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Abstract

Background: Asymptomatic carotid stenosis (ACS) and asymptomatic intracranial atherosclerotic stenosis (alCAS) present ongoing
treatment challenges. These conditions can lead to cognitive impairment through cerebral hypoperfusion and silent cerebral embolism.
However, it is unclear whether they result in the same degree of cognitive dysfunction. Furthermore, the neurological mechanisms behind
these dysfunctions are still not well understood. This study used cognitive neuro-electrophysiological techniques to examine differences
in cognitive impairment caused by ACS and alCAS. Methods: A total of 22 patients with ACS and 15 patients with alCAS were enrolled,
all with at least 70% unilateral severe stenosis. The control group (CG) consisted of 23 patients who were matched with the ACS and
alCAS groups for age, gender and vascular risk factors. All participants conducted the flanker task, and their behavioral and neuroelectric
data were also collected. Cognitive impairment of the hypoperfused hemisphere was compared with the normally perfused hemisphere.
Results: At the level of behavioral performance, the ACS group presented longer reaction times (RTs) for both flanker types. At the
level of event-related potentials, patients in both the ACS and alCAS groups showed decreased N2 amplitudes in the parietal region of
the hypoperfused hemisphere. They also showed reduced P300 amplitudes in the anterior frontal regions of both the hypoperfused and
normally perfused hemispheres. Patients in the ACS group exhibited longer P300 latencies in the bilateral anterior frontal regions. In
addition, both groups showed an increase in P300 amplitude in the central parietal region of the hypoperfused hemisphere. Notably, the
alCAS group showed stronger compensatory capacity. Conclusions: ACS and alCAS patients exhibit different cognitive dysfunctions,
with ACS patients presenting with more severe dysfunction of executive control. alCAS patients present with stronger compensatory
capacity.
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1. Introduction little is known about the degree of cognitive dysfunction as-

sociated with ACS and alCAS.

Carotid artery stenosis and intracranial atheroscle- Neuropsychological cognitive tests have often been

rotic stenosis are two major causes of stroke worldwide
[1,2]. Accumulated evidence has shown that asymptomatic
carotid stenosis (ACS) can cause a variety of cognitive
dysfunctions, including impairments in overall cognition,
memory, and executive function [3]. Mechanisms associ-
ated with cognitive dysfunction include cerebral hypoper-
fusion and silent cerebral embolization [4,5]. On the other
hand, limited data suggest a correlation between asymp-
tomatic intracranial atherosclerotic stenosis (alCAS) and
cognitive impairment [6]. Autopsy studies have revealed
an increased incidence of intracranial atherosclerosis in pa-
tients with Alzheimer’s disease (AD) [7,8]. Local and
whole cerebral hypoperfusion and atherothrombotic em-
bolization are the main pathogenic mechanisms [9,10]. De-
spite the similar mechanisms causing cognitive impairment,

applied to assess cognitive function. However, these are un-
able to evaluate differences between the two cerebral hemi-
spheres or to quantify the degree of cognitive decline [3,5].
They are also unable to identify the neurological mech-
anisms behind cognitive dysfunction. The event-related
potential (ERP) technique is a noninvasive and quanti-
tative method with high temporal resolution. Grimm et
al. [11] reported that ERP is much more sensitive than
psychological tests or electroencephalography in detecting
metabolically-induced cognitive dysfunctions. Changes in
ERP components reflect higher-order cognitive processes
such as executive control and attention [12]. The ampli-
tude and latency of voltage changes provide insights into the
processing of information in the brain [13]. ERPs are an ef-
fective tool for detecting vascular cognitive impairment, in-
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cluding transient ischemic attack (TIA), minor stroke [14],
and cerebellar ischemic stroke [15]. ERPs are also effective
at monitoring symptomatic improvement of vascular cog-
nitive impairment resulting from transcranial direct current
stimulation (tDCS) [16].

