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Multiple sclerosis is an autoimmune disease predominantly affecting the white matter of the CNS, causing—
among functional sequelae—cortico-cortical partial or total disconnection. Since functional connectivity linking
cerebral regions is reliably reflected by synchronization of their neuronal firing, in this study an electrophysiolo-
gical parameter measured by magnetoencephalography was used to quantify an intra-cortical connectivity
(ICC) index focused on the primary somatosensory cortical areas (SI). Twenty-one patients affected by mild
(Extended Disability Scale Score, median 1,5) relapsing-remitting (RR) multiple sclerosis in the remitting
phase without clinically evident sensory impairment were evaluated. Three dimensional MRI was used to quan-
tify the lesion load, discriminating black hole and non-black hole portions, normalized by individual brain
volumes. When matched with a control population, multiple sclerosis patients showed a reduced ICC combined
with the complete loss of the finger-dependent functional specialization in Sl cortex of the dominant hemi-
sphere. No association was found between ICC impairment and disease duration, or prolongation of the central
sensory conduction time, presence of spinal cord lesions and ongoing disease modifying therapy. The ICC index
slightly correlated with the lesion load. A local index of ICC in a circumscribed brain primary area was altered in
mildly disabled RR-multiple sclerosis patients, also in absence of any impairment of central sensory conduction.
In conclusion, the diffuse damage influencing the multi-nodal network subtending complex cerebral functions
also affects intrinsic cortical connectivity. The Sl ICC index is proposed as a highly sensitive and simple-to-test
functional measure for the evaluation of intra-cortical synchronization mechanisms in RR-multiple sclerosis.
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Introduction

Multiple sclerosis is an autoimmune disorder characterized
by multiple lesions of the central myelin and accumulating
clinical signs due to demyelination and progressive axonal
damage (Keegan and Noseworthy, 2002). As a consequence
of white matter injury, a partial or total disconnection
from subcortical and spinal targets occurs, in parallel with
deficits of cortico-cortical connectivity. Current efforts are
devoted to delineating brain connectivity changes from an

anatomical perspective through MRI techniques such as
voxel-based morphometry and diffusion tensor imaging-
based fibre tracking (Cercignani et al., 2002; Audoin et al.,
2007; Cader et al., 2007; Reich et al., 2007). However, such
techniques only provide information on anatomical sub-
strates mainly related to contingents of large, unidirec-
tional fibres. Blood oxygen level-dependent functional
MRI, assessing alterations of neural activations in brain
diseases including multiple sclerosis, has been enriched with
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functional and effective connectivity algorithms to more
directly characterize neural connectivity impairments
(Leocani and Comi, 1999; Reddy et al., 2000; Horwitz,
2003; Au Duong et al., 2005; Horwitz et al., 2005; Audoin
et al., 2006; Cader et al., 2006). Such an approach does not
allow investigation of rapid (millisecond range) phenomena
linked with transient increments/decrements of neural
assembly activities and functional cortico-cortical connec-
tivity. In fact, studies in animals and humans demonstrate
that separate cerebral regions synchronize their neuronal
firings when functionally connecting each other (Gray et al.,
1989; Engel et al., 2001; Fellous et al., 2001). Electro- and
magneto-encephalography (EEG and MEG, Del Gratta
et al., 2001) represent non-invasive neurophysiological
techniques with appropriate temporal resolution to detect
such phenomena in humans. Previous EEG coherence data
in progressive multiple sclerosis patients demonstrated
a significant decrease of alpha and theta band coherence
between both anteroposterior and inter-hemispheric areas
correlated with cognitive impairment and subcortical lesion
load on MRI (Leocani et al., 2000). Likewise, a decreased
alpha band inter-hemispheric coherence was found by
Cover and colleagues (2006) in relapsing-remitting (RR)
multiple sclerosis patients through a MEG paradigm.

Our group has previously identified a MEG synchroniza-
tion measure within the primary sensory hand cortical area
(S1) showing finger-dependent functional specialization in
the dominant hemisphere of right handed healthy subjects
(Tecchio et al., 2007a). In fact, the thumb cortical repre-
sentation, activated in response to a sensory stimulus, is more
phase locked than the little finger representation. These
phase-locking phenomena reflect activity in S1 cortex
sensitive to the strength of cortico-cortical connections and,
therefore, provide an intra-cortical connectivity index (ICC).

