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Abstract
Objective To investigate brain functional connectivity (FC)
alterations in patients with clinically isolated syndromes
(CIS) presenting without conventional brain MRI lesions,
and to identify the FC differences between the CIS patients
who converted to multiple sclerosis (MS) and those not con-
verted during a 5-year follow-up.
Methods We recruited 20 CIS patients without conventional
brain lesions, 28 patients with MS and 28 healthy controls
(HC). Normalized voxel-based functional connectivity strength
(nFCS) was determined using resting-state fMRI (R-fMRI) and
compared among groups. Furthermore, 5-years clinical follow-
up of the CIS patients was performed to examine the differ-
ences in nFCS between converters and non-converters.
Results Compared to HC, CIS patients showed significantly
decreased nFCS in the visual areas and increased nFCS in
several brain regions predominately in the temporal lobes.
MS patients revealed more widespread higher nFCS especial-
ly in deep grey matter (DGM), compared to CIS and HC. In

the four CIS patients converting to MS, significantly
higher nFCS was found in right anterior cingulate gyrus
(ACC) and fusiform gyrus (FG), compared to non-
converted patients.
Conclusion We demonstrated both functional impairment and
compensation in CIS by R-fMRI. nFCS alteration in ACC and
FG seems to occur in CIS patients at risk of developing MS.
Key Points
• Both functional impairment and compensation occur in CIS
without conventional brain lesions.

• MS patients revealed more widespread higher nFCS espe-
cially in deep grey matter.

• nFCS alteration may help stratifying CIS at risk of develop-
ing MS.
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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
disease of the central nervous system, and is the main cause
of non-traumatic neurological disability in young adults [8].
Although the clinical course of MS is highly variable, the first
manifestation of most MS is an acute or subacute episode of
optic neuritis, a brain-stem/cerebellar syndrome or a spinal
cord syndrome. This initial episode is known as a clin-
ically isolated syndrome (CIS) [19, 22, 25]. Early diag-
nosis and treatment in high risk CIS is essential to pre-
vent future axon pathology and slow the progression to
definite MS [20]. The number and location of lesions in
CIS patients have predictive value in terms of conver-
sion and disability progression [18, 19]. However, it
remains largely unknown as to whether functional
changes in CIS patients without conventional brain
MRI lesions might have potential value in predicting
conversion to definite MS.

Resting-state fMRI (R-fMRI) is able to non-invasively
measure spontaneous or intrinsic brain activity and has the
potential value to detect early brain functional changes [10,
17] . To our knowledge, very few R-fMRI studies in CIS have
been reported so far. Using the independent component anal-
ysis (ICA) method, Roosendaal et al. showed early synchro-
nization changes in patients with CIS, which were not detect-
able anymore in those patients with relapsing remitting MS
(RRMS) [30]. Using regional amplitude of low frequency
fluctuation (ALFF) measurement, Liu et al. reported de-
creased baseline activity in several brain regions (e.g.,
precuneus and posterior cingulate cortex) in CIS patients
[15], and increased activity mainly in thalamus in RRMS pa-
tients [16], implying transit functional changes in CIS
replaced with more widespread cortical remapping pro-
cesses. However, the ICA approaches can only detect
abnormalities in brain connectivity associated with spe-
cific functional subnetworks and ALFF reflects resting-
state neural activity amplitudes in brain regions. The
whole brain functional connectivity (FC) pattern in
CIS has not been examined. The functional connectivity
strength (FCS) index [5, 35], which assesses the FC
architecture of brain regions across the whole-brain by
measuring the average Pearson correlation coefficients
among all brain voxels, is closely associated with cere-
bral blood flow, aerobic glycolysis, and oxidative glu-
cose metabolism [14, 33] and could be a sensitive mea-
surement for detecting the functional changes in CIS.

Here, we used R-fMRI data to investigate the whole brain
FC patterns in CIS without conventional brain MRI lesions,
compared with RRMS and healthy controls (HC). Further-
more, we examined the FCS differences between the CIS-to-
MS converters and non-converters based on 5-year clinical
follow-up results.

