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Abstract
Objective—To explore functional cortico-
cortical connections in multiple sclerosis
by means of coherence of the EEG, and to
evaluate their correlations with the degree
of cognitive impairment and with brain
lesion load assessed by MRI.
Methods—EEG coherence was studied
from 28 patients with clinically definite
multiple sclerosis. Ten minutes of resting
EEG were recorded with 20 scalp elec-
trodes, with binaural reference. FFT
power and coherence were calculated in
artifact free epochs of 1 second and
compared with values from 22 control
subjects of comparable age and sex distri-
bution. Patients also underwent MRI
(n=27) and neuropsychological examina-
tion (n=21).
Results—Compared with controls, pa-
tients with multiple sclerosis showed in-
creased è power in the frontotemporal-
central regions (p<0.005). è Band
coherence was decreased between ho-
mologous areas (p<0.02). á Band coher-
ence was decreased both in the local and
long distance connections (p<0.0005).
These findings were most striking both in
patients with high MRI subcortical lesion
load and in patients with cognitive in-
volvement. A significant correlation was
found between interhemispheric è
(p=0.02) and á (p=0.017) and anteroposte-
rior á (p=0.013) coherence and subcortical
MRI lesion load, but not with exclusively
periventricular lesion load.
Conclusions—These findings support the
hypothesis that cognitive impairment in
multiple sclerosis is mostly dependent on
involvement of corticocortical connec-
tions related to demyelination and/or
axonal loss within the white matter imme-
diately underlying the cortex.
(J Neurol Neurosurg Psychiatry 2000;69:192–198)
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Neuropsychological assessment in patients
with multiple sclerosis is receiving growing
attention, due to the frequent occurrence of
cognitive impairment in these patients.1 The
neuropsychological pattern generally seen in
multiple sclerosis consists of memory
impairment,2 sustained attention deficits, visu-
ospatial perception abnormalities, slowing of

information processing, and abnormal prob-
lem solving and abstract reasoning.3 This
pattern is compatible with a “subcortical”
dementia.3–5 A possible important role of the
disruption of neural connections among corti-
cal associative areas as well as between cortical
and subcortical structures, occurring as a con-
sequence of demyelination and axonal degen-
eration, has been suggested.5–7 Moreover, the
greater importance of lesions immediately
underlying the cortex with respect to other
lesion locations, has been proposed.8 9

Coherence analysis of the EEG is a useful
indicator of functional connections between
diVerent cortical areas.10–12 Coherence between
two EEG signals is the spectral cross correla-
tion normalised by their power spectra. Be-
cause coherence is normalised by the power of
a given frequency band, it is independent of the
amplitude of the oscillations of the two signals.
This property makes coherence analysis a rela-
tively safe method when comparing diVerent
populations, as EEG power diVerences be-
tween the two groups do not aVect the
coherence estimates. Increased coherence has
been shown over the cortical or subcortical
sites involved in generation and spreading of
epileptic activity.13 14 Reduced interhemispheric
coherence has been reported in acallosal
patients during wakefulness15 16 and sleep.17

Decreased coherence of the resting EEG was
also seen in patients with negative schizo-
phrenic symptoms,18 Alzheimer’s disease,19–21

multi-infarct dementia,19–21 and HIV/AIDS,23

and interpreted as indicating cortical-
functional disconnection in these diseases.
Moreover, diVerent patterns of EEG coherence
are present in cortical and subcortical
dementia.19 In this study we analysed EEG
coherence in multiple sclerosis and its correla-
tion with cognitive involvement and pattern of
brain lesions assessed by MRI.

