
Academic Editors: Tomohito

Hishikawa and Thomas Heinbockel

Received: 15 September 2026

Revised: 27 October 2026

Accepted: 29 October 2026

Published: 2 November 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Electrophysiological Evidence of Cognitive Dysfunction After
tSAH: An ERP Study Based on Three Different
Stimulation Paradigms
Heying Cheng 1,2, Xin Li 1, Ru Zhang 1, Yunge Zhang 1,* and Luyang Tao 2,*

1 Changzhou De’an Hospital, Changzhou 213000, China
2 Department of Forensic Sciences, School of Basic Medicine, Suzhou Medical College of Soochow University,

Suzhou 215000, China
* Correspondence: zhangyunge_2006@126.com (Y.Z.); taoluyang@suda.edu.cn (L.T.)

Abstract

Objectives: This study aims to investigate the characteristics of event-related potentials (ERP)
in patients with traumatic subarachnoid hemorrhage (tSAH) during the clinical stable phase,
with the aim of obtaining neuroelectrophysiological indicators that can objectively assess
cognitive dysfunction caused by this injury. Methods: A total of 16 healthy volunteers and
33 tSAH patients in the stable phase were recruited. Demographic and clinical data were
collected, MMSE assessments were completed, and EEG data for P300, mismatch negativity
(MMN), and contingent negative variation (CNV) were recorded using a 32-lead ERP system.
ERP analysis was performed by comparing the tSAH group with the healthy control (HC)
group and by further dividing the tSAH group into a cognitive impairment subgroup (CI,
n = 18) and a normal cognition subgroup (NC, n = 15) based on MMSE scores, with a focus
on the mean amplitude and peak latency within specific time windows and their correlation
with cognitive behavioral measures. Results: The results showed no significant differences in
demographic characteristics between the two groups, while the MMSE scores of the tSAH
group were significantly lower than those of the HC group. Compared with HC, the mean
amplitude of P300 in response to the target stimuli was significantly reduced in multiple
brain regions in the tSAH group and attenuated the negativity of mean CNV amplitudes
across multiple brain regions, while no significant differences in mean MMN amplitudes were
detected across electrodes and no significant differences were observed in peak latencies of
P300 and MMN. The CI group was slightly older than the NC group; after controlling for
the effect of age, the Mini-Mental State Examination (MMSE) scores of the CI group were
significantly lower than those of the NC group, but no significant differences were found
between the two groups in mean amplitudes and peak latencies of P300 and MMN or in
mean CNV amplitudes. Conclusions: This study indicates that tSAH may be one of the
relevant risk factors for post-traumatic cognitive dysfunction. ERP findings suggest that the
allocation of relevant cognitive resources is attenuated in this population, but no differences
were detected in the temporal sequence of neural processing. No significant abnormalities
were observed during auditory deviance detection corresponding to the MMN time window,
and no significant differences in ERP characteristics were found among the subgroups. This
study found that tSAH can cause selective cognitive electrophysiological impairment, but
ERP electrophysiological changes do not fully match cognitive impairment classified based
on clinical scales.
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1. Introduction
Traumatic subarachnoid hemorrhage (tSAH) is a series of injurious manifestations

caused by blood entering the subarachnoid space after external force to the head. Epidemi-
ological surveys show that approximately 69 million people suffer from traumatic brain
injury (TBI) each year, among which tSAH is one of the most common complications of cran-
iocerebral trauma [1]. Cognitive dysfunction is one of the common complications during
the clinically stable phase in patients with traumatic subarachnoid hemorrhage (tSAH), and
the causes of cognitive dysfunction include early brain injury, delayed cerebral ischemia,
neuroinflammation, and superficial siderosis, among others [2]. Cognitive dysfunction in
tSAH patients can affect early capacity for daily living and also impact their long-term
prognosis [3]. The types of trauma leading to tSAH are also diverse, such as traffic accidents,
accidental falls, or other violent events, among which head injury caused by falls in traffic
accidents is the most common cause [4]. Currently, clinical cognitive screening mainly
relies on neuropsychological tools such as the Mini-Mental State Examination (MMSE)
and the Montreal Cognitive Assessment (MoCA) [5], but scale-based assessment is highly
dependent on the subject’s cooperation and subjective motivation, with limited sensitivity
to mild and subclinical cognitive deficits. Therefore, relying solely on behavioral scales is
insufficient to determine the severity of cognitive impairment.

Event-related potential (ERP), unlike behavioral scales, possesses high temporal resolu-
tion, and the amplitude and latency of its characteristic waves can determine the functional
integrity of cognitive processes, and thus it is widely used in the assessment of attention,
memory, and executive functions [6]. It can compensate for the strong subjectivity of behav-
ioral scales, offering unique application value in the clinical evaluation of post-traumatic
cognitive impairment. Among them, N170 is associated with face recognition and often
appears abnormal in patients with mental disorders [7,8]. The P300 component serves as a
neuroelectrophysiological indicator of working memory updating and attentional resource
allocation [9,10]; its prolonged latency suggests slowed cognitive processing speed, com-
monly seen in mild cognitive impairment and early dementia populations. Studies have
found P300 amplitude suppression in patients with tSAH [11], confirming the feasibility
of this indicator for post-traumatic cognitive assessment. Mismatch negativity (MMN)
has two main theoretical explanations for its generation mechanism: one is the adaptation
mechanism, which posits that repeated stimulation leads to reduced neuronal response
adaptation and deviant stimuli release this adaptation state, thereby inducing MMN; the
other is the prediction error mechanism, emphasizing that the brain forms a predictive
model based on past auditory input and when actual stimuli deviate from predictions, a
prediction error signal is generated, manifested as MMN [12,13]. In the field of TBI, early
MMN changes may correlate with the cognitive functional status and prognosis of injured
individuals [13], but current research remains limited, and the application value of MMN
in cognitive assessment after traumatic brain injury requires further validation. Contingent
negative variation (CNV) is an endogenous component of event-related potentials; its am-
plitude is positively correlated with the individual’s degree of attentional investment and
anticipatory response to the task, while its latency reflects the speed of stimulus estimation
and preparation [14,15]. Common symptoms in TBI patients include inattention, memory
decline, executive dysfunction, and slowed information processing speed, all manifesta-
tions of cognitive dysfunction [16–18]. In TBI patients, CNV often exhibits abnormalities in
amplitude and latency; reduced amplitude indicates insufficient allocation of attentional
resources, while prolonged latency reflects decreased efficiency in information processing
and response preparation, both closely related to executive function impairment [15,19,20].
Traumatic subarachnoid hemorrhage (tSAH) also falls within the category of mTBI. Because
CNV is sensitive to attention and executive function and previous studies have confirmed
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the association between CNV-related parameters and post-traumatic capacity for daily
living and social functioning [15], incorporating CNV into the assessment framework for
cognitive dysfunction after tSAH can provide new neuroelectrophysiological indicators for
objective evaluation of such patients.

Given the inherent limitations of a single behavioral scale and the lack of multi-
paradigm ERP combining evidence for tSAH, this study focused on patients with isolated
traumatic subarachnoid hemorrhage (tSAH) in the clinically stable phase. Based on neu-
ropsychological test results, their cognitive dysfunction status was determined, and the
temporal EEG characteristics of different ERP components were analyzed, aiming to obtain
characteristic neuroelectrophysiological indicators and provide objective evidence for the
assessment of post-tSAH cognitive dysfunction.