Materials and methods

Participants

In this study, twenty patients presenting with CIS suggestive
of MS [optic neuritis (ON), n=13; spinal cord syndromes, n=
7; nine males and 11 females; mean age 32.8, SD 12.3], were
prospectively examined within 6 months from onset. The CIS
was diagnosed according to the following criteria [18, 19]: 1)
a single clinical episode suggestive ofMSwithout brain lesion
on T2-weighted or fluid attenuated inversion recovery
(FLAIR) images assessed by two experienced neuroradiolo-
gists (Y.L. and Y.D.); 2) exclusion of other possible diagnoses
such as neuromyelitis optical spectrum diseases (NMOSD) or
acute disseminated encephalomyelitis (ADEM); and 3) with-
out image artefacts in structural and functional images. All
CIS patients underwent clinical follow-up to confirm their
conversion to clinically definite MS (CDMS) [26]. For com-
parison, we selected 28 relapsing-remitting MS (RRMS) pa-
tients (nine males and 19 females; mean age 34.6, SD 10.0)
fulfilling theMcDonald criteria [25] bymatching them for age
and gender to the CIS group. In addition, we selected 28 age-
and sex-matched HC (ten males and 18 females; mean age
31.6, SD 11.4) with no previous history of neurological dys-
function and with normal findings on neurological examina-
tion. The main demographic and clinical characteristics of all
the subjects studied are reported in Table 1. The subjects were
all right-handed as measured by the Edinburgh Inventory [23].
The institutional review board of Xuanwu Hospital, Capital
Medical University approved the study, and written informed
consent was obtained from each participant.

Data acquisition

MRI was performed on a 1.5 T Siemens Sonata whole-body
MR system in the Department of Radiology, Xuanwu Hospi-
tal, Capital Medical University. A standard head coil was used
with foam padding to restrict head motion. The routine axial
slices (including 2D T2-weighted and FLAIR images) were
positioned parallel to the line that joins the AC-PC line, with
in-plane resolution of 1×1 mm2, number of slices (30), and
slice thickness (4 mm). Sagittal 3D T1-weighted magnetiza-
tion-prepared rapid acquisition gradient echo (MPRAGE)
(TR/TE=1970/3.9 ms, TI=1100 ms, flip angle (FA)=15°,
number of slices=176, slice thickness=1 mm, with in plane
resolution of 1×1 mm2) images were also obtained.We used a
gradient-echo echo-planar sequence sensitive to BOLD
(Blood Oxygen Level Dependent) contrast to acquire func-
tional images (TR/TE=2000 /60 ms, FA=90°, with in plane
resolution of 1.875×1.875 mm2, acquisition time: 6.06 mi-
nutes). Twenty axial slices were collected with 5 mm thick-
ness, and a 2 mm gap. During R-fMRI, subjects were
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instructed to keep their eyes closed, to remain motionless, and
to not to think of anything in particular.

Brain lesion and brain volume analysis

Marking of T2 lesions and measurement of T2 lesion volume
(T2LV) in MS patients was performed by an experienced neu-
roradiologist (Y.L.) with more than 8 years of experience by
usingMRIcro software (http://www.mccauslandcenter.sc.edu/
mricro/mricro/mricro.html). Based on 3D MPRAGE, we
obtained normalized brain volume (NBV), normalized
gray matter volume (NGMV), normalized white matter
volume (NWMV) for each subject by using SIENAX
(Version 2.6; FMRIB Software Library, http://www.
fmrib.ox.ac.uk/fsl/) [31].

R-fMRI analysis

Data preprocessing

Image preprocessing was carried out using Statistical Para-
metric Mapping http://www.fil.ion.ucl.ac.uk/spm) and Data
Processing Assistant for Resting-State fMRI (DPARSF) [6].
For scanner stabilization and participants’ adapting to the en-
vironment, the first five volumes were discarded. The remain-
ing functional scans were first corrected for within-scan ac-
quisition time differences between slices and further realigned

to the first volume to correct for interscan head motions. To
minimize head movement artefacts, individuals with more
than 3 mm of translation or 3 degrees of rotation in any direc-
tion were discarded. Next, the individual structural image (T1-
weighted MPRAGE images) was co-registered to the mean
functional image after motion correction using a linear trans-
formation. The transformed structural images were then seg-
mented into gray matter (GM), white matter, and cerebrospi-
nal fluid by using a unified segmentation algorithm [2]. The
motion-corrected functional volumes were spatially normal-
ized to the Montreal Neurological Institute (MNI) space using
the normalization parameters estimated during unified seg-
mentation and then re-sampled to 3 mm isotropic voxels. Af-
ter a linear trend of the time courses was removed, the band-
pass filter (0.01-0.1 Hz) was applied to remove low-frequency
drifts and high-frequency noise. Finally, six head motion pa-
rameters, mean global signal, white matter signal, and cere-
brospinal fluid signal were extracted and regressed out from
the data.

