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Background: In the spectrum of Alzheimer’s Disease (AD) and related disorders, the resting-state functional magnetic resonance imaging (rs-fMRI) signals within the cerebral cortex may exhibit distinct characteristics across various frequency ranges. Nevertheless, this hypothesis has not yet been substantiated within the broader context of whole-brain functional connectivity. This study aims to explore potential modifications in degree centrality (DC) and voxel-mirrored homotopic connectivity (VMHC) among individuals with amnestic mild cognitive impairment (aMCI) and AD, while assessing whether these alterations differ across distinct frequency bands.

Methods: This investigation encompassed a total of 53 AD patients, 40 aMCI patients, and 40 healthy controls (HCs). DC and VMHC values were computed within three distinct frequency bands: classical (0.01–0.08 Hz), slow-4 (0.027–0.073 Hz), and slow-5 (0.01–0.027 Hz) for the three respective groups. To discern differences among these groups, ANOVA and subsequent post hoc two-sample t-tests were employed. Cognitive function assessment utilized the mini-mental state examination (MMSE) and Montreal Cognitive Assessment (MoCA). Pearson correlation analysis was applied to investigate the associations between MMSE and MoCA scores with DC and VMHC.

Results: Significant variations in degree centrality (DC) were observed among different groups across diverse frequency bands. The most notable differences were identified in the bilateral caudate nucleus (CN), bilateral medial superior frontal gyrus (mSFG), bilateral Lobule VIII of the cerebellar hemisphere (Lobule VIII), left precuneus (PCu), right Lobule VI of the cerebellar hemisphere (Lobule VI), and right Lobule IV and V of the cerebellar hemisphere (Lobule IV, V). Likewise, disparities in voxel-mirrored homotopic connectivity (VMHC) among groups were predominantly localized to the posterior cingulate gyrus (PCG) and Crus II of the cerebellar hemisphere (Crus II). Across the three frequency bands, the brain regions exhibiting significant differences in various parameters were most abundant in the slow-5 frequency band.

Conclusion: This study enhances our understanding of the pathological and physiological mechanisms associated with AD continuum. Moreover, it underscores the importance of researchers considering various frequency bands in their investigations of brain function.
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1 Introduction

Alzheimer’s Disease (AD), the most prevalent form of dementia among the elderly (Mckhann et al., 1984), entails irreversible neurodegeneration. Progressive decline in cognitive abilities and memory deterioration are typically associated with AD spectrum disorders, with memory being the primary affected function, followed by decline in other cognitive domains (Dubois et al., 2016). Presently, more than 6.7 million elderly individuals in the United States are afflicted by dementia, a figure projected to double by 2060 (Alzheimer's Disease Facts and Figures, 2023), posing significant healthcare challenges. AD is a continuum of biological and clinical manifestations, with amnestic mild cognitive impairment (aMCI) as its precursor, characterized by memory impairment and declining cognitive abilities, increasing the risk of AD dementia (Sperling et al., 2011). The transition from aMCI to clinically diagnosed AD remains inadequately understood, impeding the development of effective therapies (Sun et al., 2018). Investigating the progression of AD and aMCI is crucial for unveiling underlying mechanisms and advancing early interventions, potentially enhancing patient outcomes and alleviating societal burdens.

Resting-state functional magnetic resonance imaging (rs-fMRI) is a state-of-the-art, non-invasive method for assessing spontaneous fluctuations in blood oxygen level-dependent (BOLD) signals, which serves as a proxy for neural activity. Rs-fMRI techniques such as amplitude of low-frequency fluctuations (ALFF) (Xi et al., 2013), regional homogeneity (ReHo) (Zhang et al., 2012), and seed-based functional connectivity (FC) (Wang et al., 2006) have been extensively employed to investigate functional alterations in individuals with AD and aMCI. Unlike measures that focus on local areas like ALFF, ReHo, and subnetwork-scale seed-based FC, degree centrality (DC) offers an evaluation of the overall connectivity strength of the entire human brain on a global connectome scale. By identifying nodes with the highest number of direct connections, DC determines the relative importance of nodes within the network (Zuo et al., 2012). It has been utilized in the pathological and physiological exploration of AD and aMCI. A study (Xiong et al., 2021) discovered that, compared to healthy controls (HC), patients with MCI exhibit diminished DC values in the left inferior temporal gyrus. Additionally, these DC values exhibited positive correlations with Mini-Mental State Examination (MMSE) scores and negative correlations with disease progression. Another investigation (Li et al., 2018) revealed that individuals with subjective cognitive decline (SMC) demonstrate increased DC in both hippocampi (HP) and the left fusiform gyrus, along with decreased DC in the inferior parietal gyrus. This implies that DC can elucidate the inherent connectivity disruption patterns in the whole-brain functional network of AD patients at the voxel level.