2. Materials and Methods
2.1. Participants

This cross-sectional exploratory study was conducted without a priori sample size
calculation. The sample size was determined based on clinical availability and recruitment
feasibility within the study period. All research subjects were patients who underwent
cognitive assessment during follow-up at Changzhou De’an Hospital between June 2025
and April 2026, as well as normal volunteers recruited during the same period.

Inclusion criteria for the healthy control (HC) group: (1) willingness to participate
in this research study; (2) no history of mental disorders or neurological diseases; (3) no
history of traumatic brain injury or head surgery; (4) no history of drug or alcohol abuse;
(5) no recent use of psychotropic medications or related treatments; (6) no severe physical
diseases; and (7) no visual or hearing disorders.

Inclusion criteria for tSAH patients: (1) voluntary participation in this research study,
with the ability to cooperate with examiners; (2) clear history of head trauma, confirmed by
imaging as tSAH, as detailed in Figure 1; (3) all patients were patients with simple traumatic
subarachnoid hemorrhage, combined with trauma history, clinical manifestations, and
the distribution of hemorrhage on plain CT scan, patients with aneurysmal subarachnoid
hemorrhage and those with other concomitant craniocerebral injuries were excluded; (4) no
surgical treatment; (5) medical treatment completed, condition stable, with injury occurring
more than 6 months ago; (6) no visual or auditory dysfunction; and (8) no prior history
of mental disorders, neurological diseases, traumatic brain injury, head surgery, drug or
alcohol abuse, no history of severe physical diseases, and no recent use of psychotropic
medications or related treatments.

Figure 1. Imaging identification of simple traumatic subarachnoid hemorrhage (determined through
pre- and post-comparison). (A) Head CT at the time of injury, the arrow indicates the site of
hemorrhage. (B) Head CT four days after injury, the arrow indicates absorption of the hemorrhage.
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Initially, 20 normal volunteers and 40 patients with traumatic subarachnoid hemor-
rhage (tSAH) were planned for enrollment. Four volunteers voluntarily withdrew because
they were unable to complete the entire experimental procedure, and seven tSAH patients
were excluded, among whom four research subjects were excluded due to P300 counting ac-
curacy < 90%, and another four subjects were excluded due to poor cooperation, excessive
electroencephalogram (EEG) artifacts, and insufficient number of valid trials. After artifact
rejection, a standardized minimum valid trial threshold was implemented: no fewer than
40 P300 target stimulus trials, no fewer than 60 MMN deviant stimulus trials, and no fewer
than 100 CNV trials. All final datasets included in the statistical analysis met the minimum
trial requirements. Ultimately, data from 16 normal volunteers and 33 patients with tSAH
were included in the analysis. The summary statistics of the number of retained trials in
each group and the results of between-group comparisons are detailed in Tables S1 and S2.

2.2. Experimental Design
2.2.1. General Information Collection and MMSE Scoring

All subjects were right-handed. Sex, age, and education level were collected for all
subjects. For the traumatic subarachnoid hemorrhage (tSAH) group, the mode of injury,
GCS score on emergency admission, imaging findings, and time since injury were collected.
The MMSE score includes assessment of multiple aspects of cognitive function, encompass-
ing orientation, memory, attention, language ability, and visuospatial ability, among others.
All subjects were tested in a quiet environment to ensure focused attention and to avoid
external interference. During the assessment process, after collecting basic information
from subjects, the MMSE was scored in a quiet environment, with each item rated by a
researcher (a fixed psychological assessment physician) according to standardized scoring
guidelines to ensure consistency and accuracy of the scores. Among them, healthy volun-
teers all showed normal cognition without cognitive impairment, and tSAH patients were
divided into a cognitive impairment (CI) group and a normal cognition (NC) group based
on MMSE scores (MMSE criteria for cognitive dysfunction: illiterate group ≤ 17 points,
primary school group ≤ 20 points, middle school and above group ≤ 24 points).

2.2.2. EEG Recording and Analysis

This study used the BrainAmp MR32 EEG analyzer for ERP data acquisition, with
basic acquisition of 32 channels, Ag/AgCl electrode caps, and a 17-inch Dell CRT monitor
with a splitter, along with the E-prime3 stimulus generation system as the EEG stimulus
presentation system. The basic experimental procedure includes three steps: stimulus
presentation, online EEG data acquisition, and offline analysis. Stimulus presentation in-
cludes event marking, online acquisition includes EEG signal amplification, analog filtering,
and analog to digital conversion, and offline analysis includes data extraction, component
identification, and measurement. ERP experiments were conducted in a soundproof and
shielded environment, requiring research subjects to sit on a chair 100 cm away from the
computer screen looking straight ahead, maintaining a fixed posture, and avoiding body
movements as much as possible. Then, according to the stimulus parameters set for each
experiment, EEG acquisition for P300, MMN, and CNV was performed sequentially. After
each paradigm, participants were provided a rest period. The subsequent paradigm was
initiated only after the subject reported feeling no obvious fatigue. The ground electrode
was placed at CPz, and the reference electrode was FCz. The electrode scalp impedance for
all electrodes was kept below 20 kΩ. Horizontal and vertical electrooculogram (EOG) were
recorded simultaneously for ocular artifact correction. The schematic diagram of the EEG
acquisition system and the recording distribution are shown below (Figure 2).
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Figure 2. Schematic diagram of the BrainAmp MR32 EEG acquisition system (A) and the distribution
of the recording system (B).

(1) P300 detection and analysis: The visual Oddball paradigm was used for stimulation
with a sampling rate of 1000 Hz. Blue images were used as non-target stimuli, with a size of
10 cm × 8 cm, a presentation probability of 80%, and a total of 200 trials; red images were
used as target stimuli, with a size of 10 cm × 8 cm, a presentation probability of 20%, and a
total of 50 trials. The presentation time of each image was 500 ms, and the inter-stimulus
interval was 1000 ms. The two types of images were presented randomly, and participants
were required to count the red images. Participants with ≥45 correct identifications of
target stimuli (accuracy ≥ 90%) were included in the final analysis. Subjects with accuracy
< 90% were excluded from further analysis. For the P300 component, the 300 ms to 500
ms time window was selected as the analysis range for both the target stimuli and the
non-target stimuli, and two indicators, mean amplitude and peak latency, were calculated.
According to the grand average waveform of P300 in this study, the visual stimulation
paradigm, and related literature [21], the frontal region, parietal region, central region,
and occipital region, including F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, and Oz, were selected as
regions of interest for analysis.

(2) MMN detection and analysis: A two-channel auditory Oddball paradigm was
employed with a sampling rate of 1000 Hz. The auditory stimulation paradigm included
two types of stimuli: standard stimuli and deviant stimuli. The standard stimuli consisted
of pure tones at 550 Hz, while the deviant stimuli consisted of pure tones at 1072 Hz. A total
of 400 trials of standard stimuli and deviant stimuli were presented, with probabilities of
occurrence of 80% and 20%, respectively. The duration of auditory stimuli was 500 ms, and
the inter-stimulus interval (ISI) was 700 ms. Participants were required to make a button
response to the high-frequency deviant stimuli. For the MMN component, the difference
wave was obtained by subtracting the amplitude of the standard stimulus from that of the
deviant stimulus. Then, the 200–300 ms time window was selected as the analysis range for
the component, and two indicators—mean amplitude and peak latency—were calculated.
Based on the grand average waveform of MMN and the relevant literature [22], the frontal,
parietal, and central regions, including F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4, were selected
as regions of interest for analysis.