Executive control, also known as cognitive control,
refers to higher-order cognitive functions that assess, reg-
ulate and optimize goal-directed behaviors by selecting, ar-
ranging, coordinating, and maintaining the basic processes
of perception, memory, and action [17]. Executive func-
tions include cognitive flexibility, working memory, and
inhibition. Among these, inhibition is a central subcom-
ponent of executive function [18,19]. The Eriksen flanker
task has been used to study inhibition control [20]. Flanker
tasks require that individuals disregard non-relevant task in-
formation and accurately react to a target stimulus presented
centrally, amidst either matching or non-matching flanking
stimuli. A previous study using the Eriksen flanker task
found that the N2 and P300 components reflect inhibitory
control [21]. The focus of the present study was therefore
on the N2 and P300 components.

Here, we used the ERP technique to investigate the
potential effects of alCAS and ACS on the cognitive func-
tions of patients. Cognitive differences between the hypop-
erfused and normally perfused cerebral hemispheres were
also compared in these patients. We tested two hypothe-
ses in this study. First, whether there are differences in
the N2 and P300 components between the disease and con-
trol groups, as well as between the ACS and alCAS groups.
Second, whether there are differences in the N2 and P300
components between the hypoperfused and normally per-
fused cerebral hemispheres. To the best of our knowledge,
this is the first study to investigate whether ACS and alCAS
cause different levels of cognitive impairment. This re-
search should provide valuable insights for improving the
clinical management of cognitive impairment in ACS and
alCAS patients.

2. Materials and Methods
2.1 Participants

G*power 3.1 software (Heinrich Heine University,
Dosseldorf, Nordrhein-Westfalen, Germany) [22] was used
to calculate sample size in this study. The effect size was
specified as Cohen’s f=0.25, which is considered a medium
effect. The type I error margin («) was considered 0.05.
The power (1-5) was 0.8 based on a repeated measures
ANOVA test. Because of the similar methodology, the
study by Liu ez al. [23] was taken into account when calcu-
lating the effect sizes. It was estimated that a minimum of
42 participants would be required overall, with at least 14
in each group.

From June 2024 to January 2025, 22 ACS patients
and 15 alCAS patients hospitalized in the Department of
Neurosurgery and Neurology at the Wuhan School of Clin-
ical Medicine, Southern Medical University (China) were

screened. alCAS was diagnosed as stenosis located in the
intracranial segment of the internal carotid artery (ICA) (C6
or C7 segment) or middle cerebral artery (MCA) (M1 seg-
ment). ACS was diagnosed as a stenosis located at the
beginning of the internal carotid artery. In addition, 23
participants who were matched to the stenosis group for
age, gender, vascular risk factors (hypertension and dia-
betes) and years of education were also recruited for the
control group. The inclusion criteria for patients were as
follows: (1) age between 50 and 65 years; (2) unilateral
severe (>70%) stenosis determined by computed tomogra-
phy angiography (CTA) or digital subtraction angiography
(DSA), with no stenosis on the opposite side. Normal ver-
tebrobasilar system; (3) >6 years of education; (4) a Mini-
Mental State Examination (MMSE) score >26; (5) no is-
chemic cerebrovascular events (e.g., transient ischemic at-
tack or cerebral infarction) in the past 6 months; and (6) the
patients were right-handed. The exclusion criteria were as
follows: (1) a history of craniotomy and trauma; (2) a his-
tory of psychiatric disorders or neurological disorders; (3)
not available for neuro-electrophysiological evaluation, or a
noncoordinated evaluation process; and (4) a history of re-
ceiving medication that suppressed or activated the brain.
This study was approved by the ethics committee of the
General Hospital of Central Theater Command ([2024]008-
01). All participants were fully informed before the exam-
ination and signed informed consent.

2.2 Neuropsychological Assessment

The MMSE [24] was utilized to evaluate general cog-
nitive impairment, with a cutoff score of 26. Domain-
specific cognitive functions were assessed using The Trail
Making Test A (TMT-A) and B (TMT-B). The TMT-A score
reflects information processing speed [25], while the TMT-
B score reflects executive function [26].