Whole-brain functional connectivity strength analysis

We performed whole-brain FCS analysis as follows. First, we
computed the Pearson’s correlations between the time series
of all pairs of brain voxels and obtained a whole-brain FC
matrix for each participant. The computation was constrained
within a GM mask (Nvoxels=61,379) which was generated

Table 1 Demographic and clinical characteristics a

MS CIS HC p value

N 28 20 28 /

Gender 9 M/19 F 9 M/11 F 10 M/18 F 0.43b

Age (years) 34.6±10.0
(18-55)

32.8±12.3
(18-56)

31.6±11.4 (18-56) 0.55c

EDSS 2.7±1.4
(0-6)

3.1±1.9
(1-7)

/ 0.40d

Disease Duration (months) 40.0±33.4
(7-10)

2.9±1.6
(0.2-6)

/ <0.001 d

T2 Lesion Volume (ml) 60.1±66.0
(0.8-252.1)

/ / /

NBV(ml) 1486±125#

(1228-1692)
1537±117
(1289-1719)

1577±92
(1404-1787)

0.01 e

NGMV(ml) 807±75
(631-942)

822±79
(673-935)

846±59
(729-964)

0.12 e

NWMV(ml) 680±56#

(566-791)
714±48
(616-822)

731±43
(675-840)

<0.001 e

Abbreviations: CIS=clinically isolated syndrome; HC=healthy control; EDSS=Expanded Disability Status Scale; MS=multiple sclerosis; NBV=
normalized brain volume; NGMV=normalized gray matter volume; NWMV=normalized white matter volume
a Data are presented as mean±SD (range) except N and Gender.
b Chi-square test.
c Main effect of group in ANOVA.
d Two-sample two-tailed t-test a.
e Main group effect from ANCOVA using age and sex as covariates
# p<0.05 compared to HC, using Bonferroni test for post-hoc comparisons
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by thresholding (a threshold of 0.2) on the mean GM proba-
bility map of all subjects. Then, for a given GM voxel, we
computed its functional connectivity strength (FCS) using the
following equation:

FCS ið Þ ¼ 1

N−1

X

j≠i
zi j ri j > r0 : ð1Þ

Where rijwas the correlation coefficient between voxel i and
voxel j, the rij was converted zij using Fisher Z-transformation,
and r0 was a threshold that was set to eliminate weak correlations
possibly arising from signal noise (r0=0.2 in this study). To
minimize the influences of nuisance variables on inter-
individual variation in FCS and make the FCS as a comparable
scale between subjects, we further computed the normalized
FCS (nFCS) for a given voxel, i, using the following equation:

nFCS ið Þ ¼ FCS ið Þ−FCS
σ FCSð Þ : ð2Þ

Where FCS is the mean FCS across all the voxels in the GM
mask, and σ(FCS) is the standard deviation of the FCS in the
GM mask. Finally, we obtained an nFCS map for each subject.

Statistical analysis

Group differences in demographic variables and brain
volumes

Demographic and brain volumetric analyses were performed
by using SPSS software (Version 18; SPSS, Chicago, Ill).
Kolmogorov-Smirnov tests were performed together with vi-
sual inspection of histograms to assess normality of the vari-
ables. Comparisons of the demographic data and brain volume
measurements between CIS, MS patients, and HC, and be-
tween converted and non-converted group of CIS were con-
ducted using a general linear model (GLM), using age and sex
as covariates. Bonferroni correction was applied to adjust for
multiple testing when applicable.