(3) CNV Detection and Analysis: The stimulus type adopts the S1-S2 response warning
paradigm, with a sampling rate of 1000 Hz. S1 is a ‘beep’ warning stimulus, and S2 is a
flash command stimulus. The S1-S2 interval is set to 1000 milliseconds, and the response
requirement emphasizes a quick button press to S2. There are a total of 150 trials, with an
interval of 5000 ms between each trial. For the CNV component, the 500 ms to 1000 ms time
window is selected as the analysis range for the component to calculate the mean amplitude
index. Based on the grand average waveform of CNV and the relevant literature [15,23,24],
the frontal, parietal, and central regions F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4 are selected as
regions of interest for the study.
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(4) EEG data processing: EEG data were processed using MATLAB 2024b. Channel
localization was performed using the international standard 10-10 system. Useless elec-
trodes were removed, and filtering was applied (P300 filtering range: high-pass filter 1
Hz, low-pass filter 25 Hz; MMN filtering range: high-pass filter 0.1 Hz, low-pass filter 30
Hz; CNV filtering range: high-pass filter 0.01 Hz, low-pass filter 30 Hz). Segmentation
and baseline correction were performed (P300 segmentation according to marker from
−200 ms to 600 ms, baseline correction using −200 ms to 0 ms before the marker; MMN
segmentation according to marker from −200 ms to 800 ms, baseline correction using −200
ms to 0 ms before the marker; CNV segmentation according to S1 marker from −500 ms to
1500 ms, baseline correction using −500 ms to 0 ms before the marker). Interpolation was
performed for electrodes with overall poor signal quality; the interpolation results for each
group are detailed in Supplementary Table S3. Independent component analysis (ICA) was
used for artifact correction to remove artifact components such as electrooculogram (EOG),
electromyography (EMG), and electrocardiogram (ECG). The extreme value rejection range
for P300, MMN, and CNV was ±100 microvolts. Data were re-referenced to the bilateral
mastoids using TP9 and TP10 electrodes. After re-referencing, 29 electrodes remained. The
preprocessed data were saved.

(5) Selection and quality control of event-related potential (ERP) components: The
analysis time windows and electrodes for each component were first predetermined based
on the previous literature and confirmed using the grand-average waveforms collapsed
across all participants and groups without selection based on between-group differences
or statistical results. All ERP indices were extracted from each participant’s individual
average waveform under the corresponding condition. Mean amplitude was defined as
the average of the voltage values across all sampling points within the predefined time
window; peak latency was defined as the time at which the corresponding maximum
positive peak or minimum negative peak occurred within that time window. When no
clear peak was detected, the latency was recorded as a missing value (NaN); when multiple
candidate peaks were present, the peak with the largest amplitude is selected.

2.3. Statistical Analysis

Demographic and baseline clinical data were compared between groups using
independent-sample t-tests and chi-square tests. Experimental data were processed and
statistically analyzed using MATLAB2024b for ERP electroencephalogram data analysis,
Between-group comparisons (HC/tSAH & CI/NC) were performed using analysis of
covariance (ANCOVA) with age as a covariate, and multiple comparisons were corrected
using the Benjamini–Hochberg false discovery rate (FDR) correction. All ERP statistical
inferences were based on FDR-corrected p values. All p-value < 0.05 was considered
statistically significant.

A schematic diagram of EEG acquisition (Figure 2A) was generated with the assistance
of artificial intelligence (AI) tools. The conceptual design, layout, and key elements of the
diagram were determined by the authors. All scientific interpretations and experimental
settings were reviewed and verified by the authors.

3. Results
3.1. Demographic Characteristics and Clinical Manifestations

There were no significant differences in gender, age, or education level between the HC
group and the tSAH group (all p > 0.05). Within the tSAH group, there was a statistically
significant difference in age between the CI group and the NC group (p < 0.05); specifically,
the CI group was older than the NC group, with no differences in gender or education
level (all p > 0.05). The bleeding sites in the two groups were diverse and scattered; due to
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the limited sample size and excessive categories, no statistical conclusions could be drawn.
There were no statistically significant differences between the two groups in terms of time
since injury or Glasgow Coma Scale (GCS) score (all p > 0.05). There were no differences in
gender, age, or education level between the HC group and the CI group (all p > 0.05). There
was a difference in age between the HC group and the NC group, with the HC group being
older than the NC group (p < 0.05), while no differences were found in gender or education
level between the two groups (all p > 0.05). See Table 1 for details.

Table 1. Basic demographic statistics of all subjects.

Groups HC tSAH CI NC P1 P2 P3 P4

Gender
(Male/Female) 6/10 14/19 9/9 5/10 0.74

(χ2 = 0.11)
0.34

(χ2 = 0.93)
0.46

(χ2 = 0.54)
0.89

(χ2 = 0.06)

Age (Years) 57.88 ± 5.20 54.52 ± 7.87 57.28 ± 6.34 51.20 ± 8.43 0.082
(t = 1.78)

0.03
(t = 2.30)

0.77
(t = 0.30)

0.02
(t = 2.63)

Education Level
(Years) 7.69 ± 2.44 7.82 ± 2.90 8.50 ± 2.12 7.00 ± 3.53 0.87

(t = −0.17)
0.16

(t = 1.44)
0.31

(t = −1.03)
0.536

(t = 0.63)

GCS Score NA NA 14.89 ± 0.32 14.80 ± 0.41 NA 0.50
(t = 0.68) NA NA

Time Since Injury
(Months) NA NA 11.61 ± 4.85 10.20 ± 4.66 NA 0.40

(t = 0.85) NA NA

Note: P1 represents the comparison between the HC group and the tSAH group; P2 represents the
comparison between the CI group and the NC group; P3 represents the comparison between the HC
group and the CI group; P4 represents the comparison between the HC group and the NC group; NA
is the abbreviation for not applicable.

3.2. MMSE Scores and Comparisons Among Different Groups

There was a statistically significant difference in MMSE scores between the HC group
and the tSAH group (the HC group had higher scores than the tSAH group); due to a
statistically significant difference in age between the CI group and the NC group, using age
as a covariate, analysis of covariance (ANCOVA) was used for intergroup comparison of
MMSE scores. The difference in MMSE scores between the two groups remained statistically
significant (the NC group had significantly higher scores than the CI group); there was
a highly statistically significant difference in MMSE scores between the HC group and
the CI group (the HC group had higher scores than the CI group). Due to a statistically
significant difference in age between the HC group and the NC group, using age as a
covariate, analysis of covariance (ANCOVA) was used for intergroup comparison of MMSE
scores, and the difference in MMSE scores between the two groups remained statistically
significant (the HC group had higher scores than the NC group). See Table 2 for details
(all p < 0.001).

