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Abstract

Background: Dysfunction of higher cognitive abilities occurs in 40–60 % of people with multiple sclerosis (MS), as
detected with neuropsychological testing, with predominant involvement of executive functions and processing
speed. Event-related potentials to the Stroop are a bioelectrical correlate of executive function. We tested whether
event-related potentials to the executive Stroop test may reflect executive dysfunction in MS.

Methods: 29 MS patients (M/F:14/15; mean age 40 ± 8), and 16 healthy control subjects were included in the study
(M/F:7/9; mean age 36 ± 10). Patients underwent a neuropsychological battery and, according to the performance
obtained, they were divided in two groups: 13 frontal patients (F-MS; M/F:6/7; mean age: 40 ± 8) and 16 non frontal
patients (NF-MS; M/F:8/8; mean age: 41 ± 7). Simple and complex reaction times to the Stroop task were measured
using a computerized system. Event-Related Potentials (ERPs) to the same stimuli were obtained from 29 channel
EEG, during mental discrimination between congruent and incongruent stimuli. Multivariate analysis was performed
on reaction times (RTs) and ERPs latencies; topographic differences were searched with low resolution brain
electromagnetic tomography (LORETA).

Results: Significant group effects were found on the percentage of correct responses: F-MS subjects committed
more errors than the other two groups. F-MS patients showed delayed P3 and N4 compared to NF-MS patients and
delayed P2, N2, P3 and N4 compared to controls. NF-MS subjects showed significantly slower P2, N2 and P3
compared to control subjects. Moreover, frontal score correlated negatively with ERPs’ latency and with complex
RTs. At source analysis F-MS patients presented significantly reduced activation predominantly over frontal,
cingulate and parietal regions.

Conclusions: Taken together, these findings suggest that bioelectrical activity to the Stroop test may well reflect
the speed and extent of neural synchronization of frontal circuits. Further studies are needed to evaluate the
usefulness of Stroop reaction times and ERPs for detecting frontal involvement early at a subclinical stage, allowing
early cognitive therapy, and as a paraclinical marker for monitoring treatment outcomes.
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Background
Cognitive dysfunction is a common finding in multiple
sclerosis (MS), being reported in 40–60 % of all patients
[18, 58, 62], typically consisting of deficits in attention,
memory, executive functions and speed of information
processing. This pattern of dysfunctions resembles that
typical of subcortical dementia and is considered as
mostly dependent on the disruption of connections be-
tween cortical associative areas, related to demyelination
and/or axonal loss within the white matter immediately
underlying the cortex [39].
Several neuroimaging studies investigated these defi-

cits in MS patients trying to establish a relationship to
lesion load as detected on MRI; some of these studies
proposed that cognitive impairment is better explained
by cortical structural abnormalities rather than subcor-
tical white matter lesions [13, 14, 59], other recent stud-
ies instead, which compared the role of cortical lesions
and white matter lesions in the development of cognitive
impairments in MS, documented a higher role of white
matter integrity changes than previously assumed [50].
During performance of cognitive tasks, a greater extent

of brain activation has been reported in patients com-
pared to healthy subjects, [6, 44, 64] indicating cortical
reorganization possibly owing to compensatory mecha-
nisms. Moreover, MS patients with mild cognitive
impairment presented increased and additional activa-
tion during attention tasks compared to controls, while
MS patients with severe cognitive impairments presented
no additional activation [53]. These findings suggest that
the compensation depends on the possibility to access
additional brain structures and the exhaustion of these
resources would determine severe cognitive impairment.
Electrophysiological studies have widely examined cog-

nitive dysfunction in MS patients. Coherence analysis is
a useful indicator of functional connections between dif-
ferent cortical areas [39], which are disrupted in multiple
sclerosis. Cognitive impaired MS patients had a signifi-
cant increase of theta power over the frontal regions
[39] as well as an increase in beta and gamma bends
[69] and a diffuse coherence decrease [19, 39].
Event Related Potentials (ERPs) are among the most