The aim of the present study was to test whether the ICC
index measured in S1 is involved in a cohort of patients
affected by RR-multiple sclerosis. In order to assess the test
sensitivity, we purposefully selected patients with absent or
minimal disability in remitting phase and without clinically
evident sensory deficits at the time of evaluation. Particular
care was also devoted to a precise quantification of the
lesion-load. Three-dimensional high resolution anatomical
images were coregistered with lesion sensitive images estima-
ting white matter hyperintensities (WMHy). We focused on
the relationship between the ICC and putative MRI markers
of axonal loss (black holes), because they appear to
correlate more closely to the development of multiple
sclerosis disability than traditional MRI features (Truyen
et al., 1996; Bitsch et al., 2001).

Patients and Methods

Patients

Patients were recruited on the basis of the following inclusion
criteria: diagnosis of multiple sclerosis according to McDonald
et al’s Criteria (2001); RR clinical course (Lublin and Reingold,

F. Tecchio et al.

1996); low degree of disability as estimated by Extended Disability
Scale Score (EDSS, Kurtzke, 1983) < 3,5; absence of clinical relapse
or radiological evidence of disease activity for at least 3 months
preceding the study; absence of sensory symptoms at the moment
of recruitment; no treatment with corticosteroids or psychotropic
drugs within the previous 3 months.

The study was approved by Ethic Committee of ‘S. Giovanni
Calibita’ Hospital and all patients gave written consent.

Clinical, neurophysiological and neuroradiological
examination

In addition to EDSS, upper limb sensory evoked potentials
were collected and the central conduction time (CCT) calculated
following standardized methods and criteria (Mauguiere et al.,
1999). All patients underwent cervical and brain MRI examination
at least 6 months before and at the time of recruitment.

MRI exam

MR image acquisition. Imaging was performed at the Radiology
Unit, equipped with an Achieva 1.5T scanner (Philips Medical
Systems, Best, The Netherlands), provided of 33 mT/m gradient
amplitude, online 2D/3D geometric distortion correction and a
standard quadrature head coil. The acquisition protocol consisted
of one 3D high resolution anatomical sequence and a group of
four 2D sequences for lesion characterization. The former was
empirically optimized to increase grey/white matter image contrast
(T1-weighted Turbo Field Echo TR/TE/FA = 9.5 ms/4 ms/8°; 256
matrix, 160 coronal contiguous slice, in-plane resolution 0.98 x
0.98 mm). The latter included a dual spin echo (TR/TE/FA of,
respectively, 4000 ms/20-120 ms/90°, yielding to a T2 and a proton
density—PD—weighted images); two T1-Spin Echo sequences
(TR/TE/FA of, respectively, 550 ms/15ms/60°, one before intrave-
nous injection of the contrast agent gadolinium and the second
5min later) and one FLAIR (TR/TE/FA =10000ms/100ms/90°).
All 2D sequences were acquired as axial oblique contiguous 3 mm
slices (2562 image matrix, 240 mm field of view), encompassing
the bi-commisural plane. After entering the PACS system of the
Department, the DICOM images were post-processed on a dual
processor Linux workstation. All subjects underwent an identical
imaging protocol. The MRI scanner did not undergo major
hardware upgrades during data collection.

MR image analysis (lesion characterization, optimized seg-
mentation and volumes calculation for normalization). The high
resolution 3D anatomical images were coregistered to the PD/T2
dataset in order to exactly match the regions of the brain in which
an abnormal signal intensity could be detected by a trained
neuroradiologist.