Table 2. MMSE scores and comparison between different groups.

Groups HC tSAH CI NC P1 P2 P3 P4

MMSE
Score 28.19 ± 2.17 21.27 ± 5.77 17.50 ± 4.20 25.80 ± 3.80 <0.0001

(t = 6.06)
<0.0001

(F = 31.83)
<0.0001

(t = 9.46)
0.001

(F = 12.49)

Note: P1 represents the comparison between the HC group and the tSAH group; P2 represents the
comparison between the CI group and the NC group; P3 represents the comparison between the HC
group and the CI group; P4 represents the comparison between the HC group and the NC group.

3.3. Statistical Results of Waveform Analysis of Different ERP Components
3.3.1. P300 Results

(1) Under target stimuli, significant between-group differences in the mean P300
amplitude between the HC group and the tSAH group were observed at Cz, C3, C4, Pz,
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and P4 electrodes after FDR correction, and the significant amplitude in the HC group was
greater than that in the tSAH group; there were no significant differences in the peak latency
of P300 under target stimulation at the 10 electrodes between the two groups; Figures 3
and 4 shows the waveform and topographic maps of P300 in the HC group and tSAH
group, and detailed statistical results are presented in Tables 3 and 4.

Figure 3. Cont.
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Figure 3. Waveform of P300 in the HC group and tSAH group. (a–j) show the P300 waveforms at F3,
Fz, F4, C3, Cz, C4, P3, Pz, P4, and Oz, respectively. The green waveform represents the HC group,
and the blue waveform represents the tSAH group; the time window of the P300 component is 300
ms to 500 ms, as indicated by the light gray shaded area. In all waveforms, negative deflections are
plotted upwards.
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Figure 4. The topographic map of the target stimulus in the healthy control group versus the tSAH
group within the time window of 300–500 ms. The colored bar represents voltage in microvolts (µV).

Table 3. Comparison of mean amplitude between the HC group and the tSAH group under p300
target stimulation.

Electrodes
HC

(adj Mean ±
SE/µV)

tSAH
(adj Mean ±

SE/µV)

HC
(95% CI/µV)

tSAH
(95% CI/µV) Partial η2 Pfdr F

F3 5.06 ± 1.09 3.00 ± 0.75 [2.87, 7.25] [1.49, 4.52] 0.05 0.15 F(1,46) = 2.37
Fz 5.97 ± 1.06 3.32 ± 0.73 [3.84, 8.10] [1.84, 4.79] 0.08 0.07 F(1,46) = 4.17
F4 4.95 ± 1.04 3.33 ± 0.72 [2.86, 7.03] [1.89, 4.77] 0.03 0.21 F(1,46) = 1.61
C3 7.24 ± 0.95 4.36 ± 0.65 [5.34, 9.15] [3.04, 5.67] 0.12 0.03 F(1,46) = 6.17
Cz 7.27 ± 0.86 3.77 ± 0.60 [5.54, 9.01] [2.57, 4.97] 0.19 0.01 F(1,46) = 10.95
C4 7.04 ± 0.85 4.23 ± 0.58 [5.33, 8.74] [3.05, 5.41] 0.14 0.02 F(1,46) = 7.26
P3 8.29 ± 1.02 5.55 ± 0.70 [6.24, 10.33] [4.14, 6.96] 0.09 0.06 F(1,46) = 4.79
Pz 9.23 ± 0.98 5.95 ± 0.67 [7.27, 11.20] [4.59, 7.31] 0.14 0.02 F(1,46) = 7.48
P4 9.40 ± 0.89 5.65 ± 0.62 [7.60, 11.20] [4.40, 6.89] 0.20 0.01 F(1,46) = 11.64
Oz 4.55 ± 0.77 3.08 ± 0.53 [3.00, 6.10] [2.01, 4.15] 0.05 0.15 F(1,46) = 2.44

Table 4. Comparison of peak latency between the HC group and the tSAH group for p300 target stimuli.

Electrodes
HC

(adj Mean ±
SE/ms)

tSAH
(adj Mean ±

SE/ms)

HC
(95% CI/ms)

tSAH
(95% CI/ms) Partial η2 Pfdr F

F3 388.08 ±
10.84 375.35 ± 7.49 [366.26,

409.91]
[360.29,
390.42] 0.02 0.88 F(1,46) = 0.91

Fz 391.46 ± 9.90 379.99 ± 6.84 [371.52,
411.39]

[366.23,
393.75] 0.02 0.88 F(1,46) = 0.89

F4 381.85 ± 9.91 377.46 ± 6.84 [361.91,
401.80]

[363.69,
391.24] 0.0004 0.94 F(1,46) = 0.13

C3 372.45 ±
10.40 384.81 ± 7.18 [351.50,

393.39]
[370.36,
399.27] 0.02 0.88 F(1,46) = 0.94

Cz 368.08 ± 9.59 369.75 ± 6.62 [348.78,
387.38]

[356.42,
383.08] 0.00 0.94 F(1,46) = 0.02

C4 374.45 ± 9.30 380.97 ± 6.42 [355.74,
393.16]

[368.05,
393.88] 0.01 0.94 F(1,46) = 0.33

P3 387.31 ±
10.33 386.39 ± 7.13 [366.52,

408.11]
[372.04,
400.75] 0.0001 0.94 F(1,46) = 0.01

Pz 384.86 ±
10.67 383.77 ± 7.36 [363.39,

406.33]
[368.94,
398.59] 0.0002 0.94 F(1,46) = 0.01

P4 383.29 ±
10.20 396.98 ± 7.04 [362.75,

403.83]
[382.80,
411.16] 0.03 0.88 F(1,46) = 1.19

Oz 390.93 ±
13.02 379.21 ± 8.99 [364.73,

417.14]
[361.12,
397.30] 0.01 0.93 F(1,46) = 0.54

(2) There were no significant differences in mean amplitude and peak latency between
the CI group and NC group under 10 electrode target stimuli; Figures 5 and 6 shows the
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waveforms and topographic maps of P300 for the HC group, CI group, and NC group, and
the detailed statistical results are presented in Tables 5 and 6.

Figure 5. Cont.
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Figure 5. Waveform maps of P300 in the HC group, CI group, and NC group. (a–j) show the P300
waveforms at F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, and Oz, respectively. The green waveform represents
the HC group, the blue dashed waveform represents the NC group of tSAH, the blue solid waveform
represents the CI group of tSAH, and the time window of the P300 component is 300 ms to 500 ms, as
indicated by the light gray shaded area. In all waveforms, negative deflections are plotted upwards.
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Figure 6. The topographic maps of the target stimulus for the HC group, the CI group of tSAH,
and the NC group within the time window of 300–500 ms. The colored bar represents voltage in
microvolts (µV).

Table 5. Comparison of mean amplitude between CI group and NC group under P300
target stimulation.