suitable electrophysiological methods to examine pro-
cessing speed, which appears to be the most common
cognitive deficit in MS [8, 20]. Delayed latency and
decreased amplitude of the main ERPs components, par-
ticularly of the P3 to oddball paradigm, representing the
discrimination of stimuli differing in some physical
dimension and whose latency reflects processing speed
[36], have been reported in MS [38, 42]. Delayed P3 is
associated with higher EDSS scores [22, 67], disease dur-
ation [25], low performance on attention and memory
tasks and total MRI lesion burden [30, 49, 63]. Previous
neuroimaging and neuropsychological studies pointed
out the need for early detection of cognitive impairment
in MS [1, 46], possibly at the subclinical level. ERPs
could be particularly helpful in the early recognition of
cognitive dysfunction and have been already successfully
used to this end [43]. However, the oddball task, used to
evoke P3, is not specifically challenging executive func-
tion, which is generally a key feature of cognitive
involvement observed in MS [5, 16, 17, 21, 47, 57].
Among the cognitive tests which are suitable for ERPs
analysis, the Stroop test [65] can be a good candidate
and has been already applied in the study of executive
functions in MS patients, in healthy subjects and in
other neuropsychiatric disorders [4, 16, 32, 37, 71]. Cog-
nitive control and flexibility are the most impaired in
MS among executive functions [16], and the Stroop task is
particularly suitable to detect deficits in these components
of executive function [26]. We aimed at investigating the
electrophysiological correlates of executive dysfunction in
MS using ERPs to Stroop stimuli in persons with MS with
and without executive dysfunction. As a performance cor-
relate of the ERP task, reaction times to Stroop stimuli
were measured.

Methods
Subjects
Twenty-nine patients (15 females; mean age 40 ± 8) with
clinically definite multiple sclerosis according to McDonald
criteria [45, 55, 56], and 16 healthy controls (9 females;
mean age 36 ± 10) were included in the study. Patients with
Expanded disability status scale [35] higher than 6.5 or with
severe cognitive, motor or visual impairment interfering
with task compliance, as well as with steroid or psycho-
active drug treatment in the previous 3 months days were
excluded from the study. The protocol was approved by the
Institutional Ethics Committee at the Hospital San Raffaele
and all subjects gave their written informed consent for
participation.
Prior to the beginning of the study, patients underwent

a neuropsychological battery including: Stroop test [65],
Tower of Hanoi [29], Dual task [48], Wisconsin Card
Sorting [7, 73], semantic and fonemic verbal fluency tests.
According to their performance on these tests, a “frontal
score” was assigned to each patient, who were subdivided
in two groups: 13 frontal patients (F-MS; 7 females, mean
age 40 ± 8 years) and 16 non frontal patients (NF-MS; 8
females, mean age: 41 ± 7).

Computerized Stroop Performance
Reaction times (RTs) in the Stroop task were measured
using a computerized version implemented in commercial
STIM software (Neuroscan, Herndon, VA, USA). Re-
sponses were recorded using a computer mouse with two
response buttons. Four colour words (green, red, yellow,
and blue) written in congruent (50 %) or incongruent



Fig. 1 Percentage of correct responses in the choice condition, the go/
no-go condition and the simple reaction time condition, in controls
(white), NF-MS (grey) and F-MS (black). F-MS vs CNT: * p= 0.001; F-MS vs
NF-MS ** p= 0.001. Line bars over each column indicate standard error
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(50 %) colour were randomly presented (stimulus duration,
200 ms; intertrial interval, 3.5 s) in four different series of
32 stimuli each.
In the first condition (simple RT - SRT), the subjects

had to press a button for every stimulus presentation,
regardless of stimulus type. The second condition (go/
no-go RT) consisted of two series, in which a response
was required to either the incongruent (go/no-go I) or
congruent (go/no-go C) stimuli. In the third condition
(choice RT), the subjects had to press one button after
the congruent stimuli (choice C) and the other button
after the incongruent stimuli (choice I). For each series,
the response latency was measured only for correct
responses. Trials with latencies that exceeded 2.3 s were
considered omissions and excluded from the calculation
of average RTs and accuracy. The latter was calculated
in the complex RTs (go/no-go and choice) as the per-
centage of correct responses.

Event-related potential recording
Twenty-nine EEG channels with binaural reference were
recorded using scalp electrodes set on an elastic cap
(Electrocap International, Eaton, OH, USA). The EEG
signal was amplified (Synamps, Neuroscan, Herndon,
VA, USA), filtered (DC–50 Hz), and digitized (sampling
frequency, 250 Hz). The electrooculogram and electro-
myogram of the right and left extensor pollicis brevis
were also recorded to detect eye movements and relax-
ation failure.
A series of 120 of the same Stroop stimuli (stimulus dur-

ation, 200 ms; intertrial interval, 6 s) used for the RT meas-
urement were presented using the same computerized
version implemented in commercial STIM software
(Neuroscan, Herndon, VA, USA). The subjects were
instructed to mentally discriminate between congruent
and incongruent stimuli. This condition was chosen for
ERP recording to avoid movement interference. Atten-
tion was monitored every 10–15 trials by randomly ask-
ing subjects to verbally define the congruency of the
last stimulus presented. Recordings were performed in
the morning (8:30–10:00 a.m.) to reduce variability due
to circadian fluctuations.