2.3 Flanker Task

All participants performed a modified version of the
Eriksen flanker task. This was administered via E-prime
2.0 software (Psychology Software Tools, Inc., Sharpsburg,
PA, USA) on a computer screen. As shown in Fig. 1, the
modified flanker paradigm consists primarily of five hori-
zontally aligned arrows forming three stimulus types: (1)
neutral—where the central arrow was flanked by a dia-
mond; (2) congruent—with all arrows pointing in the same
direction; and (3) incongruent—where the central arrow
pointed opposite to the other arrows. Participants per-
formed the task in a semi-dark, quiet room, seated 80 cm
from the monitor with a white background and black stim-
uli. Instructed to respond quickly and accurately, they indi-
cated the direction of the central arrow by clicking the left
or right mouse button. Stimuli were presented for 1500 ms,
with randomized interstimulus intervals (ISIs) ranging from
900 to 1100 ms. The task included 180 trials organized into
three blocks of 60 trials each, with an equal distribution of
the three stimulus types within each block [27].
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Fig. 1. Illustration of the experimental design. The modified Eriksen flanker task consisted of three blocks of 180 trials. Duration of

the stimuli was 1500 ms. We used a random inter-stimulus interval (ISI) between 900 ms and 1100 ms. Each trial consisted of a display

comprising a central arrow and two flanking stimuli on either side. Participants were instructed to press either the left or right mouse

button to indicate the direction of the central arrow (left or right), while ignoring the flanking stimuli. For congruent and incongruent

trials, the flankers were arrows pointing in the same or different direction, respectively, in relation to the central arrow.

2.4 Electroencephalography (EEG) Data Acquisition

EEG activity was registered using a 64-channel elastic
cap outfitted with Ag/AgCl electrodes and an eegoTM am-
plifier (ANT Neuro, Inc., Hengelo, Overijssel, The Nether-
lands). Electrode placement adhered to the International
1020 system. Online recordings employed CPZ electrode
as a reference and were continuously digitized at a 1000 Hz
sampling rate with a 0.5-40 Hz bandpass filter. Impedances
for all electrodes were maintained below 5 k(2. The an-
terior frontal zed (AFZ) electrode served as a grounding
electrode. The variables “stenosis ipsilateral or contralat-
eral” and “left or right hemisphere” were considered for
each patient. For patients with stenosis on the right side,
the examiner exchanged the electrodes of the left and right
hemispheres so that left hemisphere electrodes were syn-
onymous with the stenosis side for further analyses and il-
lustrations. This procedure was not necessary for midline
electrodes. Liu ef al. [23] used ERPs to investigate deficits
in cognitive control processes in frontal lobe injury via the
same procedure.

2.5 EEG Data Analysis

Offline EEG data analysis was performed via
EEGLAB, which is based on MATLAB (MATLAB
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R2022b, MathWorks Inc., Natick, MA, USA). The data
first pass through a 0.5-40 Hz bandpass filter and a 50
Hz notch filter. Next, the epochs were extracted from
—200 ms to 600 ms and locked to the stimuli. Baseline
adjustment was conducted using the mean amplitude of
the 200 ms pre-stimulus interval. Independent component
analysis (ICA) was applied to eliminate vertical and
horizontal ocular, muscular, and thermal activity artifacts.
Epochs exceeding +70 pV at any electrode were rejected
before averaging. Consistent with most of the literature
[23,27,28], the EEG data were further rereferenced with
the common average.

The negative deflection in ERP that appeared between
180 and 250 ms post-stimulus was identified as N2. P300
was recognised as the most positive deflection in the ERP
between 300 and 500 ms post-stimulus. The peak latency
and mean amplitude of N2 and P300 were measured for
each subject. The N2 and P300 mean amplitudes were
calculated in the 50 ms and 150 ms time windows around
the ERP peak point, respectively. The latencies of N2 and
P300 correspond to the latencies of the maximal peaks of
N2 and P300, respectively, measured from the beginning
of the stimulus. Most studies consider N2 to be maxi-
mal in the fronto-central sites, and P300 over parietal sites
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Table 1. Demographic information on the three groups.