However, in addition to intra-hemispheric connections, the functional connections between cerebral hemispheres are equally critical. Previous studies have indicated that AD patients may experience deficiencies in interhemispheric information integration (Lakmache et al., 1998). Therefore, it is advisable to employ voxel-mirrored homotopic connectivity (VMHC), an analytical approach detecting alterations in functional connectivity between homotopic regions across hemispheres (Zuo et al., 2010b), to delve further into the connectivity of homotopic regions and illuminate the underlying mechanisms of AD and aMCI. A study (Liao et al., 2018) discovered that the AD group exhibits lower VMHC values in the anterior cingulate gyrus and medial prefrontal cortex compared to the aMCI group and HC group. Utilizing rs-fMRI analysis grounded in both DC and VMHC can assess both whole-brain functional connectivity and interhemispheric connectivity. Examining the interplay between these two metrics may offer a more profound comprehension of the pathological mechanisms of AD.

Moreover, most investigations focusing on brain function in AD spectrum patients have centered on the classical frequency range (0.01–0.08 Hz) of rs-fMRI. However, research has indicated that rs-fMRI signals within the cortical regions of the brain manifest distinct characteristics and sensitivities to specific brain activity patterns across diverse frequency ranges (Buzsáki and Draguhn, 2004; Zuo et al., 2010a). This may relate to different neural representations, and previous study (Yuen et al., 2019) have already identified high reproducibility of these frequency clusters, regardless of the sampling rate of rs-fMRI data. Numerous studies (Han et al., 2011; Liu et al., 2014) have disclosed that in AD and aMCI patients, ALFF within the slow-5 frequency band (0.01–0.027 Hz) exhibits greater sensitivity to alterations in the default mode network (DMN) in comparison to the slow-4 frequency band (0.027–0.073 Hz). Given this, we previously investigated the discriminative capacity of the ALFF index in different frequency bands for aMCI patients and discovered that the slow-5 frequency band may offer insights into the pathogenesis of AD and its distinct stages (Wang et al., 2021). Nevertheless, this study did not delve deeper into whether individuals with AD spectrum disorders also display frequency-dependent characteristics in whole-brain functional connectivity. Hence, it is imperative to differentiate between frequency bands when examining alterations in DC and VMHC results in aMCI and AD patients.

In this study, we amassed rs-fMRI data to scrutinize disparities in DC and VMHC among the AD, aMCI, and HC groups. We also explored the association between variations in DC and VMHC in patients and neurocognitive assessments. More importantly, our study aims to ascertain whether DC and VMHC exhibit frequency band dependence in functional connectivity alterations among AD spectrum patients. This is the first study to apply DC and VMHC to evaluate multi-frequency band functional connectivity changes in patients with the AD spectrum. Building upon previous research, our hypothesis posits that aMCI and AD patients will manifest substantial abnormalities in DC and VMHC values relative to HC, and that these variations may correlate with disease severity. Additionally, we postulate that DC and VMHC within the slow-5 frequency band will demonstrate greater sensitivity to changes in functional connectivity in AD spectrum patients, in comparison to the slow-4 frequency band and the classical frequency range.



2 Methods


2.1 Participants

Between September 2016 and February 2018, a total of 61 AD and 52 aMCI patients were recruited from Zhejiang People’s Hospital, alongside 50 normal controls (NC) enlisted from the hospital health promotion center. All participants were right-handed and provided written informed consent before participating in the study. This prospective study received approval from the local Ethics Committee of Zhejiang Provincial People’s Hospital (Ethics Approval No. 2012KY002) and was conducted in accordance with the principles outlined in the Declaration of Helsinki. All participants underwent comprehensive assessments, including medical history collection, laboratory examinations, physical examinations, routine brain magnetic resonance scans, as well as Montreal Cognitive Assessment (MoCA) and Mini-Mental State Examination (MMSE) (Nasreddine et al., 2005) evaluations. AD patients were diagnosed based on the criteria outlined in the DSM-IV-R (revised Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition) and the revised NINCDS-ADRDA (National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association) with an MMSE score of ≤24 (McKhann et al., 2011). The inclusion criteria for aMCI patients were as follows: 1) self-reported memory impairment; 2) absence of abnormal clinical manifestations; 3) MMSE score between 24 and 27 (McKhann et al., 2011); 4) failure to meet the criteria for dementia as defined by DSM-IV-R. NC participants were selected based on the following criteria: 1) the absence of neurological impairments such as visual loss or hearing loss, and 2) an MMSE score of ≥28. Patients and participants with a history of stroke, brain trauma, brain tumor, epilepsy, Parkinson’s disease, severe anemia, diabetes, hypertension, a history of mental illness, and signal abnormalities in the medial temporal lobe attributable to infectious or vascular factors detected in MRI FLAIR and T2-weighted images were excluded from the study.