Event-related potential analysis
Epochs from −500 to 1200 ms from stimulus onset were
obtained. Linear detrending was performed over the
entire epoch to correct for DC drifts. The baseline was
then corrected between −500 and 0 ms. Epochs that
contained artefacts or muscle relaxation failure upon vis-
ual inspection were excluded from the analysis. Initially,
separate averages were obtained for congruent and
incongruent stimuli. After a preliminary comparison
between and within groups, which did not show signifi-
cant differences between the parameters obtained in the
two conditions, data from the congruent and incongru-
ent trials were collapsed into a single ERP for each sub-
ject to reduce signal noise.
The latency of the main ERP components (i.e., N1

[O1 or O2 electrode], P2, N2, P3 and N4 [Fz elec-
trode]) was measured for each subject. The amplitude
and topographic analysis was performed at time inter-
vals of the same components (time intervals = group
mean latency value of each component ± 30 ms) using
low-resolution brain electromagnetic tomography
(LORETA; [51, 52]; see Statistical analysis section
below).

Statistical analysis
The significance of group effects with regard to the
number of correct responses (in the choice condition,
go/no-go C condition, and go/no-go I condition), RT
latency in the choice C condition, choice I condition,
go/no-go C condition, go/no-go I condition, and simple
RT condition, and latency of the main ERP components
(N1, P2, N2, P3 and N4) was tested using three separate
multivariate analyses of variance (MANOVAs). Post hoc
tests were performed using Bonferroni correction. Cor-
relations between frontal score and RTs and between
frontal score and ERP latencies were also performed
using Spearman’s coefficient. All of the statistical tests
were performed using SPSS 17 software (Technologies,
Chicago, IL, USA). Group differences in the amplitude
and topography of ERP waveforms were investigated
using LORETA with a statistical nonparametric voxel-
wise comparison between the F-MS, NF-MS and control
groups. The level of significance was set at p < 0.05.

Results
Stroop RTs
Significant group effects were found on the percentage
of correct responses (Fig. 1) at MANOVA (p = 0.001): in
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the choice condition F-MS patients committed signifi-
cantly more errors than controls (p = 0.001) and NF-MS
patients (p = 0.001).
There were no significant group effects on RTs at

MANOVA.

ERPs latency
Significant group effect was found (Fig. 2) at MANOVA (F
= 21.699; p = 0.000); F-MS patients showed significantly
delayed P2, N2, P3 and N4 latencies compared to controls
(P2: p = 0.000; N2: p = 0.001; P3: p = 0.000; N4: p = 0.000)
and P3 and N4 latencies compared to NF-MS patients
(P3: p = 0.015; N4: p = 0.000). NF-MS patients showed
significantly delayed P2, N2 and P3 latencies compared
to controls (P2: p = 0.007; N2: p = 0.021; P3: p = 0.033).
Correlations
There was a negative correlation between frontal score
and N1 latency (ρ = −0.426, p = 0.024), P2 latency (ρ =
−0.643, p = 0.000) and N4 latency (ρ = −0.566, p = 0.002).
Moreover, frontal score correlated negatively with RTs
speed in the go/no-go I condition (ρ = −0.425, p = 0.022)
and in the choice C condition (ρ = −0.381, p = 0.042)
(Fig. 3), and correlated positively with the percentage of
correct responses in the go/no-go C condition (ρ =
0.431, p = 0.019) and in the choice condition (ρ = 0.550,
p = 0.002) (Fig. 4).