Electrodes CI (adj Mean
± SE/µV)

NC (adj
Mean ±
SE/µV)

CI (95%
CI/µV)

NC (95%
CI/µV) Partial η2 Pfdr F

F3 3.30 ± 0.95 2.74 ± 1.05 [1.36, 5.24] [0.60, 4.88] 0.005 0.79 F(1,30) = 0.15
Fz 3.63 ± 0.95 3.03 ± 1.05 [1.69, 5.57] [0.88, 5.17] 0.006 0.79 F(1,30) = 0.17
F4 3.62 ± 0.90 3.10 ± 0.99 [1.79, 5.45] [1.08, 5.12] 0.005 0.79 F(1,30) = 0.14
C3 4.77 ± 0.90 4.02 ± 1.00 [2.93, 6.61] [1.98, 6.05] 0.01 0.79 F(1,30) = 0.29
Cz 4.00 ± 0.85 3.67 ± 0.94 [2.27, 5.74] [1.75, 5.59] 0.002 0.80 F(1,30) = 0.06
C4 4.60 ± 0.82 3.96 ± 0.91 [2.92, 6.29] [2.10, 5.82] 0.008 0.79 F(1,30) = 0.25
P3 6.27 ± 1.07 4.88 ± 1.18 [4.09, 8.45] [2.47, 7.29] 0.02 0.79 F(1,30) = 0.70
Pz 6.56 ± 1.05 5.46 ± 1.16 [4.41, 8.70] [3.09, 7.83] 0.01 0.79 F(1,30) = 0.46
P4 6.38 ± 0.93 4.98 ± 1.02 [4.48, 8.28] [2.89, 7.08] 0.03 0.79 F(1,30) = 0.94
Oz 3.74 ± 0.72 2.46 ± 0.79 [2.27, 5.20] [0.84, 4.07] 0.04 0.79 F(1,30) = 1.33

Table 6. Comparison of peak latency of P300 target stimulus between CI group and NC group during
the incubation period.

Electrodes CI
(adj Mean ± SE/ms)

NC
(adj Mean ± SE/ms)

CI
(95% CI/ms)

NC
(95% CI/ms)

Partial
η2 Pfdr F

F3 377.39 ± 9.67 371.20 ± 10.67 [357.64, 397.13] [349.41, 392.99] 0.01 0.87 F(1,30) = 0.17
Fz 377.00 ± 8.54 379.40 ± 9.43 [359.55, 394.45] [360.14, 398.66] 0.001 0.87 F(1,30) = 0.03
F4 374.48 ± 9.23 376.83 ± 10.18 [355.63, 393.32] [356.02, 397.63] 0.001 0.87 F(1,30) = 0.03
C3 378.67 ± 9.91 388.59 ± 10.94 [358.44, 398.91] [366.25, 410.93] 0.01 0.87 F(1,30) = 0.42
Cz 358.11 ± 8.41 380.67 ± 9.28 [340.93, 375.29] [361.71, 399.63] 0.09 0.42 F(1,30) = 3.00
C4 379.81 ± 8.68 382.43 ± 9.58 [362.07, 397.54] [362.86, 402.00] 0.001 0.87 F(1,30) = 0.04
P3 374.55 ± 9.96 398.81 ± 10.99 [354.21, 394.89] [376.36, 421.26] 0.08 0.42 F(1,30) = 2.47
Pz 375.76 ± 10.66 391.22 ± 11.76 [354.00, 397.53] [367.19, 415.24] 0.03 0.71 F(1,30) = 0.88
P4 402.60 ± 10.54 386.81 ± 11.63 [381.08, 424.12] [363.06, 410.56] 0.03 0.71 F(1,30) = 0.94
Oz 360.67 ± 13.70 399.06 ± 15.12 [332.70, 388.65] [368.18, 429.93] 0.10 0.42 F(1,30) = 3.27

3.3.2. MMN Results

(1) For the mean amplitudes of the MMN difference wave between the HC group and
the tSAH group, under FDR correction, there were no electrodes with significant differences
between the two groups; for the peak latency of the MMN difference wave, there were no
electrodes with significant differences in any inter-group comparisons. Figures 7 and 8
shows the waveform and topographic maps of the MMN difference wave for the HC group
and the tSAH group, and the statistical results are detailed in Tables 7 and 8.
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Figure 7. Waveform of MMN difference waves in the HC group and the tSAH group. (a–i) show the
waveform diagrams of MMN difference waves at F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4, respectively;
the green waveform represents the HC group, while the blue waveform represents the tSAH group.
The time window of the MMN component is 200 ms to 300 ms, as indicated by the light gray shaded
area. In all waveforms, negative deflections are plotted upwards.

Figure 8. The topographic map of the MMN difference wave between the HC group and the tSAH
group within the time window of 200–300 ms. The colored bar represents voltage in microvolts (µV).
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Table 7. Comparison of MMN difference wave mean amplitudes between the HC group and the
tSAH group.

Electrodes
HC

(adj Mean ±
SE/µV)

tSAH
(adj Mean ±

SE/µV)

HC
(95% CI/µV)

tSAH
(95% CI/µV) Partial η2 Pfdr F

F3 −3.49 ± 0.96 −1.52 ± 0.66 [−5.43,
−1.55]

[−2.86,
−0.18] 0.06 0.13 F(1,46) = 2.79

Fz −4.45 ± 0.91 −2.07 ± 0.63 [−6.29,
−2.61]

[−3.34,
−0.81] 0.09 0.07 F(1,46) = 4.49

F4 −2.77 ± 0.81 −1.51 ± 0.56 [−4.39,
−1.15]

[−2.63,
−0.39] 0.03 0.22 F(1,46) = 1.61

C3 −4.96 ± 0.96 −1.93 ± 0.66 [−6.89,
−3.03]

[−3.26,
−0.60] 0.13 0.07 F(1,46) = 6.66

Cz −5.22 ± 1.18 −2.42 ± 0.81 [−7.59,
−2.84]

[−4.06,
−0.78] 0.08 0.09 F(1,46) = 3.73

C4 −4.20 ± 0.83 −1.76 ± 0.57 [−5.88,
−2.53]

[−2.92,
−0.61] 0.11 0.07 F(1,46) = 5.72

P3 −2.49 ± 0.73 −0.39 ± 0.50 [−3.95,
−1.03] [−1.40, 0.62] 0.11 0.07 F(1,46) = 5.52

Pz −2.16 ± 0.78 −0.11 ± 0.54 [−3.72,
−0.59] [−1.19, 0.98] 0.09 0.07 F(1,46) = 4.60

P4 −1.26 ± 0.59 −0.37 ± 0.41 [−2.44,
−0.08] [−1.19, 0.45] 0.03 0.22 F(1,46) = 1.52

Table 8. Comparison of MMN difference wave peak latency between HC group and tSAH group.