Group differences in nFCS

Before statistical analysis of imaging data, all individual nFCS
maps were spatially smoothed with a Gaussian kernel (full
width at half-maximum =4 mm). Statistical tests on the nFCS
maps across groups (CIS, MS and HC) were performed using
a voxel-based, one-way analysis of covariance (ANCOVA)
with age, and gender as covariates followed by post hoc,
two-sample t tests. Correction for multiple comparisons was
performed by Monte Carlo simulations [13] using the AFNI
AlphaSim program (http://afni.nimh.nih.gov/pub/dist/doc/
manual/AlphaSim.pdf). A corrected significance level of 0.
05 was obtained with a combined p<0.05 and cluster size>

2295 mm3 for the ANCOVA analysis, and a combined p<0.
05 and cluster size>486 mm3 for post hoc, two-sample t tests
analysis (which was conducted within a mask showing group
nFCS differences from the ANCOVA analysis).

Differences in nFCS between CIS converted to MS
and non-converted

To examine the nFCS differences between CIS converters and
non-converters, a voxel-wise general linear model (GLM)
analysis was performed with age and gender as covariates.
Multiple comparisons were corrected using Monte Carlo sim-
ulations. A corrected significance level of 0.05 was obtained
with a combined p<0.05 and cluster size>486 mm3 for two-
sample t tests analysis.

MRI-Clinical correlation

To determine the relationship between nFCS and clinical
[Kurtzke Expanded Disability Status Scale (EDSS) and dis-
ease duration], and structural MRI variables (T2LV, NWBV,
NGMV, NWMV), a voxel-based multiple linear regression
analysis was separately conducted in the MS and CIS groups
within regions showing significant nFCS differences in com-
parisons with the control group, considering age and gender as
covariance. Multiple comparisons were corrected again using
Monte Carlo simulations.

Results

Table 1 summarizes the clinical and demographic characteris-
tics of the study participants. There were no group differences
(p>0.1) in age and gender among the different patient groups
and HC. MS patients showed significant decreased NBV (p=
0.01) and NWMV (p<0.01) compared to HC. There were no
significant differences between MS and CIS, CIS and HC in
any of the brain volume measurements including NBV,
NGMV and NWMV (p>0.2). After approximately 5 years
(58.7 months, SD 6.6, range 43-68 months) in clinical fol-
low-up, four of the 20 CIS patients (three myelitis and one
ON) converted to CDMS.

nFCS difference among CIS, MS, and HC

There was no significant difference in the means [MS: 1587.2;
CIS: 1519.7; HC: 1609.3. F=0.21, P=0.813] or standard devi-
ations [MS: 574.0; CIS: 560.6; HC: SD 628.8. F=0.21,
P=0.814] of FCS among three groups. The mean nFCS maps
of each group are presented in Fig. 1. Visual examination indi-
cated that the spatial distributions of brain regions with high
nFCS were remarkably similar across the three groups in spite
of some differences in strength. Those highly connected regions
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(i.e., higher nFCS) were primarily located in several parts of the
default mode network (DMN) (mainly involving the bilateral
medial frontal and parietal regions as well as lateral temporal
and parietal regions), and occipital regions (Fig. 1 a, b, c). Further
ANCOVA analysis revealed significant group differences in
nFCS values mainly distributed in temporal regions [e.g., fusi-
form gyrus (FG), hippocampus (HIP), superior temporal gyrus
(STG) , Heschl’s gyrus (HES), and insula (INS)], frontal regions
[e.g., gyrus rectus (REC), middle frontal gyrus (MFG)], and
thalamus (THA) (Fig. 1d).

Compared to the HC group, the CIS group showed signif-
icantly reduced nFCS values in four clusters, including the
bilateral calcarine fissure and surrounding cortex (CAL), and
left MFG, while increased nFCS was found in five clusters,
including the bilateral olfactory gyrus, right FG, the posterior
lobe of the cerebellum (PCL), and left rolandic operculum
(ROL) (corrected P<0.05) (Fig. 2a and Table 2). The MS
group had significantly higher nFCS in several brain regions,
especially in deep grey matter (DGM), such as THA, putamen
(PUT), and caudate (CAU), compared to CIS and HC
(corrected P<0.05) (Fig. 2b, c and Table 2). Lower nFCS
was only observed in the Left MFG and cuneus (CUN) in
MS compared with HC (Fig. 2b and Table 2).

nFCS differences between CIS-to-MS converters
and non-converters

In CIS patients, no significant difference of sex, age, EDSS, or
brain volume measurements could be detected between

patients who developed CDMS and patients who did not
(p>0.3) (Table 3). The only significant difference in nFCS
between these two groups was located in the right ACC and
FG, which was significantly increased in the CIS group that
developed CDMS (Fig. 2d).Moreover, the results between the
two groups remained after taking the presenting symptoms as
covariates.

