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SUMMARY

Patients undergoing cardiopulmonary bypass (CPB) often experience neurological complications, but the
neurobiological mechanisms remain unclear. This study combined resting-state fMRI, structural MRI, and
cognitive testing to examine brain changes in 124 CPB patients and matched controls. Reduced amplitude
of low-frequency fluctuation (ALFF) in the bilateral frontoparietal lobes indicated diminished neural activity
among patients, and these ALFF values were positively correlated with the degree of executive dysfunction
measured by the attention network test. Functional connectivity within the frontoparietal executive control
network was weakened. Brain structural analysis revealed cortical thinning in frontoparietal and temporal re-
gions, increased sulcal depth in medial orbitofrontal areas, and reduced gyrification in the insula suggesting
long-term morphological impacts. These findings demonstrate CPB-associated functional and structural al-
terations in brain regions critical for cognition, providing neuroimaging evidence for postoperative dysfunc-

tion and potential neuroprotective strategies.

INTRODUCTION

Cardiopulmonary bypass (CPB) is a standard procedure in
certain cardiovascular surgeries, permitting the cessation of
the heart while maintaining circulation and oxygenation.'-? How-
ever, it may be linked to transient or permanent neurologic and
neurocognitive complications.®> These complications can pro-
long postoperative recovery times and may exert a lasting
impact on their quality of life, making the study of such issues
increasingly valued within the scientific community.*° The path-
ophysiological mechanisms underlying CPB are complex and
multifactorial, involving cerebral embolization, microvascular
injury, inflammation, and oxidative stress.®” Notably, the frontal
and temporal lobes, which are crucial for higher cognitive func-
tions such as executive control, memory, and language, are
considered to be highly susceptible to the effects of CPB.%*
The frontal lobe plays a critical role in executive functions,
which are essential for planning complex cognitive tasks, logical
reasoning, problem-solving, and modulating behavioral re-
sponses.'%"" The primary functions of the temporal lobe are to
process language, form new memories, and participate in
emotional experiences.'? After CPB, these key cognitive do-
mains are often affected. Newman’s team found that postoper-
ative patients exhibited reduced activity in brain regions associ-
ated with language, memory, and executive functions, which

correlated with declines in cognitive performance.’®'* Grigore’s
team demonstrated that the metabolite changes in the frontal
and temporal lobes, such as reduced N-acetylaspartate (NAA)
and increased choline compounds, were closely related to brain
injury and dysfunction following CPB."® Zanatta’s team found
that the fractional anisotropy values of white matter in patients
after cardiac surgery were reduced, suggesting that white matter
injury is a common phenomenon after CPB.®"” Therefore, the
structural and functional integrity of the frontal and temporal
lobes is crucial for maintaining cognitive health and understand-
ing the neurological consequences of CPB.

With advancements in medical imaging technology, neuroi-
maging has become increasingly important in assessing the
structural and functional integrity of the frontal and temporal
lobes after CPB. Functional MRI (fMRI) allows for the real-time
assessment of brain activity and can detect regional changes
in brain function before structural changes become apparent. It
has been applied in many cognitive-related diseases and can
also be used to observe changes in local and whole-brain neural
activity intensity in patients after CPB surgery.'®'® The progres-
sion of disease can also cause changes in brain structure, such
as the reduction of cortical thickness in the frontal and temporal
lobes observed in Alzheimer’s patients, indicating atrophy and
potential loss of neurons or synaptic connections in these
areas.”® Moreover, the integrity of the cerebral cortex is defined
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Table 1. Demographics and neuropsychological data

Characteristic Experimental group  Control group  p value

n 124 124
Sex (male/female) 51/73 51/73 1.000*
Age (years) 54.11 + 8.83 52.52 + 8.37 0.147°
Edu (years) 8.77 + 3.31 9.36 + 2.67 0.119°
ANT
Alerting (ms) 55.83 + 5.01 50.56 + 4.54 0.485°
Orienting (ms) 72.75 + 6.53 62.10 + 5.57 0.318°
Executive 113.41 +15.10 20.14 + 8.83 <0.001°
control (ms)

Edu, education; ANT, attention network task.

n represents the sample size.