A region of interest’s approach was used to manually trace the
regions that showed abnormal signal intensity, either as hyper-
or hypo-intensity, according to the visual inspection. MRICro
software (Brett et al., 2001) allowed the delineation of such regions
classified as being white matter PD/T2 hyperintensities (WMHy).
Within the WMHy regions, the black hole areas, identified as
pre-contrast T1 persistently hypo-intense and coincident T2
hyper-intense lesions, were submitted to a separate measurement
(Fig. 1). According to post-contrast behaviour, black holes are
divided into ‘acute’ black holes if showing gadolinium enhancement
(Matthews, 1999; van Waesberghe et al,, 1999) and ‘permanent’
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Fig. I MRI analysis. Brain TI-3D MRI in a representative patient (A) the whole parenchyma is shown with the total amount of lesions,
classified in non-black hole (nBH; purple) and black hole (BH) portions (red). Gray matter (B) and normal appearing white matter
(C) volumes are segmented from TI-FLAIR coregistered brain images to normalize all brain fractions in Talairach space, after lesion
removal to minimize the possibility of misclassification artefacts. Slices B and C correspond to z-coordinate = 28.

black holes if not, while being detectable on a previous MRI session
performed at least 6 months earlier (Bagnato et al., 2003).

To correctly normalize the lesion volume in each patient,
procedures aimed at identifying the intra-cranial structures were
carried out. The lesional region of interest’s where then subtracted
from the 3D anatomical images, yielding to 3D lesion-free images
that entered an optimized segmentation process. Statistical
parametric mapping software (SPM2, www.fil.ion.ucl.ac.uk/spm,
Friston et al., 1995) running under MATLAB 7.2 (the Mathworks,
Inc., MA, USA) was used to manually reorient each subject’s
dataset, pointing the origin to the anterior commissure. To
improve the accuracy of segmentation, a preliminary iterative
normalization/segmentation procedure was performed on the 3D
lesion-free images, as implemented in optimized voxel-based
morphometry method (Good et al., 2001). A study-specific tem-
plate was created for several reasons: (i) minimizing potential
normalization problems related to differences of registration to the
standard space among patients’ brains; (ii) to take into account
the demographics of our patients, who had a frequent involve-
ment of periventricular and corona radiata white matter and
(iii) to reduce the magnetic field inhomogeneities and non-
uniformities related to the static magnetic field. The normalization
matrices derived from previously obtained lesion-free volumes
were applied to their own lesional region of interest images,
resampled to 1 x 1 x I mm for anatomical accuracy. The overall
lesion-specific volumes were calculated firstly as number of voxels
within each image, then transformed into millilitres.

MRI variables. Three MRI variables were considered that
characterized the lesion load:

e the total lesion volume (TLV), i.e. the volume of the whole
T2 WMHy;
the black hole volume (BHV);
the volume of the non-black hole portion of the total lesion
(nBHV = TLV—BHV).

These three quantities were divided by the standardized normal-
ization factors, i.e. total white matter and the brain parenchyma

Table | Nomenclature of lesion load normalized factors

Normalization factors

WMV BPV TIV
TLV LrF LpF LF
BHV BHrF BHpF BHF
nBHV nBHrF nBHpF nBHF

Nomenclature used for the different normalization factors,
obtained by dividing the TLV =total lesion volume, BHV = black
holes volume and nBHV = volume of the non-black hole portion
of the total lesion by the total white matter volume (WMYV,
first column), the total brain parenchyma volume (BPV, second
column) and the total intra-cranial volume (TIV, third column).

with and without the cerebrospinal fluid (for nomenclature see
Table 1).