Relationships between nFCS, clinical, and structural MRI
variables

In the MS patient group, we observed significant positive
correlations between the T2LV and regional nFCS values in
the right FG, left HES, and left Hip and significant positive
correlations between the EDSS and nFCS in the right Hip and
FG (P<0.05, corrected) (Fig. 3). No significant correlations
between nFCS and brain volume measurements were identi-
fied in MS. Furthermore, we did not find any significant as-
sociation between nFCS, brain volume measurements, and
clinical variables in CIS.

Discussion

Alterations in resting-state brain activity can be observed in
MS [16, 24, 28, 30]. However little is known about the whole
brain FC changes at resting-state in CIS [15, 30, 34], especial-
ly CIS without focal brain MRI lesions. In the current study,
we found both decreased and increased nFCS in CIS without

Fig. 1 Within groups and
statistical differences across
groups in nFCS maps. Mean
nFCS maps within the HC (a),
CIS (b) and MS (c) groups
indicate the spatial distributions
of brain regions with high nFCS
were remarkably similar across
the three groups and the Z-
statistical difference maps across
groups (d) showed group
differences in in temporal regions,
frontal regions, and thalamus
(THAL). Abbreviations:
ANCOVA, one-way analysis of
covariance; CIS, clinically
isolated syndrome; HC, healthy
controls; MS, multiple sclerosis;
nFCS, normalized functional
connectivity strength
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brain lesions and demonstrated differences in nFCS between
CIS and MS mainly in DGM by utilizing R-fMRI and voxel-
based nFCS mapping. Furthermore, nFCS alteration in ACC
and FGwere identified in CIS patients that converted toMS at
5-year follow-up, compared to non-converters.

Both brain areas with decreased and with increased nFCS
were found in CIS, implying that functional impairment and
reorganization coexist in CIS patients without brain lesions or
brain atrophy. The reduction in nFCS mainly occurred in vi-
sual areas including CAL and CUN, probably reflecting the
visual impairment in these patients, which could be secondary
to altered visual system inputs, as more than half of our CIS
group has ON as their CIS manifestation. Increased nFCS in
CIS was observed predominantly in the temporal lobe, which
appears to be involved in high-level visual processing of com-
plex stimuli such as faces (FG) and scenes (PHG) [32] or
strongly related with visual stimulation (INS) [3]. The

increased nFCS in these areas can be interpreted as a function-
al adaption and/or epiphenomena in the visual system, con-
trasting with the functional damage in the CUN and CAL. In
addition, functional reorganization in CIS was not limited to
visual-related areas. Increased nFCS was found in ITG, HIP,
and ACC, suggesting more widespread brain functional
changes in domains reflecting memory, cognition, affection,
and language [1].

The main difference between MS and CIS was the in-
creased nFCS in DGM in MS including thalamus, putamen,
and caudate. DGM structures such as the thalamus have ex-
tensive afferent and efferent connections with the midbrain
and the cerebral cortex [12]. The nFCS increase in the DGM
in MS in the current study corresponds well to previous stud-
ies either in task-related fMRI [21] or R-fMRI studies [16],
highlighting the role of DGM as a coordinator or circuit ele-
ment for brain plasticity and functional remapping in MS,

Fig. 2 Between-group nFCS
maps. CIS patients showed nFCS
changes in several brain areas of
the occipital, temporary, and
frontal lobes (a). MS patients
demonstrated altered nFCS in
several areas, especially in deep
grey matter, compared to HC (b)
and CIS (c). d Demonstrates
difference of nFCS in right
anterior cingulate cortex (ACC)
and fusiform gyrus (FG) between
CIS patients who converted to
CDMS (CISc) and those not
converted (CISnc).
Abbreviations: HC, healthy
controls; CIS, clinically isolated
syndrome; MS, multiple
sclerosis; nFCS, normalized
functional connectivity strength