ERPs amplitude and topography
LORETA statistical non-parametric voxel-wise analysis
revealed significant group differences. In the N1 time
window (time interval = group mean N1 latency value ±
20 ms), the F-MS group, compared to the other two
Fig. 2 N1, N2, P3, N4 and P6 latencies in CNT subjects (white), NF-MS patient
p = 0.000; **** p = 0.000. F-MS vs NF-MS: # p = 0.015; ## p = 0.000. NF-MS vs CNT
standard error
groups, had a significantly reduced activation of the right
supramarginal gyrus, the right inferior parietal lobule,
the right middle and inferior temporal gyri and the
superior and middle frontal gyri (Figs. 5 and 6). In the
P2 time window (time interval = group mean P2 latency
value ± 20 ms), there were not significant differences be-
tween groups. In the N2 time window (time interval =
group mean N2 latency value ± 20 ms), F-MS patients
showed a significantly decreased activity in the cingulate
gyrus and in the parahippocampal gyrus compared to
NF-MS patients (Fig. 7) but not significant differences
compared to control subjects; significance was reached
vs NF-MS and not vs controls, owing to a slight non sig-
nificant increase in activation in NF-MS vs controls. In
the P3 time window (time interval = group mean P3 la-
tency value ± 20 ms), F-MS group presented a reduced
activity reaching significance vs controls in the superior
and medial frontal gyri, the cingulate gyrus, the precu-
neus and the precentral lobule (Fig. 8) and vs NF-MS in
the anterior cingulate, the medial frontal gyrus and the
cingulate gyrus (Fig. 9). In the N4 time window (time
interval = group mean N4 latency value ± 20 ms), F-MS
patients showed a significant decreased activity com-
pared to healthy subjects in the cingulate gyrus, the
paracentral lobule and the precuneus (Fig. 10).
Discussion
Compared to NF-MS patients and control subjects, our
sample of F-MS patients showed delayed ERPs’ latencies,
reduced frontoparietal activity and less accuracy in the
execution of the Stroop task. Moreover, frontal score
correlated negatively with ERPs’ latency and with com-
plex RTs. These findings are discussed in details below.
s (grey) and F-MS patients (black). F-MS vs CNT: * p = 0.000; ** p = 0.001; ***
: ° p = 0.007; °° p = 0.021; °°° p = 0.033. Line bars over each column indicate



Fig. 3 Correlation between Frontal Score and RTs in the Choice condition (ρ = −0.381, p = 0.042)
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RTs
The lower level of accuracy observed in frontal patients
compared with the other two groups, but not in non
frontal patients compared with controls, suggests an
impairment, in the first group, of conflict monitoring
function, necessary to process competing information
and select the adequate response, reported to be medi-
ated by frontal structures as the anterior cingulate cortex
[10, 12]. Moreover, accuracy and speed in the complex
tasks were correlated with frontal score obtained from
neuropsychological assessment. Overall, these findings
suggest that computerized RTs may provide useful mea-
sures for the assessment of executive functions in these
patients. Although a learning effect may have certainly
occurred during RTs measurements, the tasks were per-
formed in a sequence with increasing difficulty. This
choice was made to facilitate learning as much as pos-
sible for the subsequent ERPs recordings, to minimize
an additional source of between-subject variability across
RT tasks and to limit the number of RT exclusions due
Fig. 4 Correlation between Frontal Score and percentage of correct respon
to errors. However, this methodological choice could not
allow us to avoid two possible confounding factors. One
is learning itself: subjects with MS-related learning im-
pairment could present slower learning and therefore
higher impairment in the most complex tasks because
these were performed later, favoring the subjects with
faster learning. The second is cognitive fatigue, defined
as performance decay with test repetition and reported
to affect MS patients to a greater extent than healthy
controls [34, 41]. However, performance at the comput-
erized RTs was more impaired in frontal compared with
non frontal MS patients and correlated with the frontal
score, suggesting that this tools reflects, at least partially,
the severity of frontal involvement. To further interpret
our findings more studies are needed specifically ad-
dressing the issues of whether this impairment is a direct
correlate of executive function or it is at least partly
mediated by learning difficulties or cognitive fatigue. In
any case, both learning difficulties and cognitive fatigue
may well represent other correlate of frontal dysfunction,
ses in the Choice condition (ρ = 0.550, p = 0.002



Fig. 5 LORETA non-parametric voxel-wise comparison map between F-MS and controls in the N1 time window. Blue: regions of significant decreased
activity in F-MS
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needing more work to disentangle the relative contribu-
tion of these factors to our findings.

ERPs latency
ERPs latencies were significantly increased in both pa-
tients groups compared with controls and in the F-MS
group compared to NF-MS group. This finding is consist-
ent with previous studies widely documenting cognitive
ERPs latencies’ delay in multiple sclerosis [3, 28, 72].
This delay was significant for all components mea-

sured but the earliest (N1). This result suggests that in
our sample of patients visual discrimination processes,
as reflected by the posterior N1 component, were not
delayed and that the cognitive ERPs latencies’ delay
observed cannot be explained only in term of impaired
information processing speed since in this case we
would have observed a delay also at this earlier level of
information processing.
Fig. 6 LORETA non-parametric voxel-wise comparison map between F-MS an
activity in NF-MS
These latter findings point out to the possibility that
bioelectrical activity to the Stroop stimuli, particularly
the later component, may well reflect the speed of
neural synchronization of frontal lobe circuits, being es-
pecially involved in patients with frontal dysfunction.