Methods
PATIENTS AND CONTROLS

Twenty eight relapse free patients (17 men, 11
women; mean age 45.4 (SD 12) years, range
20–63; mean disease duration 12.7 (SD 8.9)
years, range 2–30) aVected by definite multiple
sclerosis of the progressive form (16 primary
progressive (PP), 11 secondary progressive
(SP), one transitional (Tr)), according to the
criteria of Lublin and Reingold24, participated
in the study. Neurological disability, measured
using the Kurtzke expanded disability status
scale (EDSS),25 was on average 5.3 (SD 1.6)
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(range 2.5–8). Patients taking steroid treatment
in the month before examination or under psy-
chotropic drugs during the past 2 weeks were
not included. Twenty two normal volunteers
with similar age and sex distribution were also
studied as controls. Patients also underwent
MRI examination (except for one patient) and
neuropsychological testing (except for seven
patients). All patients and subjects gave their
informed consent to participate in the study,
which was approved by the local ethics
committee.

MRI

Conventional spin echo dual echo (TR=2000,
TE=30/80) brain MR scans were obtained
using a 1.5 T machine (Siemens Magnetom
SP63). Twenty four 5 mm thick axial contigu-
ous slices were acquired, with a 250 mm field of
view and a 256×256 image matrix. Patients
were positioned in the scanner using published
guidelines.26 For image analysis, multiple scle-
rosis lesions were counted on short echo,
proton density (PD) weighted images (long
echo T2 weighted images were used to increase
the confidence in lesion detection). A scoring
system27 weighted for lesion size was used to
estimate the lesion loads; one point was given

for each lesion with a diameter 1–5 mm, two
points for 6–10 mm lesions, three points for
lesions greater than 10 mm, and four points for
extensive confluent lesions. Both total and
regional (periventricular and subcortical) brain
lesion loads were then calculated simply by
multiplying the number of lesions by their
individual scores. Patients were subdivided in
two groups according to their median values of
the total (cut oV>60) and of the subcortical
(cut oV>10) lesion loads.

NEUROPSYCHOLOGICAL EXAMINATION

Patients underwent a comprehensive battery of
neuropsychological tests: Wechsler adult intel-
ligence scale (WAIS),28 Wechsler memory scale
(WMS),29 digit span,30 Corsi span and Corsi
supraspan,31 Raven,32 Weigl,33 Wisconsin card
sorting test,34 short story,30 word pairs and
word list,35 phonemic and semantic fluency,36

and attentional matrices.30 Patients were con-
sidered cognitively impaired if they failed in
three or more of these tests. Nine patients out
of 21 (42.8%) were classified as cognitively
abnormal according to this criterion.

EEG RECORDING AND ANALYSIS

Ten minutes of eye closed EEG at rest were
acquired using 19 Ag/AgCl electrodes, fixed to
the scalp with collodion according to the 10/20
International System, with binaural reference
(bp 1–35 Hz). The EEG signal was digitised
(250 Hz sampling frequency) and stored for oV
line analysis. Artifact free epochs of 1 second
were selected for calculation of fast Fourier
transform power and coherence. Group com-
parisons of EEG absolute power were per-
formed using the unpaired Student’s t test for
frequencies between 2 and 20 Hz, in steps of 1
Hz. Coherence analysis for all electrode pairs
was performed for the è and á frequency bands
(è 4–8 Hz; : á 9–12 Hz), as the major power
diVerences between multiple sclerosis and
control subjects were within these two bands
(see Results section).

STATISTICAL ANALYSIS

We performed group comparisons of power
and coherence using Student’s t test for
unpaired data. Previous data from our group22

have shown that for each electrode pair the
coherence values are distributed according to a
gaussian function. The group average coher-
ences of all patients with multiple sclerosis and
control subjects were compared for each
electrode pair except for the temporal elec-
trodes, excluded from the analysis to avoid
contamination from muscle artifacts. Bonfer-
roni correction was applied to group compari-
sons of coherence values. Besides subdividing
patients into two groups according to the pres-
ence of cognitive impairment neuropsychologi-
cally assessed, patients were also subdivided
into two groups according to their total or,
independently, to their subcortical MRI le-
sional score. For regression analysis between
coherence and MRI data, coherence values for
selected pairs were averaged to obtain, for each
patient, a single value for anteroposterior and,
separately, interhemispheric coherence. For