Eur Radiol (2016) 26:2982–2991 2987



compensating for the relative loss of cortex and gradual loss of
afferent and efferent cortical connections. The relatively pre-
served function of the DGM in CIS suggests that DGM func-
tion can remain normal when structural damage remains mild.
Furthermore, our functional MRI findings are consistent with
the structural MRI observations that regional GM atrophy
mainly confined to the DGM and not to cortical regions de-
veloped from clinical onset to conversion to MS [4]. This
finding implies a temporal evolution of whole brain FC alter-
ations especially in DGM during the disease progression
which confirmed our previous study using the ALFF measure
in a different patient cohort [16].

Comparing CIS patients who converted to MS with those
not converting to CDMS at 5-year follow-up, there were no
significant differences in demographic variables (such as age,
sex, or EDSS) or brain volume measurements. The only sig-
nificant difference was identified in nFCS, which was located
in the right ACC and FG. The ACC plays a central role in a
wide spectrum of highly integrated tasks, including visuo-
spatial imagery, episodic memory retrieval, and self-
processing operations [7] and is a key component of the
DMN[27], which is defined by strong interactions between
the PCC/precuneus and the inferior parietal lobule (IPL) and
medial prefrontal cortex. Decreased activity of ACC was ob-
served in progressiveMS andmore pronounced in cognitively
impaired patients at resting-state in ICA [29]. Furthermore the
FG is involved in high-level visual processing. Taken togeth-
er, the increase of OLF/ACC and fusiform in CIS may imply a
decrease in the brain reserve in brain functions, such as visual
and cognitive systems, which give important clues to conver-
sion to MS. Some previous studies also demonstrated de-
creased functional connectivity or ALFF in ACC in MS [29]
and CIS patients [15]; the discordance with the current study
may due to different analysis methods or different patient
characteristics (such as disease subtypes, disease duration or
EDSS). Further multi-centre studies with standardized analy-
sis protocols would help clarify this discrepancy.

For MS patients, nFCS in several brain regions such as FG
correlated with T2LV, suggesting that lesions do impact the
brain functional changes. The association between increased
nFCS and worse disability indicates that increased neural syn-
chronization cannot prevent developing disability in MS pa-
tients. There is no correlation between nFCS with clinical
variables in CIS, which implies functional changes in CIS as
a transit or temporary phenomena will evolve as time passes
after the initial presentation.

There are some methodology issues and limitations in this
study. Firstly, this is a pilot study with a relatively small sam-
ple, which prevents us creating an R-fMRI model to predict
the CIS conversion. Secondly, the rs-fMRI data were collected
at a 1.5 T MRI with a 5 mm slice thickness (anisotropic res-
olution) and a 2 mm gap, which may leave some small brain
regions not sampled; a high resolution fMRI study at 3.0 T is