2.2 Data acquisition

The MRI data were collected using a 3.0 T magnetic resonance scanner (Discovery MR750; GE Healthcare, Waukesha, WI, United States) at Zhejiang People’s Hospital. Anatomical images were acquired utilizing a high-resolution 3D T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) sagittal sequence with the following parameters: repetition time (TR) = 6.7 ms, echo time (TE) = 2.9 ms, slice thickness = 1 mm, no gap, field of view (FOV) = 256 × 256 mm2, flip angle = 12°, in-plane resolution = 256 × 256, and 192 sagittal slices. The rs-fMRI images were captured using the echo-planar imaging sequence with the following settings: TR = 2,000 ms, TE = 30 ms, slice thickness = 3.2 mm, no gap, FOV = 220 × 220 mm2, flip angle = 90°, in-plane resolution = 64 × 64, comprising 210 volumes and 44 slices. Throughout the rs-fMRI data acquisition, all participants were instructed to remain still and keep their eyes closed, while staying awake.



2.3 Data preprocessing

The preprocessing of rs-fMRI data was executed utilizing the Data Processing and Analysis of Brain Imaging (DPABI 6.1) and Statistical Parametric Mapping 12 (SPM12) toolbox within the MATLAB 2018b platform (MathWorks, Natick, MA, United States). The preprocessing pipeline encompassed the following steps: (1) The initial ten volumes were discarded to ensure that the MRI signal reached a steady state, (2) Slice timing and head motion correction were applied to the remaining images, (3) The Diffeomorphic Anatomical Registration through Exponential Lie (DARTEL) technique was employed to construct the final tissue probability templates, based on the unified segmented images, (4) Functional images were normalized to the Montreal Neurological Institute (MNI) space with a resampling voxel size of 3 × 3 × 3 mm3, (5) Linear trend removal was conducted on the time course of the BOLD signal, (6) A noise removal process was implemented, encompassing the regression of Friston-24 head motion parameters, cerebrospinal fluid signals, and white matter signals, and (7) The band-pass filter was applied in the three frequency bands (classical frequency band: 0.01–0.08 Hz, slow-5 frequency band: 0.01–0.027 Hz, slow-4 frequency band: 0.027–0.073 Hz). Participants were excluded if head motion exceeded a 3-mm maximum displacement, rotation exceeded 3°, or the framewise displacement (FD) exceeded 0.5. Consequently, 133 participants (53 AD, 40 aMCI, and 40 NC) remained eligible for analysis.



2.4 DC calculation

To calculate the DC, Pearson’s correlation was applied to the time series between each voxel and all other voxels across the entire brain. This generated a correlation matrix, denoted as R = (rij), with j ranging from 1 to N-1 (where R represents the DC, r signifies the correlation coefficient of the given voxel, j corresponds to other voxels within the entire brain, and N denotes the number of voxels). A prior study demonstrated that different threshold selections did not qualitatively affect the results (Bao et al., 2021). The resulting matrices (DC maps) were smoothed with a Gaussian kernel (FWHM = 4 mm) to enable group comparisons and weighted graph calculation.



2.5 VMHC calculation

To generate VMHC maps, all normalized T1 images were averaged to create a mean normalized T1 image. Subsequently, a group-specific symmetrical template was established by averaging the left–right symmetric version of the mean image. The calculation of homotopic resting-state FC involved assessing the FC between any pair of symmetric inter-hemispheric voxels. The Pearson’s correlation coefficient was then computed between the residual time series of each voxel and its contralateral hemispheric counterpart. Finally, the resulting correlation values underwent Fisher Z-transform to standardize them. The resulting matrices (VMHC maps) were smoothed with a Gaussian kernel (FWHM = 4 mm) to enable group comparisons and weighted graph calculation.



2.6 Statistical analysis

Group differences in three DC and VMHC values (slow-5, slow-4, and classical frequency bands) were assessed within a gray matter mask using analysis of variance (ANOVA). We regressed four covariates: age, sex, education level, and head movement. The resulting F-maps were thresholded with a voxel-level threshold of p < 0.005 and a cluster-level threshold of p < 0.05, employing Gaussian Random Field theory (GRF) correction for multiple comparisons. Subsequently, post hoc comparisons were conducted in these clusters exhibiting significant group differences, employing the SPSS (SPSS Inc., Chicago, IL, United States) software. To correct for multiple comparisons, the Bonferroni correction procedure (p < 0.005) was applied.