2Chi-squared test.

®Two independent-sample t test. Data representation: mean + SD.

not only by its thickness but also by its folding patterns, which
are believed to reflect the complexity of neural networks and
their functional interactions. Abnormalities in cortical folding,
such as reduced gyrification index and increased sulcal depth,
have been reported in the frontal lobes of patients with brain at-
rophy, suggesting that the disease itself may disrupt the normal
development and maintenance of these complex structures.?
Therefore, the application of structural MRI can also help to
elucidate the impact of CPB on brain morphology.®*?*

This study aims to explore the functional and structural
brain changes associated with CPB, with a focus on the fron-
tal and temporal lobes. We hypothesize that CPB will lead to
significant alterations in the functional activity and structural
integrity of these regions, which will correlate with deficits in
cognitive performance. By employing a comprehensive neuro-
imaging approach, including resting-state fMRI and morpho-
metric analysis,?*?° this study seeks to provide a comprehen-
sive understanding of the neurobiological consequences of
CPB and to identify potential targets for intervention.?® The
findings may have far-reaching implications, as they could
not only help elucidate the mechanisms underlying the
observed cognitive decline following CPB but also inform
the development of neuroprotective strategies to mitigate
these effects. By identifying the specific brain regions and
cognitive functions most affected by CPB, we can develop
targeted interventions to protect or restore these functions,
thereby improving patient outcomes and reducing the burden
of neurological complications associated with this common
surgical procedure.

RESULTS

Demographic and neuropsychological results

The demographic and neuropsychological results of the experi-
mental and control groups are presented in Table 1. There were
no statistically significant differences between the groups in
terms of gender (p = 1.000), age (p = 0.147), and education level
(p = 0.119). Figure 3A shows no significant differences between
the groups in alerting and orienting functions, with p values of
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Table 2. ALFF alterations in patients compared to the control
group

MNI peak

point coordinates
Brain regions X Y VA tvalue p value Voxels
Bilateral frontal- 0 —-12 78 —4.65 0.019 200
parietal lobes
Left cerebellum —-24 —-63 —48 3.846 0.02 80
posterior lobe
Right cerebellum 24 —75 42 423 0.0837 62
posterior lobe
Right temporal 66 —48 18 —-4.38 0.041 60

lobe

ALFF, amplitude of low-frequency fluctuation; MNI, Montreal Neurolog-
ical Institute.

Adjusted by the false discovery rate (FDR) correction, and the signifi-
cance threshold was set at p = 0.05.

0.485 and 0.318, respectively, while the experimental group ex-
hibited a significantly reduced executive control function
compared to the control group (p < 0.001).

ALFF and brain functional network analysis results

The amplitude of low-frequency fluctuation (ALFF) results
were shown in Table 2 and Figure 1, which indicate that the
experimental group had significantly reduced ALFF values in
the bilateral frontal-parietal lobes and the right temporal
lobe compared to the control group (false discovery rate
[FDR]-corrected, p < 0.05), and the experimental group’s
bilateral cerebellum ALFF values were significantly increased
compared to the control group (FDR-corrected, p < 0.05). Fig-
ure 2 shows that there are differences in the brain functional
network connections composed of the left middle frontal
gyrus and the left triangular part of the inferior frontal gyrus
between the two groups, with a significant reduction in the pa-
tients compared to the control group (FDR-corrected,
p < 0.001), and this region’s brain functional network is part
of the frontoparietal executive control network. Figure 3B
demonstrates a positive correlation between the spontaneous
neural activity intensity of the bilateral frontal-parietal lobes
and the executive control function in the attention network
of all subjects (r = 0.534, p < 0.001).