ERPs amplitude and topography
LORETA topographic ERPs analysis showed reduced ac-
tivity in the N1, N2, P3 and N4 time windows mostly
over the frontal, cingulate and parietal regions evident in
frontal MS patients compared with controls and with
non frontal patients.
N1 is assumed to reflect selective attention to basic

stimulus characteristics, initial selection for later pattern
recognition, and intentional discrimination processing
[70]. Its source is located in the inferior occipital lobe,
occipito-temporal junction [31], and inferior temporal
lobe [9]. Since the discrimination process, reflected by
d NF-MS in the N1 time window. Blue: regions of significant decreased



Fig. 7 LORETA non-parametric voxel-wise comparison map between F-MS and NF-MS in the N2 time window. Blue: regions of significant decreased
activity in NF-MS
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occipito-temporal N1, can be modulated by top-down
executive control (the greater the difficulty of stimulus
discrimination, the greater the need of top-down execu-
tive control modulation and therefore the greater the
amplitude of the N1 component, cfr. [23]), the signifi-
cant reduced activity observed here in the N1 time win-
dow in F-MS patients compared to both the other two
groups, could be determined by executive control defi-
cits in these patients: control and NF-MS groups would
show a greater N1 amplitude, with respect to F-MS
group, as a consequence of executive control modula-
tion, which is instead lacking in frontal patients.
The N2 component in go/no-go-like tasks has been at-

tributed to response inhibition mechanisms [27, 33].
However, the N2 component has also been reported to
occur in relation to covert responses in the present study
and in previous studies [2, 54]. This would indicate that
it is not completely attributable to the inhibition of
Fig. 8 LORETA Non-parametric voxel-wise comparison map between F-MS a
activity in F-MS
responses and that it may at least partially account for
conflict monitoring. N2 is especially pronounced over
the fronto-central electrodes and has been proposed to
reflect ACC sensitivity to conflict [68].
The P3 component is elicited in tasks related to stimu-

lus differentiation and appears when a memory repre-
sentation of the recent stimulus context is updated upon
the detection of deviance from it [66]. The frontal P300
component in go/no-go-like tasks has been associated
with an inhibitory mechanism [24]. However, in the
present study, the subjects only had to mentally discrim-
inate between congruent and incongruent stimuli; there-
fore, conflict did not arise at the response level. Thus,
the P3 component observed herein most likely reflects
the detection of conflict that arose at the level of the
semantic encode.
The N4 component to the Stroop task is supposed to

reflect anterior cingulate activity [40], which has been
nd controls in the P3 time window. Blue: regions of significant decreased



Fig. 9 Non-parametric voxel-wise comparison map between F-MS and NF-MS in the P3 time window. Blue: regions of significant decreased activity
in F-MS
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widely documented to account for conflict monitoring
function and for triggering compensatory adjustment in
cognitive control [11, 15, 27].
Taken together these findings reflect cognitive control

impairment in frontal involved MS patients.
Previous functional neuroimaging studies to Stroop

task [60, 61] showed a greater activation in MS subjects
compared with healthy controls in several areas involved
in the task execution, which resulted hypo-activated
herein in cognitive impaired patients. These findings are
only apparently inconsistent; in the studies by Rocca
et al., in fact the increase in activation in MS patients,
which, although not significant, was reported to occur
also herein in NF-MS patients, seems to reflect compen-
satory mechanisms granting a normal performance,
whereas our sample of patients with frontal involvement
seems to be too compromised to compensate and just
presented reduced activation accompanied by impaired
Fig. 10 Non-parametric voxel-wise comparison map between F-MS and co
activity in F-MS
performance at complex tasks. Compensatory mecha-
nisms depend on the possibility to access additional
brain structures and the exhaustion of these resources
seems to determine severe cognitive impairment, as doc-
umented elsewhere [53].

Conclusion
Our finding of decreased accuracy in frontal involved
MS group suggests that this approach may provide use-
ful objective measures for the assessment of executive
functions in these patients. Topographic analysis of ERPs
components to the Stroop stimuli showed predominant
involvement of frontal, cingulate and parietal regions,
probably reflecting the executive stage of stimulus pro-
cessing. Also the latency of these components correlated
with neuropsychological frontal score. Taken together,
these findings suggest that bioelectrical activity to the
Stroop test may well reflect the speed and extent of
ntrols in the N4 time window. Blue: regions of significant decreased
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neural synchronization of frontal circuits. Further stud-
ies are needed to evaluate the usefulness of Stroop reac-
tion times and ERPs for detecting frontal involvement
early at a subclinical stage, allowing early cognitive ther-
apy, and as a paraclinical marker for monitoring treat-
ment outcomes.
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