Electrodes
HC

(adj Mean ±
SE/ms)

tSAH
(adj Mean ±

SE/ms)

HC
(95% CI/ms)

tSAH
(95% CI/ms) Partial η2 Pfdr F

F3 252.95 ± 6.10 257.36 ± 4.21 [240.67,
265.23]

[248.88,
265.84] 0.01 0.61 F(1,46) = 0.35

Fz 253.64 ± 6.73 258.75 ± 4.64 [240.10,
267.18]

[249.40,
268.10] 0.01 0.61 F(1,46) = 0.38

F4 247.74 ± 6.46 255.04 ± 4.46 [234.74,
260.74]

[246.06,
264.01] 0.02 0.61 F(1,46) = 0.85

C3 249.16 ± 5.00 255.77 ± 3.45 [239.09,
259.22]

[248.82,
262.72] 0.02 0.61 F(1,46) = 1.16

Cz 249.14 ± 5.01 252.52 ± 3.51 [239.05,
259.23]

[245.45,
259.59] 0.01 0.61 F(1,46) = 0.30

C4 245.81 ± 5.17 250.52 ± 3.57 [235.40,
256.22]

[243.33,
257.70] 0.01 0.61 F(1,46) = 0.55

P3 248.74 ± 5.50 252.22 ± 3.79 [237.68,
259.80]

[244.58,
259.85] 0.01 0.61 F(1,46) = 0.27

Pz 245.47 ± 5.38 251.71 ± 3.71 [234.64,
256.30]

[244.23,
259.19] 0.02 0.61 F(1,46) = 0.89

P4 238.15 ± 5.53 248.05 ± 3.82 [227.03,
249.28]

[240.37,
255.73] 0.04 0.61 F(1,46) = 2.12

(2) There was no significant difference in the mean amplitude of the MMN difference
wave between the CI group and the NC group electrodes; the peak latency of the difference
wave showed no significant difference across all group comparisons. Figures 9 and 10
shows the average waveform and topographic maps of the MMN difference wave for the
HC group, CI group, and NC group, with statistical results detailed in Tables 9 and 10.
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Figure 9. Waveforms of MMN difference waves in the HC, CI, and NC groups. (a–i) show the
waveform diagrams of MMN difference waves at F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4, respectively;
the green waveform represents the HC group, the blue solid line waveform represents the CI group
of tSAH, and the blue dashed line waveform represents the NC group of tSAH. The time window of
the MMN component is 200 ms~300 ms, as indicated by the light gray shaded area. In all waveforms,
negative deflections are plotted upwards.

Figure 10. The topographic map of the MMN difference waves for the HC group, the CI group of
tSAH, and the NC group within the time window of 200–300 ms. The colored bar represents voltage
in microvolts (µV).
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Table 9. Comparison of mean amplitude of MMN difference wave between CI group and NC group.

Electrodes
CI

(adj Mean ±
SE/µV)

NC
(adj Mean ±

SE/µV)

CI
(95% CI/µV)

NC
(95% CI/µV)

Partial
η2 Pfdr F

F3 −1.91 ± 0.72 −0.95 ± 0.79 [−3.37, −0.45] [−2.56, 0.66] 0.02 0.80 F(1,30) =
0.75

Fz −2.48 ± 0.74 −1.62 ± 0.82 [−3.99, −0.97] [−3.28, 0.05] 0.02 0.80 F(1,30) =
0.57

F4 −1.71 ± 0.69 −1.27 ± 0.76 [−3.11, −0.31] [−2.82, 0.27] 0.01 0.80 F(1,30) =
0.17

C3 −2.45 ± 0.72 −1.29 ± 0.80 [−3.92, −0.97] [−2.92, 0.34] 0.03 0.80 F(1,30) =
1.06

Cz −3.11 ± 0.93 −1.62 ± 1.02 [−5.00, −1.22] [−3.71, 0.47] 0.03 0.80 F(1,30) =
1.07

C4 −2.07 ± 0.78 −1.38 ± 0.86 [−3.67, −0.48] [−3.14, 0.39] 0.01 0.80 F(1,30) =
0.33

P3 −0.61 ± 0.53 −0.11 ± 0.58 [−1.69, 0.47] [−1.30, 1.08] 0.01 0.80 F(1,30) =
0.37

Pz −0.25 ± 0.58 0.09 ± 0.63 [−1.42, 0.93] [−1.21, 1.39] 0.01 0.80 F(1,30) =
0.14

P4 −0.37 ± 0.54 −0.29 ± 0.60 [−1.47, 0.74] [−1.51, 0.94] 0.0003 0.92 F(1,30) =
0.01

Table 10. Comparison of MMN difference wave peak latency between CI group and NC group
during the incubation period.

Electrodes
CI

(adj Mean ±
SE/ms)

NC
(adj Mean ±

SE/ms)

CI
(95% CI/ms)

NC
(95% CI/ms)

Partial
η2 Pfdr F

F3 259.29 ± 5.62 252.66 ± 6.20 [247.82, 270.76] [240.00, 265.32] 0.02 0.91 F(1,30) =
0.58

Fz 257.63 ± 6.35 258.71 ± 7.01 [244.65, 270.60] [244.39, 273.03] 0.00 0.91 F(1,30) =
0.01

F4 256.19 ± 6.68 251.24 ± 7.38 [242.54, 269.84] [236.17, 266.30] 0.01 0.91 F(1,30) =
0.23

C3 251.49 ± 4.59 259.75 ± 5.07 [242.11, 260.86] [249.40, 270.10] 0.04 0.91 F(1,30) =
1.35

Cz 250.59 ± 5.06 253.06 ± 5.41 [240.24, 260.94] [242.00, 264.13] 0.00 0.91 F(1,29) =
0.10

C4 250.45 ± 4.84 248.19 ± 5.35 [240.56, 260.34] [237.27, 259.11] 0.00 0.91 F(1,30) =
0.09

P3 248.91 ± 5.35 255.64 ± 5.90 [237.99, 259.83] [243.59, 267.69] 0.02 0.91 F(1,30) =
0.66

Pz 253.46 ± 4.80 247.38 ± 5.29 [243.66, 263.26] [236.57, 258.19] 0.02 0.91 F(1,30) =
0.67

P4 246.01 ± 4.97 247.73 ± 5.49 [235.85, 256.16] [236.52, 258.93] 0.002 0.91 F(1,30) =
0.05

3.3.3. CNV Results

(1) Under FDR correction, the mean amplitudes of CNV showed significant differences
between the HC group and the tSAH group at eight electrodes, F3, Fz, C3, Cz, C4, P3, Pz,
and P4, with the HC group exhibiting greater negativity. Figures 11 and 12 shows the
waveforms and topographic maps of CNV for the HC and tSAH groups, and the statistical
results are detailed in Table 11.
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Figure 11. Waveform of CNV in the HC group and tSAH group. (a–i) show the average waveform
diagrams of CNV at F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4, respectively. The green waveform
represents the HC group, the blue waveform represents the tSAH group, and the time window of the
CNV component is 500 ms to 1000 ms, as indicated by the light gray shaded area. In all waveforms,
negative deflections are plotted upwards.

Figure 12. The topographic maps of CNV for the HC group and the tSAH group within the time
window of 500–1000 ms. The colored bar represents voltage in microvolts (µV).
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Table 11. Intergroup comparison of mean amplitudes of CNV expectation waves between the HC
group and the tSAH group.