. CG(n=23) ACS(n=22) alCAS(n=15) Follow-up
Variable F/x2 p .
Mean (SD) Mean (SD) Mean (SD) analysis®
Age (years) 55.48 (4.94) 59.00 (6.30) 56.60 (5.29) 2.319 0.108 ns
Sex (female/male) 5/18 3/19 1/14 x2 0.05,2 = 1.668  0.434 NA
TMT-A 53.48 (16.06)  75.68 (19.86) 69.33 (21.14) 8.212 0.001 882;)
0.007°
TMT-B 50.13 (15.31)  66.96 (16.63) 63.80 (22.31) 5.588 0.006 0.071°
Hypertension 13 14 11 x> 0.05,2 = 1.106  0.575 NA
Diabetes 8 8 5 x2 0.05,2 =0.037  0.982 NA
Smoking 9 12 3 x? 0.05,2 =4.447  0.108 NA
Alcohol 8 6 1 X% 0.05,2=3.923  0.141 NA
Education (years) 8.48 (2.15) 9.91 (2.71) 9.00 (3.21) 1.667 0.198 ns
MMSE 29.09 (0.60) 28.59 (1.10) 28.33 (1.23) 2.985 0.058 ns

CQG, control group; ACS, asymptomatic carotid stenosis; alCAS, asymptomatic intracranial atherosclerotic stenosis;
SD, standard deviation; MMSE, Mini-Mental State Examination; ns, not significant; NA, not applicable; TMT-A,

Trail Making Test A; TMT-B, Trail Making Test B.
2Follow-up analysis based on Bonferroni correction.

bp-value between ACS and CG in Bonferroni correction.

°p-value between alCAS and CG in Bonferroni correction.

[29,30]. However, with aging the scalp topography of N2
and P300 tends to shift posteriorly and anteriorly, respec-
tively [31-33]. Based on these relevant studies and our vi-
sual inspection of the corresponding topographical maps,
we quantified N2 at parietal electrodes (P3, Pz, P4) and
P300 at anterior-frontal electrodes (AF3, AF4). No data
were recorded since the AFZ was used as the grounding
electrode. Because the patient group(s) showed a more
centro-parietal P300 distribution than the control group, we
also analyzed mean P300 amplitudes at centro-parietal sites
(CP3, CPZ, CP4). The electrodes located at P3, AF3, and
CP3 indicated the hypoperfused hemisphere, whereas the
electrodes at P4, AF4, and CP4 indicated the normally per-
fused hemisphere.

2.6 Statistical Analyses

All statistical analyses were performed with SPSS
V.27 (IBM, Armonk, NY, USA). A p-value < 0.05 was
considered significant.

Differences in age, years of education, and neuropsy-
chological scale (MMSE, TMT-A, TMT-B) were deter-
mined with one-way analysis of variance (ANOVA). Dif-
ferences in sex, diabetes status, hypertension status, and
history of smoking between the control group and patient
groups were assessed with the chi-square test.

Behavioral performances were carried out by 3
(Group: ACS, alCAS, and control) x 2 (Type: congruent,
incongruent) repeated-measures ANOVA. Peak latencies
and mean amplitudes of N2 and P300 components were an-
alyzed by 3 (Group: ACS, alCAS, control) x 2 (Type: con-
gruent, incongruent) x 3 (Laterality: hypoperfused hemi-
sphere, midline, normally perfused hemisphere) repeated-

measures ANOVA. Greenhouse—Geisser corrections were
applied where necessary. Bonferroni corrections were ap-
plied to correct for multiple comparisons.

3. Results
3.1 Demographic Information

A total of 37 patients were recruited: 22 with ACS
and 15 with alICAS. The control group (CG) comprised
23 matching participants. No significant differences in de-
mographic factors were observed between the three groups
(Table 1). During EEG data preprocessing, one participant
in the CG was excluded from the study because of excessive
signal noise in the EEG data.

3.2 Results of Neuropsychological Assessment

No significant difference in MMSE scores were ob-
served between the three groups (Table 1). The TMT-A (p
=0.001) and TMT-B (p = 0.006) scores were both signifi-
cantly higher in the patient groups than in the CG. Both the
ACS (p=0.001) and aICAS (p = 0.042) groups had higher
TMT-A scores than the CG, whereas only the ACS group
(» =0.007) had higher TMT-B scores than the CG.