Brain structural results

Details of cortical thickness changes between the groups are
presented in Table 3 and Figure 4A. The experimental group
had thinner cortical thickness in the bilateral frontal-parietal
lobes and bilateral temporal lobes compared to the control
group (FDR-corrected, p < 0.001). The complexity of the cerebral
cortex, cortical folding, and sulcal depth structures between the
groups are detailed in Table 4 and Figures 4B-4D. The bilateral
insula had simpler cortical complexity (FDR-corrected,
p < 0.001) and fewer cortical folds (FDR-corrected, p < 0.001)
compared to the control group, and the medial orbital frontal
lobe and the posterior cingulate gyrus had deeper sulcal depth
in the experimental group compared to the control group
(FDR-corrected, p = —0.018).
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Figure 1. The alterations in ALFF values between the two groups
The patients exhibited significantly reduced ALFF (amplitude of low-frequency
fluctuation) values in the bilateral frontal-parietal lobes and the right temporal
lobe compared to the control group (FDR-corrected, p < 0.05) and significantly
increased ALFF values in the bilateral cerebellum (FDR-corrected, p < 0.05).

DISCUSSION

This study utilized resting-state fMRI and structural MRI tech-
niques to examine the brain functional and structural alterations
in patients following CPB, with a particular emphasis on the fron-
toparietal and temporal lobes, which are closely associated with
cognitive functions.?’2° The study found that CPB patients had
significantly reduced ALFF values in the bilateral frontal-parietal
and right temporal lobes, while the ALFF values in the cerebellum
increased. Furthermore, changes in brain functional networks
based on the Power264 template revealed that the CPB patients
had significantly reduced connectivity strength in the frontopar-
ietal executive control network compared to the control group.
Additionally, cognitive testing showed impaired executive con-
trol function in CPB patients, which was positively correlated
with ALFF results, further emphasizing the potential negative
impact of CPB on higher cognitive functions. On the structural
level, CPB patients had significantly reduced cortical thickness
in the frontal-parietal and temporal lobes, which may reflect
the loss of neurons or synaptic connections. At the same time,
we also observed increased sulcal depth in the medial orbital
frontal lobe and caudal anterior cingulate and reduced gyrifica-
tion index and fractal dimension in the insula in the CPB group,
which may have long-term effects on cognitive functions. These
findings provide detailed neuroimaging characteristics of brain
regions affected by CPB and provide important neurobiological
evidence for understanding CPB-related cognitive dysfunction.

The frontal-parietal lobes are important in cognitive functions,
particularly in executive control.*° This study compared the ALFF
values between the CPB patients and control groups and found
that CPB patients had reduced ALFF values in the bilateral fron-
tal-parietal lobes, which may reflect reduced neural activity in-
tensity in these brain regions. Research indicates that, during
CPB, the patient’s circulation is replaced by an artificial system,
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Figure 2. The differences in brain functional network connectivity
between the two groups

The network composed of the left middle frontal gyrus and the left triangular
part of the inferior frontal gyrus, with a significant reduction in the patients
compared to the control group (FDR-corrected, p < 0.001), and this region’s
brain functional network is part of the frontoparietal executive control network.