Functional ICC exam

Recordings. MEG data were separately acquired during the
electrical stimulation of the thumb and little finger of the right
and left hand (ring electrodes, 0.2 ms electric pulses, inter-stimulus
interval of 641 ms, stimulus intensities set at about twice the
subjective somatosensory threshold) and compared with the rest
state. Recordings were carried out via a 28-channel system operat-
ing in a magnetically shielded room (Vacuumschmelze Gmbh),
the active channels being evenly distributed on a spherical surface
(13.5cm of curvature radius) and covering a total area of about
180 cm?. Cerebral activity from rolandic areas have been recorded
via a single position on the hemisphere contralateral to the
stimulated hand, by centring the recording apparatus on the
C3/C4 positions of the 10-20 international EEG system. MEG
data were sampled at 1000Hz (pre-sampling analogical filter
0.48-256 Hz), and collected for off-line processing.
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ICC index. By submitting MEG signals to the procedure
called functional source separation (FSS, Tecchio et al., 2007b),
the source activities of cortical neural networks devoted to the
contralateral thumb and little finger sensory perception were
segregated in each hemisphere. FSS comes from the blind source
separation algorithms, which separate sources, exploiting their
own signal waveform, while remaining blind to their biophysical
relationships with the recorded signal (Cichocki and Amari, 2002).
The aim of FSS is to enhance the separation of relevant signals
by exploiting some a priori knowledge without renouncing the
advantages of using only information contained in original signal
waveforms. In fact, starting from an independent component
analysis model, FSS identifies a source on the basis of its
functional behaviour. In addition to the identified functional
source (FS) time signal (FS(#)), the field distribution it generates
can be obtained by retro-projecting the source activity in the space
scanned by the MEG sensors, being thus used as the input for
inverse-problem solution algorithms. In the present study, FS(¢)
related to the thumb (FSt(#)) and little finger (FSi(#)) cortical
representations were identified by requiring maximal responsive-
ness at around 24ms to the corresponding contralateral finger
stimulation (Barbati et al., 2006). It is well known that this latency
marks the primary sensory area (S1) response to specific pro-
jections coming from thalamus after hand fingers stimulation.
Moreover, MEG is sensitive to the field generated by pyramidal
neurons tangentially oriented to the scalp, i.e. topographically
positioned within the walls of cortical sulci. The identified sources
(FSt and FSp) are thus localized in the post-central wall of the
Rolandic sulcus in the area 3b, as demonstrated by Barbati and
colleagues (2006). Once identified the time signals FS1(¢) and FSy (1),
they were considered as two mutually interconnected portions of the
hand representation in sensory area, as previously observed that FSt
responded also to the little finger stimulation—with around half the
strength than when stimulating the thumb—and vice versa for FSy
(Barbati et al., 2006). The sensory cortical connectivity was estimated
as the phase locking between these source activities. Connectivity
of the thumb sensory cortical representation was obtained as the
phase locking after the stimulation of the thumb (ICCy). The same
was done for the little finger representation ICC;, (Tecchio et al.,
2007a, see Appendix I). In right handed healthy subjects (mean
age = SD: 31 +£ 8 years, 7 females and 7 males, Edinburgh Inventory
Test Score >85) the ICC in the dominant hemisphere demons-
trated somatotopic properties. In fact, ICCr was higher than ICC;.
Moreover, both ICC; and ICC; were correlated with the
contralateral finger sensorimotor dexterity (Tecchio et al., 2007a),
as quantitatively estimated by the ‘fingertip writing’ test (Lezak,
1976). The cited study documented that all these properties were
evident selectively in the gamma frequency range [(33, 45)Hz].

Statistical analysis
ICCy and ICC; value distributions did not differ from a Gaussian
(Kolmogorov-Smirnov P> 0.400).

The ICC of the network devoted to S1 representation of the
thumb (ICCr) and of the little finger (ICCy) were studied by a
repeated measure analysis of variance with Hemisphere (left, right)
and Finger Representation (thumb, little finger) as within-subject
factors and Group (controls, multiple sclerosis patients) as the
between-subject factor. Factors of interest were Group, indicating
different ICC properties in healthy subjects and patients, as well as
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the interaction factor Finger Representation X Group indicating
alterations of the physiological somatotopy of the index in patients.

For those electrophysiological measures, which were different in
patients from in controls (significance threshold P <0.05), possible
bivariate correlations with the clinical and neuroradiological
measures were carried out. Since neuroradiological variable
distributions differed from a Gaussian (consistently, Kolmogorov
Smirnov test, P<0.054), non-parametric tests were applied.

Patients’ and controls’ group age distributions did not differ
from Gaussian (Kolmogorov-Smirnov P>0.400 for both). The two
group ages did not differ (independent sample #-test P> 0.400).
No dependence on age was observed in the control group for any of
the ICC index (Pearson P> 0.200 consistently). No effect of gender
was present on any ICC index, as indicated by the between-subject
factor Gender [F(1,10) =0.006, P=0.941] in the analysis of variance
design, together with the absence of significance of any interaction
effect with intra-subject factors Hemisphere (left, right) and Finger
Representation (thumb, little finger).