Figure 1 Group averages of absolute power maps. A: normal subjects (n=22). B: patients
with multiple sclerosis who underwent cognitive tests (n=21). C: cognitively unimpaired
multiple sclerosis (n=12). D: cognitively impaired multiple sclerosis (n=9). E-F: p values
(Student’s t test). E: group B v group A. F: group D v group A. Red shades in E-F
represent a significant power increase in groups B and D.
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each subject, anteroposterior coherence was
the average of values from the midline pairs
(FZ-CZ, FZ-PZ, FZ-OZ, CZ-PZ, CZ-OZ,
PZ-OZ) and from pairs along the midline on
the two sides (FP1-F3, FP1-C3, FP1-P3, FP1-
O1, F3-C3, F3-P3, F3-O1, C3-P3, C3-O1,
P3-O1, plus the homologous pairs). For inter-
hemispheric coherence, non-homologous pairs
were considered only within the distance of a
single position in the anteroposterior direction
according to the 10–20 system (for example,
C3-F4, C3-P4), Non- homologous pairs with
distance of more than two positions in the
anteroposterior direction (for example FP1-
C4) were not included in the average value of
interhemispheric coherence, as it has been esti-
mated that anatomical interhemispheric con-
nections of this type are very scarce.37 There-
fore, interhemispheric coherence was the
average from the pairs FP1-FP2, FP1-F4,
F3-FP2, F3-F4, F3-C4, C3-F4, C3-C4, C3-
P4, P3-C4, P3-P4, P3-O2, O1-P4, O1-O2.

Results
POWER

Considered as a group, patients with multiple
sclerosis had a significant increase of è power in
the frontotemporal-central regions compared
with normal subjects (p<0.05 in all frontal and
central electrodes, T3 and T4; fig 1). In fig1,
only patients who underwent neuropsychologi-
cal evaluation were considered (n=21). A simi-
lar pattern was found in patients with cognitive
impairment (n=9; five PP, four SP) if com-
pared both with normal subjects (p<0.02 at all
frontal, central, T3, and T4 electrodes; p<0.05
in all but occipital and T6 electrodes; fig 1) and
to cognitively normal patients (n=12; seven PP,
five SP) but the latter comparison did not reach
statistical significance. Cognitively normal pa-
tients had no power diVerence from normal
controls. No significant power diVerence was
found when comparing patients with a high
(n=17; nine PP, eight SP) versus a low (n=10;
six PP, three SP, one Tr) total lesion load on

Figure 2 Group averages of absolute power maps. (A) patients with multiple sclerosis (n=12) with low subcortical lesion
load (<10). (B) patients with multiple sclerosis (n=15) with high subcortical lesion load (>10). (C) group A v group B
(p values; Student’s t test). Red shades in (C) represent significant power increase in group B.

Figure 3 Coherence maps. Lines represent significant (p<0.05) coherence decrease in the group of patients with multiple
sclerosis who underwent cognitive tests (n=21) compared with normal subjects (n=22). Temporal electrodes were excluded
from the analysis. (A) è (4–8 Hz); (B) á (9–12 Hz).

A B
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MRI, whereas a significant increase of ä
(p<0.05 at electrodes FP1, FP2, F7, F8, T4)
and è (p<0.05 at all frontal, C3, C4, P4, T6,
O1 electrodes) was present in patients with
high (n=15; eight PP, seven SP) compared with
low (n=12; seven PP, four SP, one Tr) subcor-
tical lesion load (fig 2). Patients with memory
impairment (n=4, two PP, two SP) had a
higher power in the ä and è bands over the left
frontotemporal electrodes than normal sub-
jects (data not shown; p<0.02 at electrodes F7,
F3, Fz, T3, C3, F8, T4 for ä and at all but
occipital electrodes for è) and the other
patients (p<0.05 at FP1, FP2, F3, C3, Cz for ä
and Fz for è).