which can significantly alter cerebral hemodynamics. This non-
physiological circulation may expose brain tissue to the risk of
insufficient oxygen and nutrient supply, thereby affecting the
normal function of nerve cells.®' The frontoparietal lobes, being
distal regions of cerebral blood supply, are particularly suscepti-
ble to changes in hemodynamics. This may be one of the under-
lying mechanisms for the reduced ALFF values observed in the
frontoparietal regions following CPB. Moreover, using the widely
accepted Power264 template, this study revealed differences in
the topological organization of these networks, showing that the
CPB patients had significantly lower brain network efficiency in
the frontoparietal region compared to the control group, which
belongs to the frontoparietal executive control network in the Po-
wer264 template.® This result indicates that the brain networks
related to executive control functions in CPB patients were
affected, consistent with the ALFF results. Furthermore, the cor-
relation analysis between ALFF values and ANT cognitive func-
tions in this study found that ALFF values in the bilateral fron-
tal-parietal lobes were significantly positively correlated with
executive control functions of ANT, and there were significant
differences in executive control functions between the CPB pa-
tients and control groups, indicating that CPB is associated with
a decline in executive functions. Finally, surface-based morpho-
metric analysis (SBM) found that CPB patients had thinner
cortical thickness in the bilateral frontal-parietal lobes compared
to the control group and deeper sulcal depth in the medial orbital
frontal lobe and caudal anterior cingulate, indicating that neu-
rons in the frontal and cingulate regions of the patients may be
damaged after CPB, which is consistent with some previous
research results.®* In summary, CPB patients exhibited reduced
functional activity and thinner cortical thickness in the frontal-pa-
rietal lobes and deeper sulcal depth, and these changes in the
frontal-parietal lobes were correlated with clinical symptoms—
reduced executive control functions, which helps to elucidate
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Figure 3. The relationship between regional brain activity and neurocognition
(A) Patients exhibit significantly prolonged reaction times in executive control functions compared to the control group, indicating a decline in the ability to resolve

conflicts in responses and make complex decisions.

(B) illustrates that the executive control function of ANT is positively correlated with the brain activity intensity of the bilateral frontal-parietal lobes (r = 0.534,

p < 0.001).

the potential mechanisms of executive function decline after
CPB and explore possible treatment measures for these sec-
ondary neurological complications.**

The temporal lobe plays a crucial role in processing language,
memory formation, and emotional regulation. Damage to the
temporal lobe is associated with various cognitive dysfunctions,
including memory disorders, language disorders, and visual
recognition disorders.® This study showed that CPB patients
had reduced ALFF values in the right temporal lobe and thinner
cortical thickness in the bilateral temporal lobes, which may
reveal the neuro-mechanism of memory decline in patients after
CPB. This study also found that the CPB patients had reduced
gyrification index and lower fractal dimension in the bilateral in-
sula compared to the control group, which may reflect the loss
of neurons and synaptic connections in the insula. These
changes may be associated with hemodynamic alterations and
changes in blood composition during CPB, which can lead to in-
flammatory and oxidative stress responses. This is consistent
with previous findings that inflammation may affect the func-

Table 3. Cortical thickness alterations in the control group
compared to patients

MNI peak

Index and point coordinates

locations X Y z tvalue pvalue Voxels
Left frontal- -5 62 —-15  9.67 <0.001 14122
parietal lobe

Right frontal- 24 50 16 9.13 <0.001 11391
parietal lobe

Right temporal 28 —51 —31 6.36 < 0.001 509
lobe

Left temporal  —28 —42 -18  6.20 <0.001 511

lobe

MNI, Montreal Neurological Institute.
Adjusted by the false discovery rate (FDR) correction, and the signifi-
cance threshold was set at p = 0.05.
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tional connectivity of the insula, contributing to the pathophysi-
ology of bipolar disorder.*° In Alzheimer’s disease research, it
has been found that changes in the function and structure of
the temporal lobe are related to the distribution of dopaminergic,
serotonergic, and GABAergic neurotransmitter systems.®>” The
insula is related to sensory and emotional processing as well
as the regulation of the autonomic nervous system.*®*° Damage
to the insula may further affect patients’ emotional regulation,
pain perception, and autonomic nervous system function, lead-
ing to neurological complications after surgery. In addition,
studies have shown that there are functional connections among
the insula and the frontal-parietal and temporal lobes, and dam-
age to the insula may affect cognitive functions by affecting the
network connections of these regions. Therefore, structural
changes in the insula may play an important role in neurologic
dysfunction after CPB, and more research is needed to
clarify its mechanisms and explore possible neuroprotective
strategies.*”