For any cluster demonstrating among-group differences, a Pearson correlation analysis was employed to evaluate the association between the average DC and VMHC values of this cluster and MMSE and MoCA scores in all patients (aMCI and AD), with age, gender, and education serving as covariates of non-interest. Once again, the Bonferroni method (p < 0.005) was utilized to correct for multiple comparisons.




3 Results


3.1 Demographics and neuropsychological tests

A total of 53 patients with AD, 40 patients with aMCI, and 40 HCs were ultimately included in the data analysis. Notably, no significant differences in age (p > 0.05), gender (p > 0.05), or education level (p > 0.05) were observed among the AD, MCI, and HC groups (Table 1). However, the MMSE (p < 0.001) and MoCA (p < 0.001) scores exhibited significant differences across the three groups (Table 1). Furthermore, post hoc analysis revealed that significant differences in MMSE and MoCA scores were evident between each pair of groups (p < 0.001).



TABLE 1 Demographics and clinical characteristics of the participants.
[image: Table1]



3.2 DC index

The results of the analysis of variance and subsequent post hoc analysis among the three groups within different frequency bands are illustrated in Figures 1, 2. Clusters displaying significant between-group differences were selected, and their anatomical locations, MNI coordinates, and peak values are presented in Table 2.

[image: Figure 1]

FIGURE 1
 Significant differences in DC among NC, aMCI, and AD in different frequency bands: (A) classical frequency band; (B) slow-5 frequency band; (C) slow-4 frequency band.


[image: Figure 2]

FIGURE 2
 Post hoc comparisons of analysis of variance. The connection between two bars represents significant between-group differences (* indicates a significant level of p < 0.05, ** denotes a significant level of p < 0.01, and *** indicates a significant level of p < 0.001, Bonferroni correction). AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; NC, normal controls; Lobule VI, Lobule VI of the cerebellar hemisphere; CN, caudate nucleus; mSFG, medial superior frontal gyrus; Lobule VIII, Lobule VIII of the cerebellar hemisphere; Lobule IV, V, Lobule IV, V of the cerebellar hemisphere; mSFG, medial superior frontal gyrus; PCu, precuneus.




TABLE 2 Brain areas changed by DC across the three groups in three frequency bands.
[image: Table2]

In the classical frequency band, notable inter-group differences were observed in the right Lobule VI of the cerebellar hemisphere (Lobule VI), left caudate nucleus (CN), and left medial superior frontal gyrus (mSFG) (voxel p < 0.005, cluster p < 0.05, GRF correction, cluster size >50 voxels). Compared to the NC and aMCI groups, the AD group exhibited increased DC in the right Lobule VI, left CN, and left mSFG.

Within the slow-5 frequency band, significant inter-group differences were evident in the bilateral Lobule VIII of the cerebellar hemisphere (Lobule VIII), right Lobule IV and V of the cerebellar hemisphere (Lobule IV, V), right mSFG, and left precuneus (PCu) (voxel p < 0.005, cluster p < 0.05, GRF correction, cluster size >38 voxels). In comparison to the NC and aMCI groups, the AD group demonstrated increased DC in the left Lobule VIII, right Lobule IV and V, right mSFG, and left PCu. Additionally, compared to the NC and AD groups, the aMCI group exhibited increased DC in the right Lobule VIII.

Within the slow-4 frequency band, significant inter-group differences were detected in the left Lobule VIII and bilateral CN (voxel p < 0.005, cluster p < 0.05, GRF correction, cluster size >45 voxels). In comparison to the NC and aMCI groups, the AD group displayed increased DC in the left Lobule VIII and bilateral CN.



3.3 VMHC index

The results of the analysis of variance and subsequent post hoc analysis among the three groups within different frequency bands are depicted in Figures 3, 4. Clusters displaying significant between-group differences were selected, and their anatomical locations, MNI coordinates, and peak values are detailed in Table 3.

[image: Figure 3]

FIGURE 3
 Significant differences of VMHC among NC, aMCI, and AD in different frequency bands: (A) classical frequency band; (B) slow-5 frequency band; (C) slow-4 frequency band.


[image: Figure 4]

FIGURE 4
 Post hoc comparisons of analysis of variance. The connection between two bars represents significant between-group differences (* indicates a significant level of p < 0.05, ** denotes a significant level of p < 0.01, and *** indicates a significant level of p < 0.001, Bonferroni correction). AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; NC, normal controls; PCG, posterior cingulate gyrus; Crus II, Crus II of the cerebellar hemisphere.




