011; Faivre et al., 2012; Loitfelder et al., 2012; Rocca et al.,
2012; Basile et al., 2013; Cruz-Gómez et al., 2014), but also as an
undesirable maladaptive plasticity triggered and sustained by dis-
ability, as demonstrated by studies of fMRI (Reddy et al., 2002;
Hawellek et al., 2011) and magnetoencephalography (Hardmeier
et al., 2012). In our asymptomatic RIS subjects, the lack of en-
hanced functional connectivity may have explanations similar to
those of MS patients, although in the opposite direction. First, it
can be due to the fact that compensatory adaptive functional
reorganization might not yet be needed in absence of a clinical
status. In this view, such a process might be only temporarily
downregulated, thus representing a model of “functional re-
serve” called into action just at a later stage, in case of occurrence
of a clinical deficit. Second, it may be interpreted as a lack of
maladaptive plasticity, which instead would contribute to dis-
ability. In general, this process involves multiple functional do-
mains (Nudo, 2006; Bruce et al., 2007) and turns out to be a
further challenge to recovery in a chronic condition such as MS.
Research in both humans and animal models has begun to iden-
tify morphological correlates of maladaptive plasticity at the cel-
lular level, including dendritic and synaptic reorganization, glial
remodeling, and altered cell life (Sousa and Almeida, 2012). Fi-
nally, we cannot rule out the possibility that preserved functional
connectivity in RIS is influenced by the relatively milder micro-
structural WM damage with respect to the RRMS patients.

Indeed, both regions of preserved functional connectivity in
RIS (postcentral gyrus and middle frontal gyrus) are adjacent to
the SLF, an important long association pathway connecting fron-
tal and parietal cortices of the same hemisphere and whose diffu-

sivity was found to be less altered than in MS patients, thus
suggesting a possible link between anatomical and functional
connectivity in RIS.

Study strengths and limitations
There are strengths and limitations in the study. The two whole-
brain MRI approaches used for the assessment of structural and
functional connectivity feature important methodological as-
pects: nonlinear registration, which reduces the potential bias
coming from registration errors; nonparametric permutation
testing with a conservative statistical threshold corrected for mul-
tiple comparisons across space, thus protecting against false pos-
itive results; and TFCE, which uses the spatial information
inherent to the data for computing statistical maps, thus not
requiring arbitrary image presmoothing and not depending on
an arbitrary initial cluster-forming threshold. Limitations lie in
the relatively small sample size of the study groups, in the use by
MS patients of DMTs potentially affecting the different sources of
the fMRI signal and thus its interpretation (Iannetti and Wise,
2007; Tomassini et al., 2012), in the relatively low resolution of
the resting fMRI data, and in the cross-sectional design of the
study, which can be generally considered a snapshot of a condi-
tion at a given point in time.

Conclusions
RIS represents a unique model for gauging the relation between
brain tissue damage, neurologic condition, and neuroplasticity in
the human brain. Our findings suggest that in these asymptom-
atic subjects there is, compared with MS, a relatively milder mi-
crostructural damage of different WM tracts, which to some
extent, may contribute to explain the lack of functional reorgani-
zation in key brain networks. The latter could represent a model
of functional reserve,” which may become upregulated, with an
adaptive or maladaptive role, only at a later stage in case of oc-
currence of clinical deficit. Capturing temporal dynamics of
brain connectivity changes in RIS subjects who will or will not
convert to MS over time with longitudinal studies will certainly
help disentangle the aforementioned relation.
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