Results

Patients

Twenty-one right-handed (Edinburgh Inventory > 85,
Oldfield, 1971) RR-multiple sclerosis patients with a low
degree of disability (median EDSS 1, 5; Table 2) were
enrolled. They presented a mean disease duration of 10+ 7
years and a median relapse rate of 0.33 (Table 2). Ten
patients were on therapy with interferon-f-1la.

Although 13 out of the 21 patients claimed upper or
lower limb sensory symptoms in the past (11 upper limb—
4 of whom bilateral—2 lower limb), none of them pres-
ented any of this at the time of MEG evaluation in
agreement with the inclusion criteria. Nine patients of the

Table 2 Clinical and radiological characteristics of patients

Mean Age, years (SD) 40 (8)

Sex (M:F) 5:16

Median EDSS (5-95 percentiles] 1.5 (0-3.5)
Mean disease duration, years (SD) 10 (7)

Median relapse rate (5-95 percentiles) 0.33 (0.08-2.23)

Disease modifying therapy, number 10
of patients

History of cervical lesions, number 15
of patients

Prior right arm sensory symptoms, 9
number of patients

Prior left arm sensory symptoms, 6
number of patients

CCT right arm prolongation, number 9
of patients

CCT left arm prolongation, number 10
of patients

Median LrF, ml (5-95 percentiles)
Median BHrF, ml (5-95 percentiles)
Median nBHrF, ml (5-95 percentiles)

0047 (0.001-0.208)
0010 (0-0.038)
0037 (0-0.017)

Four patients suffered from bilateral arm sensory symptoms.
Nine patients had bilateral CCT prolongation. EDSS = Extended
Disability Scale Score; CCT = central conduction time; LrF = lesion
relative fraction; BHrF=black hole relative fraction; nBHrF=non-
black hole relative fraction.
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Fig. 2 FStand FS_ behaviour and ICC. In one representative subject top left, topographical representation on a 3D reconstructed brain
volume of the extracted sources representing the thumb (FSt) and the little finger (FS,) central primary representations projected on a
suitable axial plane centrally located with respect to the two sources. Top right, dynamics of FStand FS, activities during contra-lateral
thumb and little finger stimulation, shown after averaging the source signal timed on the stimulus onset (t =0, vertical line) in the

[—10, 50] ms time window. Bottom, the gamma band phase locking, i.e. the ICC index, of the right thumb (green) and little finger

(light blue) representation. Note that in the multiple sclerosis patient, the finger-dependent functional specialization (thumb > little

finger, Tecchio et al. 2007a) is lost.

11 with prior upper limb sensory symptoms showed
delayed latency of scalp potentials with a normal cervical
potential and prolonged CCT (Table 2).

Fifteen patients had a positive history of one or more
cervical plaques, seven of whom still showed the lesions at
the recruitment time (Table 2).

In agreement with the inclusion criteria of being in
remitting phase, no patient had acute black holes (stable
black hole behaviour in the two MRI exams performed at
least 6 months apart one each other). No grey matter
lesions were detected in 19 of our patients and very few
millimetric lesions at cortical or juxtacortical level of frontal
lobes and at the vertex were present in two patients.
Normalized lesion fractions with respect to the total white
matter volume are provided in Table 2.

Functional ICC

Since ICCy and ICCy behaved differently in the right and left
hemispheres [Hemisphere x Finger Representation interaction
factor F(1,29) =6.086, P=0.020, Fig. 3], separate investiga-
tions were carried out. In the right hemisphere, ICCy and
ICC, considered together were lower in patients than in
controls [Group factor F(1,31)=4.189, P=0.049, Fig. 2].
Neither ICCt or ICCy differed in the two groups when
compared separately (P>0.200 consistently). In the left
hemisphere, the clear distinction between thumb and little
finger representations, observed in healthy subjects, was lost
in patients [Finger Representation x Group interaction factor
F(1,29) =11.915, P=0.002, Fig. 3]. In fact, while in controls
ICCr was greater than ICCp (paired ¢-test P=0.001),
ICCt and ICCyp values did not differ in multiple sclerosis
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patients (P=0.354; Fig. 3). Moreover, in the left hemisphere
mean ICCp was smaller in patients than in controls
(Fig. 3, Independent sample t-test, P=0.047). No difference
between the two groups was found for ICCp (P=0.228).
As a consequence, left hemisphere ICCy was studied in

relationship with the clinical and neuroradiological
Left Hem Right Hem
*
| |

0.10

0.05

‘ ; t

Intra-Cortical Connectivity

0.00 %
ke
Controls Patients Controls Patients
= Thumb Little Finger
stim (ICC;) stim (ICC, )