TABLE 3 Brain areas changed by VMHC across the three groups in three frequency bands.
[image: Table3]

In the classical frequency band, substantial inter-group differences were observed in the posterior cingulate gyrus (PCG). Relative to the NC and aMCI groups, the AD group exhibited increased VMHC in the PCG (voxel p < 0.005, cluster p < 0.05, GRF correction, cluster size >75 voxels).

Within the slow-5 frequency band, notable inter-group differences were observed in the PCG and Crus II of the cerebellar hemisphere (Crus II) (voxel p < 0.005, cluster p < 0.05, GRF correction, cluster size >72 voxels). In comparison to the NC and aMCI groups, the AD group displayed increased VMHC in the PCG. Additionally, compared to the NC and AD groups, the aMCI group exhibited increased VMHC in Crus II.

Within the slow-4 frequency band, significant inter-group differences were detected in Crus II (voxel p < 0.005, cluster p < 0.05, GRF correction, cluster size >67 voxels). In comparison to the NC and AD groups, the aMCI group demonstrated increased VMHC in Crus II.



3.4 Correlations between neuropsychological test and DC and VMHC values

The correlations between the DC and VMHC values of each cluster representing inter-group differences and the MMSE and MoCA scores in patients within each frequency band are presented in Tables 4, 5 and Figure 5. For the DC values, clusters in bilateral CN and the left PCu exhibited positive correlations with MMSE, whereas clusters in bilateral Lobule VIII, right Lobule VI, and right Lobule IV, V demonstrated negative correlations with MMSE (p < 0.05, Bonferroni corrected). Similarly, DC values in clusters of bilateral CN, left PCu, and left mSFG displayed positive correlations with MoCA, while clusters in bilateral Lobule VIII, right Lobule VI, and right Lobule IV, V exhibited negative correlations with MoCA (p < 0.05, Bonferroni corrected). Regarding VMHC values, clusters in PCG and Crus II exhibited positive correlations with MMSE (p < 0.05, Bonferroni corrected).



TABLE 4 Correlation between DC value of each cluster showed among-group differences and MMSE and MoCA in different frequency bands.
[image: Table4]



TABLE 5 Correlation between VMHC value of each cluster showed among-group differences and MMSE in different frequency bands.
[image: Table5]

[image: Figure 5]

FIGURE 5
 Correlation between MMSE and MoCA scales and DC and VMHC values in patients. The y-axis represents MMSE (Mini-Mental State Examination) or MoCA (Montreal Cognitive Assessment) scores, while the x-axis represents DC or VMHC values.





4 Discussion

To the best of our knowledge, this study represents the first application of DC and VMHC to assess FC changes in AD and aMCI patients across multiple frequency bands. This approach addresses a limitation observed in most studies in this field, which typically focus solely on the classical frequency bands. We have identified significant differences in DC/VMHC across various brain regions, including the right CN (slow-4), left CN (classical, slow-4), right mSFG (slow-5), left mSFG (classical), left PCu (slow-5), right Lobule VI (classical), right Lobule VIII (slow-5), left Lobule VIII (slow-5, slow-4), right Lobules IV, V (slow-5), PCG (classical, slow-5), and the Crus II (slow-5, slow-4) when comparing AD and aMCI patients to the control group. Furthermore, alterations in DC/VMHC in the bilateral CN, left PCu, right Lobule VI, left Lobule VIII, right Lobules IV, V, PCG, and the Crus II were found to be closely linked to the clinical characteristics of AD and aMCI patients. Most notably, we observed that the intergroup differences in the slow-5 frequency band were more pronounced than those in the classical and slow-4 frequency bands. These findings suggest that patients within the AD continuum exhibit abnormal FC changes in intrinsic brain activity, influenced by specific frequency bands.

DC, as a graph-based measure, reflects the number of direct connections of a given voxel within the entire brain connectivity matrix, thereby representing its centrality in the whole brain network. This method has been employed in research on various disorders, including AD (Wang et al., 2019), schizophrenia (Wheeler et al., 2015), Parkinson’s disease (Baggio et al., 2014), among others.

