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Abstract

The abnormal deposition of pathological proteins in Alzheimer's disease (AD) can disrupt neural pathways in the
brain. Functional magnetic resonance imaging (fMRI) is a valuable tool for detecting changes in brain connectivity
caused by AD, offering significant support for early diagnosis. However, traditional numerical distribution methods
often struggle to capture subtle lesions in fMRI images, limiting their diagnostic utility. The study discussed in this
commentary introduces a spatiotemporal graph convolutional network (ST-GCN) framework that integrates both
spatial and temporal dependencies in brain functional networks, providing a more robust approach to fMRI data
analysis. This advancement significantly improves the identification of functional connectivity (FC) biomarkers for
AD. This commentary critically evaluates the strengths and limitations of the proposed approach and outlines
potential future research directions, particularly in the integration of multimodal neuroimaging data and further
validation of the model across diverse clinical populations.
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Alzheimer’s disease (AD) is a complex condition characterized by progressive cognitive decline resulting
from cumulative brain damage, ultimately leading to dementia*. The hallmark pathological features of AD
include amyloid plaques, neurofibrillary tangles, and neurodegeneration. Positron emission tomography
(PET) imaging, cerebrospinal fluid (CSF), and plasma biomarkers are commonly used to detect AD
pathologies'”. For example, tau phosphorylated at threonine 217 (p-tau217), a core plasma biomarker
specified in the revised criteria, may be associated with the amyloid-beta (AB) or AD tauopathy pathways.
However, the invasive nature and high costs of these methods limit their widespread clinical
implementation.

Recent advancements in resting-state functional magnetic resonance imaging (rs-fMRI) have provided
valuable insights for clinical diagnosis. This non-invasive technique enables the detection of subtle
changes in brain function. A key advantage of rs-fMRI in AD is its ability to assess functional connectivity
(FC) without requiring task performance, making it particularly suitable for dementia patients and easily
integrated into routine clinical MRI sessions'. In fMRI analysis, brain functional networks are commonly
used for feature extraction, with static and dynamic brain functional networks being the most commonly
employed methods. Static brain functional networks focus exclusively on the strength of FC between brain
regions, neglecting the temporal information inherent in fMRI. In contrast, dynamic brain functional
network analysis employs a sliding window approach to capture the temporal dynamics of FC between
brain regions”. However, this approach struggles to effectively integrate the spatiotemporal topological
features of brain functional networks, limiting a comprehensive understanding of the complex dynamic
patterns of brain FC.

In recent years, machine learning techniques have gained significant attention for their ability to extract
meaningful biomarkers from complex brain networks®. Among these, graph neural networks (GNNs) have
emerged as a powerful tool for modeling intricate, high-dimensional data, such as brain connectivity
networks™". Traditional graph convolutional networks (GCNs) have been successfully applied to brain
network analysis, focusing on spatial relationships between different brain regions"". However, these
methods capture FC at a given time point and fail to account for the temporal evolution of brain activity -
an essential aspect when working with dynamic data such as fMRI. To address this limitation, the study
introduces a spatiotemporal graph convolutional network (ST-GCN) combined with the gradient-based
class activation mapping (Grad-CAM) model (STGC-GCAM) to extract disease-related imaging
biomarkers. The framework leverages ST-GCN to capture both temporal and spatial topological
information within the data channels, while the Grad-CAM module extracts critical node information from
the graph, effectively characterizing the brain regions impacted by the disease. The effectiveness of the
approach was verified on a multi-center dataset.

The results demonstrate that the STGC-GCAM effectively captures both spatial and temporal dependencies
in brain functional networks, offering a more comprehensive view of brain functional network dynamics.
When applied to data from six sites, the STGC-GCAM achieved optimal performance, with the following
accuracies: CN vs. MCI = 0.93 + 0.001, CN vs. AD = 0.90 + 0.002, MCI vs. AD = 0.92 + 0.002, and sMCI vs.
pMCI = 0.85 + 0.002. However, performance declined when data from a single site were used. Additionally,
Grad-CAM identified brain regions with significantly altered connectivity patterns in AD, primarily within
the default mode network (DMN), visual network, and sensorimotor network. Post hoc analysis revealed
that features from these regions were significantly correlated with cognitive levels (P < 0.05) and could
predict the outcome of mild cognitive impairment (MCI) (hazard ratio = 3.885, P < 0.001). The topological
features of these regions also mediated the relationship between AB deposition, brain glucose metabolism,
and cognitive levels [mini-mental state examination (MMSE): B = -0.01, P < 0.001; the sum of boxes of
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clinical dementia rating scale (CDR-SB): B = 0.02, P < 0.001]. Furthermore, the model demonstrated strong
generalization across a multi-center dataset, further confirming the reliability of the results.

When evaluating the classification performance of STGC-GCAM across multiple sites, inconsistencies in
data parameters were observed across sites. To address the issue, the study applied the ComBat method for
batch correction"”, which improved performance on multi-site data compared to single-site data. The
performance of single-site models may be compromised due to data mismatches or limited data availability.
Compared with six other methods, namely support vector machine (SVM), multilayer perceptron (MLP),
random forest (RF), logistic regression (LR), BrainCNN", and GCN, STGC-GCAM achieved the best
performance. Furthermore, compared to traditional metrics such as regional homogeneity (ReHo) and
amplitude of low-frequency fluctuation (ALFF), the topological feature-based model demonstrated superior
predictive capability. The findings are consistent with previous research, such as Petrella et al.’s discovery of
reduced FC in the DMN of AD patients, which is associated with memory impairment, one of the most
common early symptoms of AD!""*. Additionally, Millar et al.’s study suggested that abnormal FC is
associated with the extent of Ap pathology but not tau pathology, implying that AB pathology is the primary
cause of FC changes in early AD"". In conclusion, while the current findings align with previous studies, the
complexity and unknowns of the human brain emphasize the need for further research to fully reveal the
pathological mechanisms of AD.

Although this study proposes a novel method for extracting AD imaging biomarkers and validates its
effectiveness on a multi-center dataset, it still has limitations. First, the limited diversity of the samples
restricts the generalizability of the results. Future research should focus on enhancing data collection to
improve the broader applicability of the findings. Second, this study primarily examines specific brain
regions affected by AD, without exploring the connectivity patterns between these regions. Consequently,
future studies should further investigate the dynamic changes in FC during the progression of AD to
identify more effective imaging biomarkers. Additionally, this study analyzes only resting-state brain
functional networks; future work could integrate other types of brain networks or imaging modalities to
provide a more comprehensive understanding of the pathological mechanisms of AD. Despite these
limitations, the significance of this study remains intact. In fact, these limitations highlight the need for
further research to provide a more complete understanding of AD’s pathological information.

The results of this study are highly significant for AD research, with the proposed STGC-GCAM offering a
new approach to extracting AD functional imaging biomarkers. The imaging biomarkers identified in this
study have important implications for the early detection and diagnosis of AD. Future research, such as
investigating changes in the brain functional circuits in AD, will be crucial for developing effective
treatments. Overall, the findings of this study, along with future research directions, not only provide a
deeper understanding of the pathogenesis of AD but also offer important theoretical support for developing
new treatment strategies and improving the quality of life for AD patients.
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