Fig. 3 ICC in healthy and multiple sclerosis patients. ICC in
the two hemispheres and for the thumb (ICC+) and little finger
cortical representations (ICC)) in healthy subjects and multiple
sclerosis patients. In the right hemisphere, both ICCrand ICC_
were smaller in patients than in healthy subjects. In the left
hemisphere, the ICC somatotopy (ICCt>ICC,) was lost in
patients, and ICC+twas smaller in multiple sclerosis patients
than in controls.
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findings. To assess whether the ICC reduction was due
to reduced responsiveness from primary area, the strength
of the M20 equivalent current dipole (Barbati et al.
2006) activated in response to the thumb and little finger
was compared in patients and controls. The analysis of
variance model with Finger as within-subject factor and
Group as between-subject factor, indicated no significance of
differences in patients and controls [F(1,21)=1.364,
P=0.256].

Relationship among left hemispheric ICC+;
clinical, neurophysiological and radiological
state

The ICCr was not associated to right median nerve central
sensory conduction time prolongation: in fact, similar ICCT
values were equally found in patients with normal and
increased CCT [paired t-test #(17)=0.206, P=0.839].
Neither ICCt was modified by the occurrence of a cervical
lesion in the clinical history [independent sample t-test
1(18) =—1.708, P=0.105]. No association was present
between ICCr and either EDSS (Spearman’s rtho P=0.410,
or disease duration (P=0.958, Fig. 4) or history of sensory
symptoms [independent t-test #(19)=—0.430, P=0.671].
Moreover, in those patients with very long disease duration
(=10 vyears, nine patients) with the present low EDSS
values, suggesting a benign form, no difference of the ICCr
value was found with respect to the other patients
[independent sample t-test #(19)=1.430, P=0.170]. No
association linked ICCy and relapses rate (Pearson’ r
P=0.966). Interferon therapy had no relationship with
ICCr values (independent samples t-test P=0.709).

A slightly inverse correlation was found between the
ICCt and the lesion relative fraction (LrF) (Table 3).
Further investigating this relationship, two patients’ sub-
groups could be identified according to the extent of LrF
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Disease Duration (years)

Lesion Volume relative Fraction (LrF)

Fig. 4 ICCrversus disease duration and lesion load. Scatter plot of left hemisphere ICCtwith respect to the disease duration (left) and
the lesion relative fraction (LrF, right). Two distinct subgroups are differentiated by smaller and larger TLVs.
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Table 3 Left ICCt+ — lesion load correlation

Left hemispheric ICCt

Total n=20)  LrF<003 (7=15) LrF> 003 (1=5)
LrF —0.408 (0075)  —0.579 (0.024) —0900 (0.037)
BHrF  —0.253 (0.28l)  —0.304 (0.271) —0.100 (0.873)
NBHrF  —0405 (0077) —0.575 (0.025) —0900 (0.037)

Spearman’s correlations rho (P-values) between intra-cortical
connectivity of the right thumb representation network (ICCy)

in the left hemisphere and the lesion load, including the total =LrF
lesion relative fraction and the BHrF=separate black hole

relative fraction, and nBHrF = non-black hole relative fractions.
The subgroup of patients with higher lesion is small, and the
result is not reliable.

(Fig. 4). The inverse correlation was confirmed even in
patients with smaller lesion volumes (Table 3). Moreover,
in this subgroup, the ICCy value tended to decrease with
respect to the healthy subjects [independent #-test for equal
variances not assumed £(14.068) =1.871, P=0.082].

To understand whether a different role is played by black
hole and non-black hole lesion portions, their correlation
with the ICCy was considered separately. We found that the
association was present with non-black hole relative frac-
tions and not with black hole relative fractions (Table 3).
The black hole relative fraction was slightly smaller than
the non-black hole relative fraction [paired t-test
1(20) = —2.568, P=0.018].