In this study, we observed a progressive decrease in the DC values of the bilateral CN and the left mSFG as the disease advanced from NC to aMCI and ultimately to AD. This trend indicates a continuous reduction in the direct connectivity of these regions within the entire brain as the disease progresses. The CN plays a crucial role in cognitive processes such as attention, planning, and the execution of complex goal-directed behavior (Cummings, 1995). It integrates primary inputs from the dorsolateral prefrontal cortex and the orbitofrontal cortex. Lesions in the CN can lead to deficits in executive control and cognitive processing speed. Previous research has linked progressive atrophy of the CN (Rombouts et al., 2000), as well as the deposition of tau and amyloid-beta protein (Braak and Braak, 1990), to AD. Our study provides whole-brain functional connectivity evidence to corroborate the significant role of the CN in the underlying mechanisms of AD. We speculate that as tau proteins and β-amyloid proteins continue to accumulate in the CN, the connectivity between the CN and the dorsolateral prefrontal cortex and orbitofrontal cortex decreases, leading to cognitive impairment symptoms associated with AD. The mSFG, located in the frontal lobe, is closely associated with cognitive functioning, information encoding and retrieval, emotional thinking, and perception (Jobson et al., 2021). It has strong connections with the anterior part of the prefrontal cortex and plays a critical role in human memory processing. Multiple studies (Yue et al., 2015; Cai et al., 2017) have consistently reported decreased FC in the mPFC of individuals with aMCI, particularly in connections with the hippocampus. As the disease progresses to AD, this reduction in functional connectivity becomes more pronounced (Gili et al., 2011). These prior studies lend support to our current research findings. The decrease in DC value in the mSFG indicates a reduced direct connectivity between this brain region and the anterior part of the prefrontal cortex and the hippocampus, which is believed to be associated with the weakened cognitive control, decreased intelligence, and lowered cognitive abilities in AD patients. Therefore, we speculate that the decreased neural activity in the frontal lobe region of AD patients may be related to the deterioration of memory function. Furthermore, when compared to the HC and aMCI groups, the AD group exhibited significantly decreased DC values in the left PCu and right mSFG. The PCu, situated on the medial surface of the parietal lobe, is associated with various higher-level cognitive functions, including episodic memory, self-referential information processing, and aspects of consciousness. In patients with AD, the PCu is recognized as the region with the most prominent tau pathology deposition and neuroinflammation (Veitch et al., 2019). FDG-PET imaging studies (Strom et al., 2022) have revealed early regional hypometabolism in the PCu of AD patients. Dynamic FC studies (Zhao et al., 2022) have shown significantly reduced connectivity strength in the PCu in patients with aMCI and AD compared to the normal control group. Our research findings align with these previously reported results. We believe that the PCu may be one of the earliest regions to exhibit tau pathology deposition, leading to reduced perfusion and metabolism in this area. Consequently, cognitive processes in both resting state and cognitive activities are impacted in AD patients. Additionally, we found that in patients with AD and aMCI, the DC of the left PCu and bilateral CN positively correlated with MMSE and MoCA scores, while the DC of the left mSFG positively correlated with MoCA scores. These correlations suggest that the DC values in these brain regions are associated with patients’ cognitive function and can serve as predictors of disease progression.

Compared to the HC and aMCI groups, the AD group exhibited significant increases in DC values in the right lobule VI, left lobule VIII, and right lobules IV, V. This indicates an elevated status and role of the cerebellum in the whole-brain network. In addition to its role in coordinating fine motor functions, the cerebellum is involved in regulating cognitive functions such as attention, language, executive control, and emotion (Yang et al., 2012). Multiple studies have highlighted the crucial role of the cerebellum in the progression and pathogenesis of AD. From normal cognition to MCI and AD, there is a gradual decrease in cerebellar gray matter volume. A study on MCI converters revealed a sustained decline in DC values in the cerebellum compared to HC (Hu et al., 2021). The hypothesis is that the reduction in cerebellar DC may contribute to the improvement of cognitive and motor functions in MCI patients. Our research findings align with this perspective. In this study, we observed a significant increase in DC values in the right cerebellar lobule VI, left cerebellar lobule VIII, and right cerebellar lobules IV and V in patients with AD. Furthermore, in both AD and aMCI patients, the DC values in these cerebellar regions were negatively correlated with MMSE and MoCA scores. The increased DC in the cerebellum may indicate a worsening of cognitive function in AD patients. We speculate that the elevated status and role of the cerebellum in the whole-brain network would inevitably consume more neural resources, leading to a reduction in direct connections with other brain regions that are more beneficial for maintaining cognitive functions, such as the CN and mSFG mentioned earlier. Interestingly, our study found that compared to the AD and HC groups, the aMCI group exhibited a significant decrease in DC values in the right lobule VIII. This could possibly be a compensatory mechanism for maintaining cognitive function in patients with aMCI.

Interhemispheric functional connectivity is a common characteristic of the brain’s intrinsic functional networks (Wang et al., 2006). VMHC measures the integration of information between the two hemispheres by calculating the connectivity between each voxel in one hemisphere and its mirrored counterpart in the other hemisphere. Significant patterns of disrupted VMHC have been observed in various disorders, including depression (Wang et al., 2013), schizophrenia (Hoptman et al., 2012), and autism spectrum disorder (Anderson et al., 2011).