Table 2 Regions showing nFCS differences among the three groups

Brain regions BA Vol
mm3

MNI coordinates, mm Maximum
Z

x y z

CIS<HC

Left MFG 6 1242 -30 9 51 -4.09

Left CAL 30 837 -21 -63 9 -3.08

Left CAL 31 567 -6 -72 12 -2.94

Right CAL N/A 1404 18 -66 6 -2.92

CIS>HC

Right FG 37 702 42 -60 -21 2.83

OLF 25 2214 0 18 -6 3.09

Right PCL N/A 756 45 -48 -45 3.43

Left ROL 13/41 1242 -42 -21 12 4.20

Right FG N/A 1296 36 -42 -3 4.93

MS<HC

Left MFG 6/8 1863 -21 15 54 -3.43

Left CUN/PCu 31 513 -6 -63 24 -3.11

MS>HC

Left CAL 30 648 -21 -72 3 2.69

THA N/A 2781 9 -24 9 3.64

Right CAU 25 810 9 9 3 3.65

Left PUT N/A 540 -33 -12 -6 3.92

Left Hip 19 5535 -21 -33 -3 4.11

Right ROL 13 1998 42 -21 18 4.16

Right FG/Hip 30/36 14499 24 -33 -6 5.04

Left STG/ROL 13/41 4536 -36 -24 15 5.10

MS<CIS

Left SFG N/A 783 -21 6 54 -3.55

REC 25/11 3159 12 24 -21 -3.50

MS>CIS

Left PUT N/A 621 -33 -12 -6 3.07

Left THA N/A 1026 -6 -9 9 3.20

Right Hip/PUT N/A 864 33 -12 -6 3.21

Left STG 41/13 2214 -45 -33 18 3.51

Right ROL 13 1053 45 -21 18 3.62

Right CAL 30/18 7074 27 -51 0 3.87

Left CAL 30 6291 -24 -54 0 4.03

Right CAU N/A 621 9 9 0 4.36

x, y, z, coordinates of primary peak locations in the MNI space; Z statis-
tical value of peak voxel showing nFCS differences between the MS
subjects and healthy elders (negative values: MS<HC; positive values:
MS>HC).

Abbreviations: BA, Brodmann’s area; CAU, caudate; CAL, calcarine
fissure and surrounding cortex; CUN/PCu, cuneus/precuneus; FG, fusi-
form gyrus; Hip, hippocampus; ITG, inferior temporal gyrus; MFG, mid-
dle frontal gyrus; OLF, olfactory; PCL, posterior lobe of cerebellum;
PUT, putamen; REC, rectus; ROL, rolandic operculum; SFG, superior
frontal gyrus; STG, superior temporal gyrus; THA, thalamus; N/A, not
applicable; nFCS, normalized functional connectivity strength. P<0.05,
corrected for multiple comparisons.
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required to confirm the current findings. Thirdly, we utilized
the voxel-wise approach in the current study, which allows for
the model-free examination of inter-voxel connectivity and,
therefore, resulting in useful information on network organi-
zation [11] and avoids parcellation-dependent effects on net-
work topology of the human brain networks. Combination

with ROI-based analysis is warranted to validate the current
findings. Fourthly, as all the CIS patients without brain lesions
were defined using conventional MRI, we cannot exclude the
presence of cortical lesions in our CIS patients, which need
further studies incorporating sequences such as double inver-
sion recovery (DIR) [9] for demonstrating cortical lesions.

Fig. 3 Relationship of T2LV,
EDSS and nFCS in MS. The
upper panel shows correlation
maps of T2LVand nFCS values in
the right fusiform (FG), left
Heschl’s gyrus (HES), and left
hippocampus (Hip). The lower
panel shows correlation maps of
EDSS score and nFCS values in
the right Hip and FG.
Abbreviations: EDSS, Kurtzke
Expanded Disability Status Scale;
MS, multiple sclerosis; nFCS,
normalized functional
connectivity strength; T2LV, T2
lesion volume

Table 3 Comparison of clinical
and brain volume measurements
between converted group and
non-converted groups after a 5-
year clinical follow-up

N Non-converted group

N=16

Converted group

N=4

p value

16 4 /

Gender 9/7 1/3 0.26a

Age (years) 35.3±12.6

(19-56)

26.0±9.4

(18-41)

0.12b

EDSS 3.1±2.1

(1-7)

3.3±1.6

(2-6)

0.16b

Disease Duration (months) 2.5±1.8

(0.5-4.0)

2.3±1.5

(0.2-6.0)

0.79b

NBV(ml) 1544±125

(1289-1719)

1515±97

(1383-1607)

0.65b

NGMV(ml) 827±80

(673-935)

810±84

(685-883)

0.69b

NWMV(ml) 717±54

(616-822)

705±17

(682-724)

0.65b

Abbreviations: EDSS=Expanded Disability Status Scale; NBV=normalized brain volume; NGMV=normal-
ized gray matter volume; NWMV=normalized white matter volume

Data are presented as mean±SD (range) except gender.
a Chi-square test.
b Two-sample two-tailed t-test.
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Finally, longitudinal R-fMRI examination would be important
to see the dynamic functional changes from CIS to MS within
patients, and confirm the predicted value of baseline activity.

In conclusion, we demonstrated both functional impair-
ment and compensation in CIS without brain lesions using
whole-brain voxel-based R-fMRI. A temporal evolution of
nFCS changes from CIS to MS seems to occur especially in
DGM. The nFCS alteration in ACC and FG may help strati-
fying CIS at risk of developing MS.
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