Electrodes
HC

(adj Mean ±
SE/µV)

tSAH
(adj Mean ±

SE/µV)

HC
(95% CI/µV)

tSAH
(95% CI/µV) Partial η2 Pfdr F

F3 −4.31 ± 0.68 −2.58 ± 0.47 [−5.67,
−2.95]

[−3.52,
−1.64] 0.09 0.048 F(1,46) = 4.35

Fz −5.61 ± 0.80 −2.73 ± 0.55 [−7.22,
−3.99]

[−3.84,
−1.61] 0.16 0.01 F(1,46) = 8.50

F4 −4.28 ± 0.82 −2.29 ± 0.57 [−5.93,
−2.63]

[−3.43,
−1.15] 0.08 0.054 F(1,46) = 3.92

C3 −4.54 ± 0.62 −2.30 ± 0.43 [−5.79,
−3.30]

[−3.16,
−1.44] 0.16 0.01 F(1,46) = 8.74

Cz −6.78 ± 0.81 −3.35 ± 0.56 [−8.42,
−5.14]

[−4.48,
−2.22] 0.20 0.01 F(1,46) =

11.74

C4 −5.14 ± 0.79 −2.42 ± 0.55 [−6.73,
−3.55]

[−3.52,
−1.32] 0.15 0.01 F(1,46) = 7.82

P3 −2.40 ± 0.48 −0.59 ± 0.33 [−3.36,
−1.44] [−1.26, 0.07] 0.17 0.01 F(1,46) = 9.47

Pz −2.81 ± 0.57 −1.05 ± 0.40 [−3.96,
−1.65]

[−1.85,
−0.25] 0.12 0.02 F(1,46) = 6.22

P4 −2.57 ± 0.60 −0.82 ± 0.41 [−3.76,
−1.37] [−1.65, 0.01] 0.11 0.03 F(1,46) = 5.70

(2) There was no significant electrode difference in the mean amplitude of CNV among
the groups. Figures 13 and 14 show the waveform and topographic maps of CNV in the
HC group, CI group, and NC group. Statistical results are detailed in Table 12.

Table 12. Intergroup comparison of mean amplitudes of CNV expectancy wave between the CI group
and the NC group.

Electrodes
CI

(adj Mean ±
SE/µV)

NC
(adj Mean ±

SE/µV)

CI
(95% CI/µV)

NC
(95% CI/µV) Partial η2 Pfdr F

F3 −3.03 ± 0.60 −2.11 ± 0.66 [−4.26,
−1.81]

[−3.47,
−0.76] 0.031 0.67 F(1,30) = 0.98

Fz −3.24 ± 0.60 −2.28 ± 0.66 [−4.46,
−2.01]

[−3.62,
−0.93] 0.034 0.67 F(1,30) = 1.07

F4 −3.00 ± 0.69 −1.43 ± 0.76 [−4.40,
−1.60] [−2.98, 0.12] 0.068 0.67 F(1,30) = 2.18

C3 −2.52 ± 0.58 −2.14 ± 0.64 [−3.71,
−1.33]

[−3.45,
−0.83] 0.006 0.76 F(1,30) = 0.18

Cz −3.84 ± 0.70 −2.86 ± 0.78 [−5.28,
−2.40]

[−4.44,
−1.27] 0.026 0.67 F(1,30) = 0.81

C4 −3.00 ± 0.76 −1.75 ± 0.84 [−4.56,
−1.44]

[−3.47,
−0.03] 0.036 0.67 F(1,30) = 1.11

P3 −0.39 ± 0.48 −0.88 ± 0.53 [−1.37, 0.59] [−1.97, 0.20] 0.015 0.76 F(1,30) = 0.44

Pz −0.91 ± 0.55 −1.24 ± 0.60 [−2.03, 0.20] [−2.47,
−0.01] 0.005 0.76 F(1,30) = 0.15

P4 −0.97 ± 0.61 −0.68 ± 0.68 [−2.22, 0.28] [−2.06, 0.71] 0.003 0.76 F(1,30) = 0.10
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Figure 13. Waveform of CNV in the HC group, CI group, and NC group. (a–i) show the waveform
diagrams of CNV at F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4, respectively. The green waveform represents
the HC group, the blue solid line waveform represents the CI group of tSAH, the blue dashed line
waveform represents the NC group of tSAH, and the time window of the CNV component is 500 ms to
1000 ms, as indicated by the light gray area. In all waveforms, negative deflections are plotted upwards.

Figure 14. The topographic maps of CNV for the HC group, the CI group of tSAH, and the NC group
within the time window of 500–1000 ms. The colored bar represents voltage in microvolts (µV).
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4. Discussion
4.1. Analysis of Behavioral Research Results

Cognitive dysfunction is one of the most common sequelae after tSAH, and it can in-
volve multiple domains, including memory, attention, executive function, and information
processing speed. In this study, under the condition that there were no differences in age,
sex, or education level, the MMSE scores of the tSAH group were significantly lower than
those of the normal control group. In addition, it is well known that cognitive function
in normal adults gradually declines with increasing age [25,26]. In this study, further
comparison between the normal control group and the tSAH group without cognitive
dysfunction found that the latter was significantly younger than the former. When age was
used as a covariate in analysis of covariance, the MMSE scores of the tSAH group without
cognitive dysfunction were still significantly lower than those of the normal control group,
indicating that their decline in cognitive function was not caused by age-related factors and
may be closely related to tSAH. In summary, tSAH may be one of the relevant risk factors
for post-traumatic cognitive dysfunction [3].

4.2. Analysis of ERP Research Results

This study conducted P300, MMN, and CNV event-related potential (ERP) assess-
ments in patients with traumatic subarachnoid hemorrhage (tSAH) and healthy controls,
respectively. Meanwhile, subgroup comparisons were performed within the tSAH patient
group to analyze the association between ERP indicators and clinical cognitive status. Com-
parison between the normal control group and the tSAH group revealed that in the absence
of differences in age, sex, and education level, the mean amplitudes of P300 and CNV in
the tSAH group were significantly lower than those in the healthy control group, while no
between-group difference was observed in the mean amplitude of MMN; there were no
significant differences in the peak latencies of P300 and MMN between the two groups.
Within the tSAH group, comparison between the subgroup with cognitive impairment
and the subgroup without cognitive impairment revealed no between-group differences in
sex, education level, Glasgow Coma Scale (GCS) score at the time of injury, and time since
injury, but a statistically significant difference in age was present between the two groups,
with the age of the group without cognitive impairment being younger than that of the
group with cognitive impairment. After controlling for age-related variation using age as a
covariate, no significant differences were observed in any ERP indicators. These results
suggest that tSAH can cause selective cognitive electrophysiological impairment.

4.2.1. Analysis of Results in the HC Group and tSAH Group

As an endogenous component of ERP, P300’s amplitude reflects the amount of re-
sources invested by the brain when receiving incoming stimulus information and the
degree of attention to target stimuli, while latency assesses the speed of neural conduction
when the brain responds to target stimuli, reflecting the speed of the brain’s classification,
encoding, and recognition of external stimuli [27–30]. Previous similar studies [11] found
that the amplitudes at Fz, Cz, CPz, and Pz in the subarachnoid hemorrhage group were
significantly lower than those in the healthy control group, which is basically consistent
with the results of this study. Under target stimulation, the mean P300 amplitude in the
clinically stable phase of the tSAH group was lower than that of the normal control group
at multiple electrodes including Cz, C3, C4, Pz, and P4, suggesting that tSAH patients have
a decreased level of attention when receiving information.