In our study, the AD group exhibited significantly reduced VMHC values in the PCG compared to the HC and aMCI groups. This indicates impaired functional connectivity within the hemisphere in the mentioned region for AD patients. The PCG is a key node in the structural and functional networks of the human brain. It is involved in processing episodic memory, working memory, and short-term memory, playing an important role in the progression of AD. Multiple studies have reported reductions in ALFF, ReHo, and FC in the PCG of AD patients (Zhang et al., 2021; Liao et al., 2022). Our study further highlights impaired functional connectivity within the PCG between brain hemispheres, and this impairment is positively correlated with disease progression. Subsequent correlation analysis confirmed this finding, demonstrating a positive correlation between the VMHC of the PCG and MMSE scores in the patient group. Along with the previously mentioned mSFG and PCu, the PCG constitutes core brain regions within the default mode network (DMN). The DMN is the most stable resting-state network, and its activity during periods of rest is crucial for memory consolidation in humans. Therefore, it is believed to have potential relevance to the development of AD (Dennis and Thompson, 2014). Both the reduced direct functional connectivity of mSFG and PCu across the whole brain and the disrupted functional connectivity between the two cerebral hemispheres of PCG can lead to the disruption of the DMN. The aberrant resting-state brain function of the DMN is a primary characteristic of AD patients.

Additionally, in comparison to the HC and AD groups, the aMCI group exhibited an increase in VMHC values in the Crus II, and these VMHC values in the patient group were positively correlated with MMSE scores. Some studies (Zhang et al., 2020) suggest that Crus II is associated with the DMN and the fronto-parietal network (FPN), among other cognitive networks, and it plays a crucial role in cognitive representations. Therefore, the increase in the VMHC value of Crus II is considered a compensatory phenomenon in aMCI patients to maintain their cognitive function within the cerebellar region. Before developing into AD, aMCI participants may be able to recruit additional neural resources in the Crus II region that is less affected or unaffected by the disease to compensate for the disrupted inter-hemispheric connectivity in the PCG region. Another study (McLaren et al., 2012) also found increased cerebellar activity in mild AD patients, which was positively correlated with improved memory.

Brain oscillations encompass a wide range of frequencies. Zuo et al. (2010a) divided the low-frequency oscillations (LFO) frequency band into slow-5 (0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz), and slow-2 (0.198 Hz-0.25 Hz). Slow-4 and slow-5 oscillations, primarily detected in gray matter, fall within the classical frequency range (0.01–0.08 Hz) and reflect spontaneous brain activity. The slow-2 and slow-3 frequency bands are mainly confined to white matter and are associated with respiratory and cardiac signal contamination (Cordes et al., 2001). Consequently, most brain function studies are conducted in the classical frequency range. However, an increasing number of studies have found that intrinsic activity varies across different frequency bands and exhibits frequency-dependent alterations in various brain disorders, such as major depression (Wang et al., 2018), alcohol dependence (Guo et al., 2019) childhood epilepsy (Jiang et al., 2020), and trigeminal neuralgia (Ge et al., 2024).

Our study reveals that different brain regions exhibit both overlapping and distinct changes in the same index across different frequency bands, and to some extent, they complement each other. This is particularly evident in VMHC, where the slow-5 frequency band precisely encompasses all the brain regions in the classical and slow-4 frequency bands. However, for DC, each frequency band has its specific set of brain regions. For example, right Lobule VI and left mSFG were only detected in the classical frequency band. The specific brain regions associated with the slow-5 frequency band include the right Lobule VIII, right Lobule IV, V, right mSFG, and left PCu. The right CN was only detected in the slow-4 frequency band. Left Lobule VIII overlaps in the slow-5 and slow-4 frequency bands, while left CN overlaps in the classical and slow-4 frequency bands. These overlapping brain regions may play a more stable and important role in the pathogenesis of AD. In future research, we should focus on analyzing these brain regions. The differences in brain regions included in the slow-5 frequency band were the greatest. These findings are consistent with our previous research (Wang et al., 2021) and suggest that the brain functions exhibit specific frequency and engagement patterns. The intrinsic brain activity in different frequency bands may have specific pathological significance. The slow-4 and slow-5 signals are distinct entities with different roles, with the slow-5 frequency band potentially providing better exploration of the pathological mechanisms underlying AD.