Discussion

An altered pattern of ICC with a significant reduction
of ICC index within primary sensory areas in multiple
sclerosis patients with low or minimal disability was found.
ICC did not associate to the clinical state, probably as a
consequence of the homogeneity of EDSS toward lower
scores. ICC was independent of any prolongation or delay
of CCT or the radiological evidence of spinal lesions.
No reduction of S1 cortical responsiveness was documented
in patients. These findings support the idea of a mainly
cortical origin of the alteration. Furthermore, the finger-
dependent functional specialization of hand sensorimotor
network in the left hemisphere was lost in patients. In fact,
while in healthy subjects the ICC of primary neural
networks devoted to the thumb was higher than those
related to the little finger, this pattern vanished in multiple
sclerosis patients.

It is worth remembering that by ICC the level of
connection between specific neuronal pools in the primary
hand sensory region (area 3b) is tested by measuring the
level of synchronization of their oscillating activities in the
gamma band. Within cortical areas, the intrinsic functional
connectivity measured by ICC stands on the anatomical
topology of lateral connections, modulated by extrinsic
inputs, whose architecture embodies specific predictions that
have been acquired and stored during evolution and through
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experience-dependent learning (Hebb, 1949; Riehle et al.,
2000; von Stein et al., 2000; Petersen and Sakmann, 2001;
Lutzenberger et al., 2002; Kaiser and Lutzenberger, 2005).
Previous findings showed that the ICC index is possibly
sensitive to the shaping of the lateral connections of the
cortical ‘modules’ affected by dynamic learning processes.
In fact in healthy subjects the ICC of both thumb and
little finger primary sensory cortical networks correlated
with contralateral finger dexterity, a parameter related to
a sensorimotor perception skill (Tecchio et al, 2007b).
The relationship between high gamma band phase
locking and the dexterity of the represented finger came
out in the dominant hemisphere and not in the non-
dominant one. This fits the modelling proposed by the
‘temporal binding’ theory of perception (Singer, 1999). This
theory defines neural synchrony as crucial to enhance the
saliency of neural responses. Our findings in healthy subjects
indicate that the synchrony mechanisms become ‘structural’
of the network devoted to the most dexterous district. On
these bases, the dynamic gamma band phase locking
measured by ICC is suggested as a code for finger dexterity,
in addition to the magnification of somatotopic central
maps. Sensory perception relies on an anatomical hierarchy
of neural networks made of synaptic relays—nodes—
recruited by a feed-forward information flow, modulated
by inter-nodal feed-back (Singer, 1999; Engel et al., 2001;
Varela et al.,, 2001). Present results of reduced S1 ICC in
patients could be understood in light of previous findings
showing that within a multi-modal neural network, the
disruption of connection fibres yields to changes of
activation properties in single nodes (for a review Steriade,
2004). Differently from previous electrophysiological meth-
ods characterizing long-range anteroposterior and inter-
hemispheric connectivity in multiple sclerosis (Leocani et al.,
20005 Cover et al., 2006; for a review see Hoffmann, 2007),
the ICC index is an innovative approach providing infor-
mation about local ICC within a single primary area. The
privileged role of S1, main origin of projections to primary
motor cortex (Rizzolatti and Luppino, 2001), makes this
node a ‘second-last’ station of almost all complex network
processing. This hierarchical key role of S1, together with
possible node activity impairments induced by inter-nodes’
disconnections, suggests S1 ICC as a valuable marker of
multiple sclerosis disconnection damage.

The slight inverse correlation between ICC and lesion
load, in absence of any detectable S1 lesion, indicates a
contribution of WMHy to ICC alteration. On the other
hand, significant ICC reduction in patients, only slightly
associated to the lesion load, can be viewed as a result of
the widespread (cortical and subcortical) damage in multi-
ple sclerosis, whose extent is more strictly associated to the
clinical manifestations of the disease than the extent of focal
pathology (for review see Barkhof, 2002; De Stefano et al.,
2002; Filippi and Rocca, 2005). An alternative hypothesis
behind ICC alteration in patients could be that it is an
epiphenomenon of circumscribed S1 cortical damage
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below the level of lesion load analysis. The documented
unaltered responsiveness of the thumb and little finger
primary sensory areas indicates that possible S1 lesions
do not alter the activation of the same neuronal pools
whose interconnections are measured by ICC. These
findings, thus, speak against the hypothesis of ICC reduc-
tion due to local lesions not detectable by our anatomical
data assessment.