3.3 Behavioral Results
3.3.1 Accuracy

For the flanker effect, accuracy analysis revealed a
significant main type effect (F = 4.769, p = 0.033, n? =
0.076), a non-significant main group effect (F =2.303, p =
0.109, n% =0.074), and no group x type interaction effect (F
=0.323,p=0.725, 7% =0.011) (Table 2). For both the ACS
and alCAS groups, patients showed more errors in incon-
gruent trials than in congruent trials (98.7% vs. 98.00%).
There were no differences between groups across types.
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Table 2. Behavioral comparisons between the CG, ACS, and alCAS groups.

CG (n=23) ACS (n=22) alCAS (n=15) Bonferroni .
F P . Partial n?
Mean (SD) Mean (SD) Mean (SD) correction
<0.001*
Con 612.650 (15.083)  716.975 (15.083)  619.157 (18.677) Group 14.325 <0.001 0.331
RT (ms) 0.774°
Incon 612.710(15.184) 718.778 (15.184)  620.093 (18.803)  Type 4.098 0.048 0.066
ACC (%) Con 0.988 (0.988) 0.966 (0.009) 0.984 (0.011) Group  2.303 0.109 0.074
" Incon 0.997 (0.006) 0.976 (0.006) 0.988 (0.008) Type 4.769 0.033 0.076

RT, reaction time; ACC, accuracy; Con, congruent; Incon, incongruent.

ap-value between ACS and CG in Bonferroni correction.
bp-value between alCAS and CG in Bonferroni correction.

A

Fig. 2. N2 and P300 topographies of each type in both groups. (A) N2 topographies in the three groups. (B) P300 topographies in the

three groups.

3.3.2 Reaction Time

Significant differences in RT were observed between
the three groups (F = 14.325, p < 0.001, n? = 0.074) (Ta-
ble 2). Further testing revealed that the RT in the ACS group
(M =717.876 ms) was longer than that in the alCAS group
M =619.625ms, p < 0.001) and the CG (M = 612.680 ms,
p < 0.001). No significant difference was found between
the alCAS group and the CG. A significant type effect (F =
4.098, p = 0.048) was also observed, but there was no dif-
ference in the group x type interaction effect (F = 1.406, p
=0.253). Further analysis revealed that patients in the ACS
group exhibited a slower RT in the incongruent condition
(M = 718.778 ms) than in the congruent condition (M =
716.975 ms; p = 0.017). No such difference was observed
in the other two groups. Compared with congruent condi-
tions, only the ACS group presented RTs under incongruent
conditions.
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3.4 Results for Event-Related Potential
3.4.1 Scalp Topography

Fig. 2 shows the scalp topography of the N2 and P300
components. The N2 component has a maximum amplitude
distribution in the parietal region, whereas the P300 com-
ponent has a maximum amplitude distribution in the frontal
region.

3.4.2P300

Significant group (F = 5.483, p = 0.007, n? = 0.164)
and laterality (F = 23.139, p < 0.001, n? = 0.292) effects
were observed for P300 amplitude in the anterior frontal
region. No significant group x laterality interaction ef-
fect was found (F = 1.514, p = 0.211; n? = 0.051). Post
hoc analysis revealed lower P300 amplitudes in the bilat-
eral anterior frontal regions (normally perfused hemisphere
and hypoperfused hemisphere) in both the ACS and alCAS
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Fig. 3. Grand-averaged ERP of the N2 and P300 waveforms. Green and yellow rectangles index the time windows for N2 (170—

220 ms) and P300 (350-450 ms) amplitude analysis, respectively. (A) Averaged P300 waveform comparisons of the hypoperfused

hemisphere (AF3) and normally perfused hemisphere (AF4) in anterior frontal regions. (B) Averaged P300 waveform comparisons of

the hypoperfused hemisphere (CP3), midline (CPZ), and normally perfused hemisphere (AF4) in central parietal regions. (C) Averaged

N2 waveform comparisons of the hypoperfused hemisphere (P3), midline (PZ), and normally perfused hemisphere (P4) in parietal regions.