The cerebellum has traditionally been considered the brain re-
gion primarily responsible for coordinating movement and main-
taining balance. However, recent studies have shown that the
cerebellum is also involved in cognitive functions, particularly
attention and executive control processes.*'*? Our study found
that CPB patients had increased ALFF values in the cerebellum,
which may be related to postoperative motor coordination and
cognitive function recovery. In addition, there are extensive fiber
connections between the cerebellum and the frontal-parietal and
temporal lobes, and damage in these areas may alter cerebellar
function through disrupted signal flow.***** Therefore, the role of
the cerebellum in cognitive dysfunction after CPB should not be
overlooked, and further research is needed to explore its poten-
tial neuro-mechanisms and therapeutic targets.

In conclusion, this study delved into the effects of CPB on
brain structure and function, revealing significant changes in
key brain regions post-CPB that are closely associated with
cognitive function impairment. The results not only confirm the
profound impact of CPB on brain function but also highlight
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(A) shows that the patients had thinner cortical thickness in the bilateral frontal-parietal lobes and bilateral temporal lobe compared to the healthy group (FDR-

corrected, p < 0.001).

(B) shows that the sulcus depth of the medial orbital frontal lobe and the posterior cingulate gyrus was deeper in patients compared to the control group (FDR-

corrected, p = —0.018).

(C) shows that the gyrification index in the bilateral insula was decreased in patients compared to the control group (FDR-corrected, p < 0.001).
(D) shows that the fractal dimension of the bilateral insula was reduced in patients compared to the control group (FDR-corrected, p = 0.001).

the necessity of understanding the mechanisms behind these
changes, which is crucial for developing effective neuroprotec-
tive measures. These insights provide a new direction for future
research and clinical practice, aiming to optimize surgical pro-
cedures, reduce the neurocognitive sequelae of CPB, and
thereby enhance the patients’ quality of life.

Limitations of the study

This study has several limitations. First, the absence of longitudi-
nal follow-up data prevents assessment of long-term brain
changes post-CPB. Second, potential confounding factors

Table 4. Sulcus depth, gyrification index, and fractal dimension
alterations in the control group compared to patients

Index Overlap of atlas region p value Cluster size
Sulcus depth medial orbitofrontal -0.018 507
cortex
caudal anterior —0.018 308
cingulate
Gyrification index  insula <0.001 1002
Insula <0.001 5
Fractal dimension Insula 0.001 1002
Insula 0.001 )

Adjusted by the false discovery rate (FDR) correction, and the signifi-
cance threshold was set at p = 0.05.

such as surgical techniques and CPB parameters (e.g., pump
time, temperature) were not analyzed. Third, the range of
abnormal brain areas is large and the functional positioning is
not very accurate. Future studies should incorporate longitudinal
designs, standardized CPB protocols, and advanced imaging
techniques to address these limitations.

RESOURCE AVAILABILITY
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Materials availability
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Data and code availability

Raw and analyzed data can be acquired from https://github.com/ZD-cloud/
raw-and-analyzed-data. They are publicly available as of the date of publica-
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This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper
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RRID:SCR_001622
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CAT12 Toolbox Christian Gaser, Jena University http://www.neuro.uni-jena.de/cat/;
Hospital, Germany RRID:SCR_007037
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Version:2.0.0
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analytics/spss-statistics-software

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Participants

124 CPB patients (51 male/73 female; age 54.11+8.83 years) and 124 controls (51 male/73 female; age 52.52+8.37 years). Data are
represented as mean + SD. Written informed assent was obtained from all participants in this study, as well as written informed con-
sent from their parent or legal guardian.

Gender and race analysis

All the subjects were of Han ethnicity. No significant gender and race differences between groups (p=1.000).

CPB group
87 valvular heart disease and 37 aortic dissection requiring cardiopulmonary bypass under hypothermic conditions; LVEF <50% or
LVEDD >70 mm.

Control group

Community-recruited healthy adults, matched for age/sex/education.