COHERENCE

Compared with controls, patients with multi-
ple sclerosis had reduced coherence of both è
and á bands (p between 0.05 and 0.002 for the
è band; p<0.0005 for the á band, significant if
Bonferroni corrected; figure 3). In this figure,
only patients who underwent neuropsychologi-
cal examination were considered (n=21). è
Band coherence was reduced mostly between

interhemispheric homologous electrodes or
within the distance of a single position in the
anteroposterior direction (P3-C4; P3-O1). á
Band coherence was diVusely decreased both
between interhemispheric and anteroposterior
electrode pairs (figure 3). Cognitively impaired
patients (figure 4) had a significant diVuse
coherence decrease of the two bands compared
with cognitively normal patients, in the antero-
posterior and in the interhemispheric direction
(p<0.0005, significant if Bonferroni cor-
rected).

CORRELATIONS BETWEEN COHERENCE AND MRI

DATA

No significant correlation was present between
coherence and periventricular lesion load,
whereas subcortical lesion load was signifi-
cantly correlated with interhemispheric è and á
coherence (p=0.020 and p=0.017 respectively,
figure 5) and with anteroposterior á coherence
(p=0.013). The total lesion load had a correla-
tion at the limit of statistical significance
(p=0.05) only with the interhemispheric á
band coherence.

Figure 4 Coherence maps. Lines represent significant (p<0.05) coherence decrease in the group of cognitively impaired
(n=9) compared with cognitively normal (n=12) patients with multiple sclerosis. Temporal electrodes were excluded from
the analysis. (A) è (4–8 Hz); (B) á (9–12 Hz).

A B

Figure 5 Regression of interhemispheric (I-E) coherence with periventricular (PV) and subcortical (SC) MRI lesion load
in each patient with multiple sclerosis (n=27).
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Discussion
In this study we evaluated computerised EEG
spectral power and coherence in patients with
multiple sclerosis, together with neuropsycho-
logical tests and brain MRI.

EEG POWER

We found a slowing of the background EEG
activity in patients with multiple sclerosis com-
pared with control subjects, together with a
diVuse increase of slow oscillations in the ante-
rior and temporal regions. Moreover, patients
with memory impairment had an increase of
slow components (ä and è) in the left
temporofrontal regions. Compared with nor-
mal subjects, power abnormalities were signifi-
cant only in the group of patients with cognitive
impairment and not in cognitively normal
patients. Considering MRI, the groups of
patients with high and low total lesion load had
no significantly diVerent EEG power from nor-
mal subjects and from each other. Conversely,
patients with high subcortical lesion load had
more è and ä power compared with normal
controls and with patients with low subcortical
lesion load, who had normal EEG considered
as a group. Other studies reported EEG abnor-
malities in multiple sclerosis,38–41 mainly in-
creased slow frequencies and reduced á band.
Computerised spectral analysis38 showed a
relation between disability and the amount of â
activity in the frontocentral area and of è activ-
ity in the temporal area. Moreover, after
improvement due to immunosuppressive treat-
ment, a marked increase of mean á frequency
in the parieto-occipital region was present.
Quattrini et al39 in a 5 year follow up study, did
not find a significant correlation between visual
EEG abnormalities and neurological or psy-
chic status, but there was a weak correlation
between EEG and CT findings. Facchetti et al40

failed to find a significant correlation between
conventional or quantitative EEG and MRI
findings or disability. Feng,41 at visual inspec-
tion of the EEG, found more abnormal records
in active than quiescent patients with multiple
sclerosis; moreover, patients with relapses had
more frequent abnormalities than patients with
a progressive course. In the present study, we
investigated patients with a progressive form of
multiple sclerosis, in which a higher prevalence
of cognitive disturbances, compared with
patients with relapsing-remitting disease, has
been reported.42 43 Whether patients with sec-
ondary progressive disease are more aVected
by cognitive impairment than primary progres-
sive ones is still a controversial issue, as this has
been found by some authors44 45 and denied by
others.46 Recent evidence,46 however, indicates
that, when patients with primary or secondary
progressive multiple sclerosis have similar
disability and MRI lesion burden, the fre-
quency and severity of cognitive disturbances
do not diVer significantly between these two
multiple sclerosis phenotypes. This might
explain why, in our study, the groups of
patients with and without cognitive impair-
ment were not clustered for either form of pro-
gressive multiple sclerosis. Our findings show
that lesions immediately underlying the cortex,