MMN is generally considered to reflect pre-attentive automatic deviance detection
that occurs without the involvement of active attention [31]. In this study, the paradigm
used to record MMN included an active attention task, and the recorded waveform may
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have contained both the classic MMN and the N2b component. The classic auditory odd-
ball paradigm uses pure tones or speech stimuli as standard and deviant stimuli and can
reliably elicit the N2b component [32], and this component often overlaps with MMN
in the time domain, making complete separation difficult. Therefore, in this study, no
statistically significant difference was found in the mean amplitude of MMN between the
two groups. On the one hand, this may be because the MMN waveform in this study
was a composite component rather than a purely passive pre-attentive MMN, with a high
degree of waveform variability. On the other hand, we observed that most electrodes in
this between-group comparison showed medium to large effect sizes, but the differences
were not significant, which may have been due to insufficient sample size. This result sug-
gests that under the current task conditions, this composite electrophysiological response
induced by stimulus deviance in patients with tSAH did not show obvious abnormalities
overall. Future studies could use a pure passive auditory oddball paradigm to eliminate
the superimposed interference of N2b and increase the sample size to separately assess the
pure pre-attentive MMN.

This study found that unlike previous studies [11], no electrodes with intergroup
differences were identified in the peak latency of P300, and no electrodes with differences
were found in the peak latency of MMN either. In this study, the effect sizes observed for
the peak latencies of the two ERPs were relatively small. Considering that the enrolled
patients had milder craniocerebral injury and that the individual variability of P300 and
MMN latencies is itself relatively large [33,34], it was difficult to detect small differences
between groups.

Currently, research on the application of CNV in the assessment of cognitive function
after tSAH remains very limited. The existing literature has mainly focused on the analysis
of cognitive outcomes after aneurysmal subarachnoid hemorrhage (aSAH), while studies
on CNV characteristics in the specific subgroup of tSAH are almost absent. This study
employed the classic CNV paradigm of event-related potential (ERP) technology, focusing
on extracting and analyzing the mean amplitude characteristics of clinically stable tSAH
patients within the 500–1000 ms time window. Between-group comparisons revealed that
within the 500–1000 ms time window, compared with normal controls, clinically stable
tSAH patients exhibited a smaller negative degree of CNV mean amplitude, and the dif-
ferences in CNV expectancy wave mean amplitude between the two groups in the vast
majority of electrodes sites in the frontal, parietal, and central regions were statistically
significant. After tSAH, cerebral vasospasm and microcirculatory disturbance caused by
subarachnoid hemorrhage can lead to insufficient blood perfusion and metabolic abnor-
malities, thereby affecting the synchronized firing activity of neurons in these regions,
resulting in neurological dysfunction and affecting the generation of late CNV components,
manifested as decreased amplitude. Based on previous studies, from the perspective of
injury mechanism, the reduced CNV amplitude may reflect dysfunction of the frontal
subcortical circuits related to anticipation and preparation functions. In the CNV task, the
generation of late components depends on the collaborative work of multiple functional
networks, including the frontoparietal network, frontal-basal ganglia circuits, and thalamo-
cortical circuits [35,36]. In addition, the parietal cortex is also crucial for spatial attention
and sensorimotor integration [37–39], and its functional impairment can lead to abnormal
CNV amplitude.

4.2.2. Analysis of Results in tSAH Groups with and Without Cognitive Impairment

In this study, patients in the tSAH group were divided into a cognitive impairment
group and a subgroup without cognitive impairment based on the Mini-Mental State Exam-
ination (MMSE) scores. There was a significant difference in Mini-Mental State Examination
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(MMSE) scores between the two groups, but no between-group differences were observed
in the analysis of all event-related potential (ERP) indicators between the subgroups, and
the corresponding effect sizes were small, indicating that ERP electrophysiological changes
are not completely consistent with cognitive impairment classified based on clinical scales.
The reasons for this inconsistency can be analyzed from the following aspects. First, differ-
ences in measurement dimensions and sensitivity. MMSE is a behavioral scale that focuses
on rough screening of the overall level of cognitive function. Its total score reflects the
comprehensive performance of multiple cognitive domains, and its score is affected by
various non-cognitive factors such as participant motivation, educational background, and
testing environment, while ERP components correspond to different neuroelectrophysio-
logical processes, and the two reflect different levels of cognitive processing [40]; second
are insufficient sample size and statistical power. Both groups were tSAH patients, and
the individual variability of ERP amplitude and latency was relatively large. The sample
size of this study was relatively small, and even if real electrophysiological differences
existed, they might not be detected due to insufficient test power. These factors may all
dilute between-group differences, making them statistically non-significant. In summary,
the presence of differences in MMSE scores between groups while there were no differences
in ERP components may reflect the essential differences between the two assessment tools
in measurement dimensions, sensitivity, statistical power, and neural mechanisms. As an
overall cognitive tool, the positive results of MMSE suggest that the tSAH cognitive impair-
ment group shows changes at the clinical level of cognitive function, while the negative
results of ERP suggest that there were no significant differences between subgroups in the
specific neuroelectrophysiological processes measured in this study.

5. Conclusions, Limitations, and Future Perspectives
5.1. Conclusions

In summary, this study employed three event-related potential (ERP) paradigms (P300,
MMN, CNV), analyzed latency and mean amplitude indices, and combined them with
Mini-Mental State Examination (MMSE) scores to investigate the neuroelectrophysiological
characteristics of patients with tSAH. The study found that tSAH may be one of the risk
factors associated with post-traumatic cognitive dysfunction, and the mean amplitudes of
P300 and CNV within specific event windows may serve as potential electrophysiological
indicators of cognitive frailty after tSAH. Furthermore, a dissociation phenomenon was
observed between cognitive grouping based on the Mini-Mental State Examination (MMSE)
and event-related potential (ERP) results, which may suggest that behavioral cognitive
screening and electrophysiological testing do not fully overlap in the cognitive dimensions
they reflect.

5.2. Limitations

Although this study achieved certain research findings, it still has some limitations.
First, although all participants completed the three ERP tasks in the same order with rest
periods between, because patients with brain injuries are more sensitive to fatigue than
healthy controls, fatigue may be a potential confounding factor in the between-group
differences detected above. Second, because MMN and CNV did not record the accuracy of
button presses, the influence of effort or task engagement on amplitude differences cannot
be ruled out. In addition, some poorly cooperative participants were excluded, and it is
possible that participants with more severe injuries were excluded. At the same time, the
cognitive dimensions assessed by the MMSE and ERP do not overlap, and the small sample
size of the subgroups leading to insufficient statistical power may be potential factors
explaining why no differences were detected among the tSAH subgroups. Meanwhile, this
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study used a cross-sectional design and provided data only from the clinically stable period
(more than 6 months after injury), so it cannot clarify the differences in ERP amplitude
reduction at different time points and traumatic subarachnoid hemorrhage (tSAH).

5.3. Future Perspectives

Future studies should expand the sample size, refine the design of event-related
potential (ERP) tasks, conduct longitudinal follow-up, and integrate brain network and
time–frequency analyses to elucidate the neuroanatomical basis and dynamic evolution of
ERP abnormalities in patients with traumatic subarachnoid hemorrhage (tSAH), thereby
identifying characteristic neuroelectrophysiological indicators capable of assessing cog-
nitive dysfunction after isolated traumatic subarachnoid hemorrhage and establishing a
comprehensive ERP assessment system to provide objective and scientific technical support
for clinical diagnosis.
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