groups compared with the CG (Figs. 3,4). No significant
difference in P300 amplitudes were observed between the
ACS and alCAS groups. Further analysis revealed a sig-
nificant group effect (F = 8.727, p < 0.001, % = 0.238)
and laterality effect (F = 5.474, p = 0.023, ? = 0.089) on
P300 latencies, but no significant group X laterality inter-
action effect (F = 0.523, p = 0.595, n2 = 0.038). Post hoc
analysis revealed delays in P300 latencies in the bilateral
anterior frontal regions (normally perfused hemisphere and
hypoperfused hemisphere) in the ACS group compared to
both the CG and alCAS group. No significant differences
were observed between the CG and alCAS group. Both
the ACS and alCAS groups presented similar decreases in
P300 amplitude in the anterior frontal regions of the hy-
poperfused and normally perfused hemispheres. However,

only the ACS group exhibited longer P300 latencies in the
bilateral anterior frontal regions.

P300 amplitudes in the central parietal region showed
a significant main group effect (F = 7191, p = 0.002, n?
= 0.204). Post hoc analysis revealed increased P300 am-
plitudes in the central parietal region of the hypoperfused
hemisphere in both the ACS and alCAS groups compared to
the CG. The alCAS group also showed increased P300 am-
plitudes at the midline. Furthermore, P300 amplitudes were
significantly different between the ACS and alCAS groups
in the hypoperfused hemisphere, with the alCAS group ex-
hibiting greater amplitudes (Figs. 3,4).
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Fig. 4. Results of statistical analysis for the N2 and P300 amplitudes. (A) Comparison of N2 amplitudes between the three groups
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hemispheres of the central parietal regions (CP3, hypoperfused hemisphere; PZ, midline; CP4, normally perfused hemisphere). ns, not

significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001.

3.43 N2

For N2 amplitude, significant differences were seen
for group effect (F = 5.067, p = 0.009, n? = 0.153), later-
ality effect (F = 7.805, p = 0.002, n? = 0.112), and group
x laterality interaction effect (F = 2.858, p = 0.033, n? =
0.093). Post hoc analysis revealed significantly decreased
N2 amplitudes in the hypoperfused hemisphere and midline
in both the ACS and alCAS groups compared to the CG.
Decreased N2 amplitudes were also observed in the nor-
mally perfused hemisphere in the ACS group. No signifi-
cant differences in N2 amplitudes were observed between
the ACS and aICAS groups in the hypoperfused hemisphere
or midline (Figs. 3,4). Similar decreases in N2 mean ampli-
tudes were seen in both the ACS group and the alCAS group
in the parietal region of the hypoperfused hemisphere and
the midline. No significant group effect was observed for
N2 latency (F = 2.493, p = 0.092, n? = 0.082).
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4. Discussion

The present study sought to investigate the effects of
ACS and alCAS on inhibitory control via electrophysiol-
ogy. Both ACS and alCAS were found to have a close as-
sociation with inhibitory control dysfunction, with greater
severity in the ACS group. Compared to the alCAS group,
the ACS group showed decreased N2 amplitude in a broader
region, extended P300 latencies in the bilateral anterior
frontal regions, longer RTs in behavioral performance, and
a smaller compensatory capacity in the central parietal re-
gion of the hypoperfused hemisphere. Both the ACS and
alCAS groups have developed compensatory mechanisms
in the central parietal region of the hypoperfused hemi-
sphere. This phenomenon can be referred to as functional
plasticity, with the alCAS group showing a greater com-
pensatory capacity.
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Hypoperfusion caused a decrease in P300 amplitudes
and increased latencies in the ipsilateral anterior frontal re-
gion. It also decreased N2 amplitudes in the ipsilateral pari-
etal region, leading to the same changes in the normally per-
fused hemisphere. A compensatory mechanism was identi-
fied in the central parietal region of the hypoperfused hemi-
sphere, but not in the normally perfused hemisphere.