among other lesion locations, are the major
determinant of the EEG power abnormalities
encountered in multiple sclerosis. Several
studies45 47 48 have shown a statistically signifi-
cant correlation between the global cognitive
impairment and the severity of white matter
abnormalities of the hemispheres, of corpus
callosum atrophy, and of ventricular dilatation.
More strict correlation has been found between
cognitive impairment and both subcortical
lesion load8 9 and corpus callosum atrophy.49

Moreover, the analysis of regional cerebral
lesion load showed significant relations with
specific cognitive functions.48–50

EEG COHERENCE

Our study has demonstrated a significant
decrease of á and è band coherence between
both anteroposterior and interhemispheric
areas in patients with progressive multiple scle-
rosis. This reduction was significant in cogni-
tively impaired patients, both compared with
normal subjects and with cognitively normal
patients with multiple sclerosis, who showed no
statistically significant coherence diVerence
with normal controls. As coherence is consid-
ered as an indicator of functional neuronal
connections between diVerent cortical
areas,10 12 a coherence decrease between two
regions would indicate a decrease in their
functional connections. Nevertheless, other
factors could aVect coherence estimates. De-
creased coherence between O1 and O2 leads
for the á-1 band and between F3 and F4 for the
â-1 band has also been shown in normal
subjects during light drowsiness compared
with the awake state.51 In these findings, the
decreased interhemispheric coherence for
those bands was accompanied by increased
coherence within the è-1 and â-1 bands
between C4 and O2. Even though we excluded
through visual inspection EEG segments with
signs of decreased arousal, it is possible that
some decrease in interhemispheric coherence
may be due to decreased arousal not evident at
visual inspection of the EEG. Nevertheless, in
our study the è band coherence was also
decreased in patients with multiple sclerosis
with cognitive impairment compared both with
normal subjects and with patients with multi-
ple sclerosis without cognitive impairment.
Interhemispheric coherence for both bands
was also inversely correlated with subcortical
lesion load. Therefore, increased drowsiness in
deteriorated patients cannot totally account for
our findings.

Another problem arising when interpreting
coherence diVerences between groups is the
reference used. Using a common reference
(linked ears) a signal with high power (á oscil-
lations) may produce an artificially high coher-
ence between distant electrodes because of vol-
ume conduction. Moreover, the reference
electrodes may record brain activity and
project it to the EEG channels, thus artificially
increasing the coherence estimates, as reported
by Fein et al.52 If this were the case in our study,
it could be possible that normal subjects,
having a higher á power than patients with
multiple sclerosis, display a higher á coherence
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because of volume conduction of the oscilla-
tions. A method for reducing the signal
introduced by the reference is the transforma-
tion of the data using the Laplacian operator53-55

although an agreement about the optimal
computational algorithm is not completely
reached.56–59 For our coherence results, ob-
tained using a common reference recording, if
the finding of decreased á band coherence in
patients with multiple sclerosis would be due to
an artificially high á coherence in the control
subjects (who had a higher á power), an
increased è coherence in patients with multiple
sclerosis compared with controls would be
expected, as è power was higher in patients
with multiple sclerosis. This was not the case in
our findings, as both á and è band coherence
were lower in patients with multiple sclerosis
compared with controls. Thus our results can-
not be explained by an artificially high
coherence caused by the use of a linked ear ref-
erence.