Inclusion criteria for the experimental group

Asymptomatic but high-risk valvular heart disease with left ventricular dysfunction (LVEF < 50%) or left ventricular dilation
(LVEDD > 70 mm).“® Acute Stanford Type A aortic dissection confirmed by thoracic aorta CTA. Age 35-75 years, right-handed,
and with an educational level above primary school. No surgical contraindications found upon clinical evaluation.

Inclusion criteria for the control group

Age 35-75 years, right-handed, and with an educational level above primary school.

All participants underwent screening for the following exclusion criteria

Abnormal brain neuroanatomical structures. Acute psychiatric or behavioral disorders. History of head injury, drug use, or alcohol
abuse. Chronic diseases that may affect cognition, such as diabetes, hypertension, rheumatoid arthritis, cancer, or other conditions.
Participants with contraindications for MRl imaging or who moved their heads more than 1.5 millimeters or 1.5 degrees during the
scanning process were also excluded.*’

METHOD DETAILS
Experimental design

Subjects who underwent cardiopulmonary bypass participated in this experiment after their postoperative condition was stable. All
subjects underwent cranial MRI examination (including 8 minutes of resting-state fMRI and thin-section structural images), E-prime
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cognitive function testing. After data collection, the 124 cardiovascular surgery subjects were finally determined as the experimental
group, and 124 subjects were recruited as the control group for intergroup comparison of brain function and structure.

Image acquisition

All subjects underwent resting-state functional magnetic resonance imaging (rs-fMRI) scanning on a 3.0T GE MRI system using a
standard 32-channel phased-array head coil. Subjects were instructed to remain quiet and keep their eyes closed during the scan-
ning process. The parameters of this sequence are as follows: number of slices = 45; slice thickness = 3 mm, slice gap = 0 mm; TE
(echo time) = 25 ms, TR (repetition time) = 2000 ms, flip angle (FA) = 90°, field of view (FOV) = 240 mm X 240 mm, matrix = 64 x 64,
isotropic voxel size = 3 mm x 3 mm X 3 mm, number of time points = 240.

High-resolution brain structural images were obtained using a three-dimensional fast spoiled gradient recalled (3D FSPGR)
sequence; the parameters for this sequence were as follows: number of slices = 170; slice thickness = 1.0 mm, slice gap =
-0.5 mm; TE = 2.7 ms, TR = 5.9 ms, FA = 15°, FOV = 240 mm X 240 mm, matrix = 256 x 256, isotropic voxel size = 0.5 mm X
0.5mm x 0.5 mm.

Cognitive testing
All subjects underwent the Attention Network Test (ANT) via the E-prime program, which measures three functions of the attention
network: Alerting, Orienting, and Executive Control.*®

Image preprocessing
Rs-fMRI Data Processing: Functional image preprocessing was conducted using the DPARSF 5.1 toolbox (http://rfmri.org/dpabi) on
the MATLAB (R2022b) platform, with the following steps. 1. Discarding the first 10 time points of functional images. 2. Slice-Timing
Correction, ensuring that the timing of the signal is synchronized across the entire brain. 3. Realignment and Motion Correction, the
rs-fMRI data are realigned to correct for head motion artifacts, participants with excessive head motion (translations > 1.5 mm or
rotations > 1.5°) may be excluded from further analysis. 4. Co-registration, functional images were co-registered to structural images.
5. Segmentation, the anatomical images are segmented into gray matter, white matter and cerebrospinal fluid for further analysis. 6.
Spatial normalization, the segmented gray matter is normalized to a standard MNI template for group comparisons. 7. Smoothing, a
6 mm full-width at half-maximum (FWHM) Gaussian kernel was used for spatial smoothing. 8. Temporal filtering, a frequency range of
(0.01 Hz < f < 0.08 Hz) was selected. 9. Nuisance variable regression, potential confounding factors such as global signal and signals
from white matter and cerebrospinal fluid are regressed out to reduce noise. 10. Detrending was used to remove linear trends.*