The behavioral results revealed the ACS group had
longer RTs than the alCAS and control groups. Both the
ACS and alCAS groups exhibited significant differences in
accuracy and RTs between congruent and incongruent tri-
als, indicating the flanker task successfully induced inter-
ference control in the presence of conflicting stimuli. ACS
and alCAS patients performed with similar accuracy to the
CQG, suggesting the task may be relatively simple [27]. The
longer ISI employed in our study allowed sufficient time
for the patients to adapt [34]. The prolongation of RTs indi-
cates that supplementary cognitive control mechanisms are
engaged when participants encounter incompatible stimuli
[35]. To match the accuracy of the CG, the ACS group
required more time to complete the reaction process. The
same pattern of longer RT but equivalent accuracy during
the performance of a flanker task was reported previously
in patients with prolactinomas [27]. Therefore, prolonged
RT is reliable behavioral evidence of impaired interference
control in patients with ACS. No significant difference in
RT was observed between alCAS patients and controls,
which may be attributed to the simplicity of the task.

N2 in inhibitory control paradigms may be associated
with premotor inhibitory processes and conflict monitoring.
Although the N2 component was traditionally thought to
have a fronto-central distribution [30], the results of scalp
topography in the present study revealed that it was most
prominent in the parietal region (Fig. 2A). This shift in
N2 distribution, known as age-related posteriorization, was
consistent with findings from prior research [28,36]. The
shift may be due to the reduced efficiency of the frontal lobe
in the process of action inhibition, which requires the re-
cruitment of additional parietal circuits [28]. The amplitude
of the parietal N2 component reflects the capacity to recruit
additional parietal circuits, with decreased efficiency of in-
hibitory control over the frontal region with age. Stronger
N2 amplitudes indicate a stronger ability to recruit addi-
tional parietal circuits. In the present study, decreased N2
amplitudes were observed in the parietal region and midline
of the hypoperfused hemisphere in patients with alCAS,
and in the bilateral parietal region in patients with ACS.
These findings suggest the ability of parietal regions to re-
cruit additional parietal circuits was affected, leading to a
decrease in inhibitory control. The ACS group presented a
broader region of decreases in N2 amplitudes and a more
significant decline in inhibitory control function.

For the P300 component, the scalp topography was
mainly distributed in the frontal region (Fig. 2B), whereas
most studies have reported its distribution in the central-

parietal regions [37]. The P300 component is associated
with attentional control processing [38] and with aspects of
executive functioning, such as updating the working mem-
ory, subsequent memory storage, inhibitory control, and se-
lective attentional processes [39]. The change in topograph-
ical scalp distribution of the P300 component is associated
with aging, as shown by Lucci et al. [31]. These authors
demonstrated the impact of aging on conflict detection via
a GO-NOGO paradigm, observing a shift toward frontal
region dominance in elderly individuals. Similar findings
have been reported in functional neuroimaging studies of
cognitive aging. This posterior-to-anterior shift in aging
(PASA) has typically been attributed to functional compen-
sation [40].

In the present study, the alCAS and ACS groups
showed decreased P300 amplitudes in the anterior frontal
regions of both the hypoperfused and normally perfused
hemispheres. P300 amplitude is thought to indicate the
inhibition of irrelevant neuronal activity to enhance atten-
tional processing [29]. Changes in P300 amplitude reflect
variations in the amount of attentional resources allocated
to a task, with larger amplitudes indicating increased atten-
tional resources [41]. As the P300 amplitude decreases,
alCAS and ACS patients lose their ability to access their
attention resources. Similar findings have been reported
regarding the effects of other disorders on cognitive func-
tion. For example, children with a history of concussion
show a decrease in P3b amplitude, which reduces their abil-
ity to allocate attentional resources [42]. Bejr-Kasem et
al. [43] reported reduced P300 amplitudes in patients with
Parkinson’s disease combined with dementia. Numerous
studies have shown abnormalities/differences in P300 am-
plitude in patients with both mild cognitive impairment and
Alzheimer’s disease [44].

Both the alCAS and the ACS groups showed an in-
crease in P300 amplitude in the central and parietal regions
of the hypoperfused hemisphere, as well as in the midline.
An increased P300 amplitude indicates the use of abnormal
attentional resources to compensate for brain dysfunction
[45]. This finding also reflects the functional plasticity of
the hypoperfused hemisphere. It has been suggested that
both ACS and aICAS patients develop compensatory mech-
anisms in the central parietal region of the hypoperfused
hemisphere, with alCAS patients demonstrating stronger
compensatory capacity.