The slight inverse ICC correlation with the lesion load
was more evident with non-black hole than with black hole
portions. A hypothesis could be drawn that the ICC is more
affected by non-black hole-mediated aberrant inputs
than by impoverished inputs carried on by fibres bordering
functionally idle black hole areas. Minimal load of both
non-black hole and black hole areas in our patients, makes
mandatory confirmations on patients’ cohorts characterized
by a wider range of lesion load.

In a previous study on RR-multiple sclerosis patients it
was suggested that in the relapse phase of multiple sclerosis
there is a cortical disinhibition possibly as compensation
counteracting the damage in the course of the disease.
In the remitting phase normal cortical excitability was
observed (Caramia et al, 1991, 2004). The extent and
excitability of the recruited neuronal pool do not affect the
ICC index, which only accounts for the level of intra-node
connectivity, and was altered even in the remitting phase.
S1 ICC estimate, if supported by correlation with clinical
data in larger population follow-up studies, might represent
an innovative index for functional evaluation in multiple
sclerosis.

In our cohort of mildly affected patients, there seems to
be little, if any, correlation between clinical and neuror-
adiological pictures and MEG results. Moreover, patients
with rather short disease duration presented with the
same ICC alteration pattern as patients with long disease
duration. These findings suggest that the S1 connectivity
impairment could be a functional marker of the presence of
the disease.

In conclusion, an altered pattern of ICC within primary
sensory areas in multiple sclerosis patients with low
disability was found. S1 ICC estimate is proposed as a
non-invasive index for functional connectivity loss in
RR-multiple sclerosis.
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Appendix |
ICC estimate

The network phase locking dynamic measure was obtained
accordingly with the procedure previously applied by our
group (Tecchio et al., 2007). After the extraction of sources
related to the activity of thumb (FSr(#)) and little finger
(FSi(t)) neuronal network (Barbati et al, 2006), the
network phase locking index was obtained by the following
steps:

(1) the FSt(#) and FSi(t) signals were forward—backward
band pass filtered in the gamma band [y =(33-45) Hz] by
a Butterworth filter of the second order, obtaining FS%(r)
signals, where X =T, L;

(2) the analytic signals of FSk(t) were calculated:

ay(t) = FSi(#) + ihk(r) (1)

where h%(¢) is the FS4(r) Hilbert transform. The analytic
signal was studied rather than the signal itself, to separately
express amplitude and phase of FSy, maintaining the same
time resolution of the original signal;

(3) the phase ¢%(t) of the analytic signal is:

hy (1)
o)

ox(t) = arctg[ )

(4) the dynamic synchronization between the FSt and
FS; sources was defined as:

2 2

NX NX
Sy () = - || Y costagra | +] D sin(agr(a)
k=1 k=1

(€)

where Ag”(r) = ¢} (t) — ¢)(t), t; €[T1, T2], with T2-T1 the
intervals length between two successive stimuli, N¥ is the
number of considered stimuli for each finger X={T,L}.
Sync” (¢) is independent of the signal amplitudes; it is a
dimensionless number varying between 0 and 1: if the
two signals are strictly locked (Agk(t)=constant) then
Sync"*(¢) equals 1, whereas if Ag)(t) varies randomly, then
Sync”(t) tends toward zero.

(5) the phase locking index ICC was finally obtained by
averaging Sync”*(¢) in the time interval lasting 50 ms
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centred in the time point corresponding to maximal value
automatically found between 20 and 75ms after the

stimulus onset (fyax):
tvax+25

Sync'™™ = Z Sync™*(r) 4)

t =tvax—25

To be noted, the time-dependent behaviour of the
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phase locking index was obtained in the two different
conditions of thumb and little finger stimulations. In
conclusion, the index Sync'™ estimates the phase syn-
chronization between the two finger source rhythmic
activities in the gamma frequency band while stimulat-
ing each of two contra-lateral fingers (X=thumb, little
finger).