Brain Structural MRI Data Preprocessing: Brain structural data preprocessing was conducted using the CAT12 toolbox (SPM12,
https://www.fil.ion.ucl.ac.uk/spm) on the MATLAB (R2022b) platform. This study employed the default recommendation process of
CAT12 for surface-based morphometry (SBM) processing. The specific steps are as follows. 1. Skull-stripping and bias field correc-
tion, before SBM processing, T1-weighted images were skull-stripped to remove non-brain tissues and underwent bias field correc-
tion to normalize signal intensity. 2. Tissue segmentation, the brain tissues were segmented into gray matter, white matter, and ce-
rebrospinal fluid. 3. White matter and cortical surface identification, based on voxel intensity information, the boundaries between
white matter and gray matter and between gray matter and cerebrospinal fluid were identified. The central surface of the cortex
was then generated based on these boundaries. 4. Surface meshing, the white matter surface of each hemisphere was meshed
into a triangular grid. 5. Topological correction, topological correction was applied to ensure that the cortical surface topology con-
formed to biological plausibility and then conduct surface refinement. 6. Spherical inflation and spherical registration, a non-linear
registration technique based on folding patterns was used to align each subject’s cortical folding patterns to a standard spherical
space. 7. Spherical alignment, individual cortical data on the spherical surface were aligned to a standard space to enable group-
level analysis. 8.Surface smoothing, a Gaussian smoothing kernel with a recommended full-width at half-maximum (FWHM) of
15 mm was typically used.>®
Amplitude of low-frequency fluctuations (ALFF) and brain network calculation
ALFF was calculated using preprocessed RS-fMRI data to assess the intensity of local spontaneous brain activity in a resting state.
For each subject, ALFF of the entire brain was calculated using images preprocessed with band-pass filtering (0.01 Hz < f < 0.08 Hz),
which reduces low-frequency drift and high-frequency respiratory and cardiac noise. Finally, the calculated ALFF values were trans-
formed using Fisher’s r-to-z transformation and compared between groups.®’

Brain functional networks were constructed based on the POWER264 brain network template using graph theoretical methods;
node and edge attributes were defined; the clustering coefficient (local connection density) of the network was calculated; and finally,
the calculated network properties were compared between groups to identify differences.”®

ADDITIONAL RESOURCES

Approved by the Ethics Committee of Xingiao Hospital (2023-yan NO:166-01,2023). It can be acquired from (https://github.com/ZD-
cloud/raw-and-analyzed-data).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests: Independent t-tests, chi-square, partial correlations (SPSS 22.0).

Correction: FDR for multiple comparisons (p < 0.05).

Data representation: Mean + SD, voxel-level thresholds specified. N represents the sample size.

Independent samples t-tests were used in SPSS 22.0 to analyze differences in age, education level, and neuropsychological ANT
data between the two groups. The statistical significance threshold was set at p = 0.05 (Table 1).

Chi-square tests were used to analyze differences in gender between the groups by SPSS 22.0. The statistical significance
threshold was set at p = 0.05 (Table 1).

In the CAT12 software, two-sample t-tests were applied to investigate differences in ALFF and SBM indices between the exper-
imental and control groups, with gender, age, education level and total intracranial volume serving as covariates. The voxel level
threshold was set at p = 0.001, and statistical significance was set at p = 0.05, with FDR correction applied for multiple comparisons
across the whole brain (Tables 2, 3, and 4; Figures 1 and 4).

MATLAB was used to compare brain network properties between the two groups, also with FDR correction and a statistical sig-
nificance threshold of p = 0.05 (Figure 2).

To investigate the relationship between subjects’ neuropsychological results and regional brain activity differences, partial corre-
lation analysis was conducted in SPSS 22.0, regressing out gen-der, age, education level and total intracranial volume, with a sta-
tistical significance threshold set at p = 0.05 (Figure 3).
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