P300 latency reflects neurocognitive processing, with
prolonged latency of this endogenous component being as-
sociated with memory dysfunction [46]. The ACS group
displayed longer P300 latencies in the bilateral anterior
frontal regions, suggesting these patients may have expe-
rienced more severe cognitive impairment than alCAS pa-
tients.

The greater P300 amplitude in the alCAS group also
suggests the development of more effective functional plas-
ticity. There are two possible reasons for this. First, severe
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ACS may impair the development of collaterals required to
compensate for hypoperfusion [47,48], leading to a state of
dysautoregulation [49]. Second, the alCAS lesion is located
more distally, allowing the development of collaterals from
the proximal site of the unoccluded artery [50].

Reduced N2 and P300 amplitudes were observed in
the bilateral cerebral hemispheres, which may be associ-
ated with haemodynamic impairment on the contralateral
side due to reduced perfusion pressure and inefficient col-
lateral circulation. This is consistent with the findings of
Dacic et al. [51], who used arterial spin labelling mag-
netic resonance imaging (MRI) to show that patients with
asymptomatic unilateral carotid stenosis suffered signifi-
cant bilateral cerebral hypoperfusion. Functional magnetic
resonance imaging studies have also shown that unilateral
carotid artery stenosis leads to a reduction in functional con-
nectivity between the two cerebral hemispheres. He et al.
[52] reported that the decline in functional connectivity in
patients with left carotid artery stenosis was concentrated in
the bilateral inferior frontal gyri and temporal lobes. They
also found that reduced connectivity between brain regions
was significantly associated with cognitive impairment.

The present study is the first to demonstrate the exis-
tence of different cognitive dysfunctions in ACS and aICAS
patients from a neuro-electrophysiological point of view,
and to reveal the neural mechanisms behind these dysfunc-
tions. The ACS group showed extensive impairments, as
evidenced by decreased N2 amplitude across a broad re-
gion, extended P300 latencies in bilateral anterior frontal
regions, longer RTs in behavioural performance, and re-
duced compensatory capacity in the central parietal region
of the hypoperfused hemisphere. This study introduces a
novel method for assessing cognitive functions in ACS and
alCAS, providing reproducible results while mitigating the
learning effect. It is also expected to be an effective tool for
assessing cognitive function after revascularisation.

Our study has several limitations. First, the absence of
multimodal validation (e.g., perfusion MRI and Doppler ul-
trasound) meant that changes in intracranial perfusion could
not be correlated with ERP components. This would pro-
vide more direct evidence that hypoperfusion causes vascu-
lar cognitive dysfunction. Second, the modest sample size
limits the generalisability of the findings. In order to vali-
date our results, future studies should be multicentred and
larger in scale. Third, longitudinal assessment of cognitive
changes after treatment or progression of stenosis is lack-
ing, and only limited research has been conducted on the
potential reversibility of cognitive dysfunction in these in-
dividuals. Long-term follow-up should help to understand
the effects of different treatment modalities (medical ther-
apy and revascularisation) on cognitive function. This will
provide a basis for choosing appropriate treatment modali-
ties for ACS and alCAS with regard to cognitive improve-
ment.
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5. Conclusions

The present study provides behavioral and neuro-
electrophysiological evidence of impaired inhibitory con-
trol in patients with alCAS and ACS. The hypoperfused
hemisphere caused a decrease in P300 amplitudes and in-
creased latencies in the ipsilateral anterior frontal region,
as well as a decrease in N2 amplitudes in the ipsilateral
parietal region. This also led to the same changes occur-
ring in the normally perfused hemisphere. Compared with
the alCAS group, the ACS group presented more severe
dysfunction of executive control, as evidenced by longer
reaction times in behavioral performance, extended P300
latencies in the bilateral anterior frontal regions, and de-
creased N2 amplitudes in the broader region. Both the ACS
and alCAS groups develop compensatory mechanisms in
the central parietal region of the hypoperfused hemisphere,
with the alCAS group showing stronger compensatory ca-
pacity. Moreover, both groups showed increased P300
amplitudes in the central and parietal regions of the hy-
poperfused hemisphere, as well as in the midline. The
alCAS group exhibited larger P300 amplitudes than the
ACS group.
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