In the present study we found a significant
correlation between anteroposterior coherence
and the lesion load immediately underlying the
cortex (“subcortical”). It has been reported
that cognitive impairment is mostly related to
lesions of the white matter immediately under-
lying the cortex, but not with exclusively periv-
entricular lesions.8 9 These lesions may pro-
duce a deaVerentation of cortex from
underlying structures, but also involve long
corticocortical projections. The superior longi-
tudinal fasciculus and the corpus callosum are
good candidates for anteroposterior and inter-
hemispheric connections, respectively.
Nevertheless, their importance in determining
functional connections reflected in EEG coher-
ence has not been clearly determined. Al-
though studies specifically involving the supe-
rior longitudinal fasciculus and EEG
coherence are missing, contrasting results have
been obtained concerning the corpus callo-
sum. Lesions or agenesis of the corpus
callosum have been reported to leave the
degree of synchronisation between the two
hemispheres unaVected60 61 or decreased.15–17 62

Residual posterior interhemispheric coherence
in acallosal patients has been attributed to the
persistence of the posterior commissure,17

moreover, the pattern of decreased coherence
has been found to be consistent with the topo-
graphy of the surgical section.62

Another contribution to EEG coherence
between diVerent cortical areas can be pro-
vided by synchronisation from a common
pacemaker, such as the thalamus. It may be
hypothesised that if the interruption of tha-
lamic projections to the cortex is the major
determinant of decreased coherence in our
findings, coherence should be more highly cor-
related with periventricular lesions than with
subcortical lesions immediately underlying the
cortex. In fact, whereas the former lesions
would be most likely to involve thalamocortical
connections, the latter lesions would also
involve long corticocortical projections. In our
findings, there was a high correlation between
EEG coherence and lesion load in the white
matter close to the cortex, whereas no correla-

tion was present with periventricular lesions.
These findings are also consistent with ana-
tomical studies estimating that thalamic fibres
entering the cerebral cortex are only up to 1%
of the total,63–64 even though we should consider
that the extent of anatomical representation
does not necessarily correspond to functional
relevance. Indeed, it cannot be excluded that
the mechanism by which subcortical lesions
may aVect coherence may also be mediated by
eVects on the thalamus. Contreras et al64 have
recently demonstrated that, in anaesthetised
cats, the synchronisation of thalamic sleep
spindles between diVerent sites in the thalamus
is dependent on the integrity of the overlying
cortex. Moreover, the coherence between sleep
spindles at diVerent electrodes of an array
placed over the suprasylvian cortex in the
anteroposterior direction, was not disrupted by
a coronal cut through the suprasylvian gyrus.
The authors commented that it is unlikely that
coherence was unaVected because of other
intact corticocortical connections, as the same
cut disrupted coherence of a slow oscillation
generated intracortically.65 It has to be said that
these studies were performed on sleep spindles
and not on the á and è rhythms. Nevertheless,
it is still possible that the white matter lesions
close to the cortex, correlating with decreased
EEG coherence in multiple sclerosis, may
aVect not only the corticocortical connections
and the thalamocortical fibres for the overlying
cortex, but also reduce the cortical output to
the thalamus. According to Contreras et al64 a
lesion of corticothalamic fibres would lead to a
decreased coherence of the intrinsic thalamic
oscillations. Therefore, diVerent thalamic re-
gions would drive the cortical oscillations
through those thalamocortical fibres which
have remained intact, in a less coherent
manner.

In conclusion, slowed EEG background
activity and reduced coherence were present
both in cognitively impaired patients compared
with unimpaired patients and in patients with
high compared with low subcortical MRI
lesion load. Moreover, subcortical lesion load
correlated highly with reduction of EEG
coherence. Taken altogether, these data are
consistent with the hypothesis that cognitive
dysfunction in multiple sclerosis is dependent
on the disconnection of cortical associative
areas, produced by demyelination, or axonal
loss, or both, in the subcortical white matter
occurring in these patients.

We are grateful to Aldo Elia for the EEG recordings. This study
was supported by a grant from the Istituto Superiore di Sanità
(National Ministry of Health, Rome, Italy; protocol number
96/J/T44).
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