Several limitations must be addressed in our study. First of all, the absence of a biological diagnosis of AD based on CSF/PET biomarkers is the greatest limitation. In the following research, we should enhance the biological marker data to achieve better diagnosis of patients within the AD continuum. Secondly, our investigation aims to understand the transition from NC to aMCI and eventually to AD. However, our study is cross-sectional, so the next step should involve longitudinal investigations to examine the changes in DC and VMHC during disease progression. Thirdly, noise from respiration and heartbeat during the scanning process can affect the low-frequency amplitudes in the resting state. Currently, we can only partially mitigate the confounding effects of these underlying factors. In future research, we can consider employing synchronized gating techniques to synchronize the MRI acquisition with specific phases of the cardiac or respiratory cycle. Finally, this study did not integrate functional metrics with structural metrics to further analyze and explore their correlations. Nevertheless, functional changes often have underlying structural bases. For instance, alterations in the volume of the corpus callosum mediate changes in interhemispheric connectivity. Therefore, future studies should integrate structural investigations in participants to gain a better understanding of the relationship between brain structure and functional changes.



5 Conclusion

This study has demonstrated that the simultaneous utilization of DC and VMHC metrics allows for a more comprehensive insight into the functional abnormalities in the underlying brain networks of AD spectrum patients. Furthermore, we observed that brain regions exhibiting significant variations in various parameters were most pronounced within the slow-5 frequency band. Therefore, we hypothesize that brain function demonstrates a certain degree of frequency specificity, and the slow-5 frequency band holds the potential to provide deeper insights into the pathological and physiological mechanisms of AD.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

This prospective study received approval from the local Ethics Committee of Zhejiang Provincial People's Hospital (Ethics Approval No. 2012KY002) and was conducted in accordance with the principles outlined in the Declaration of Helsinki. All participants were right-handed and provided written informed consent before participating in the study.



Author contributions

HH: Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. LW: Methodology, Validation, Writing – original draft, Writing – review & editing. SA: Methodology, Software, Writing – original draft. XT: Methodology, Validation, Writing – original draft. QF: Software, Visualization, Writing – original draft. YM: Software, Writing – original draft. XG: Methodology, Writing – original draft. ZL: Conceptualization, Validation, Writing – review & editing. ZD: Conceptualization, Validation, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by Natural Science Foundation of Zhejiang Province (Y22H185692) and Zhejiang Provincial Medical and Health Technology Project (2024KY1313).



Acknowledgments

We thank Qingqing Wen (MR Research, GE Healthcare, Beijing, China) for continuous scientific support and valuable discussion.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Alzheimer's Disease Facts and Figures (2023). 2023 Alzheimer's disease facts and figures. Alzheimers Dement. 19, 1598–1695. doi: 10.1002/alz.13016

 Anderson, J. S., Druzgal, T. J., Froehlich, A., Dubray, M. B., Lange, N., Alexander, A. L., et al. (2011). Decreased interhemispheric functional connectivity in autism. Cereb. Cortex 21, 1134–1146. doi: 10.1093/cercor/bhq190

 Baggio, H. C., Sala-llonch, R., Segura, B., Marti, M. J., Valldeoriola, F., Compta, Y., et al. (2014). Functional brain networks and cognitive deficits in Parkinson's disease. Hum. Brain Mapp. 35, 4620–4634. doi: 10.1002/hbm.22499

 Bao, B., Duan, L., Wei, H., Luo, P., Zhu, H., Gao, T., et al. (2021). Changes in temporal and spatial patterns of intrinsic brain activity and functional connectivity in upper-limb amputees: An fMRI study. Neural Plast. 2021:8831379. doi: 10.1155/2021/8831379

 Braak, H., and Braak, E. (1990). Alzheimer's disease: striatal amyloid deposits and neurofibrillary changes. J. Neuropathol. Exp. Neurol. 49, 215–224. doi: 10.1097/00005072-199005000-00003

 Buzsáki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks. Science 304, 1926–1929. doi: 10.1126/science.1099745

 Cai, S., Chong, T., Peng, Y., Shen, W., Li, J., von Deneen, K. M., et al. (2017). Altered functional brain networks in amnestic mild cognitive impairment: a resting-state fMRI study. Brain Imaging Behav. 11, 619–631. doi: 10.1007/s11682-016-9539-0

 Cordes, D., Haughton, V. M., Arfanakis, K., Carew, J. D., Turski, P. A., Moritz, C. H., et al. (2001). Frequencies contributing to functional connectivity in the cerebral cortex in "resting-state" data. AJNR Am. J. Neuroradiol. 22, 1326–1333.

 Cummings, J. L. (1995). Anatomic and behavioral aspects of frontal-subcortical circuits. Ann. N. Y. Acad. Sci. 769, 1–14. doi: 10.1111/j.1749-6632.1995.tb38127.x

 Dennis, E. L., and Thompson, P. M. (2014). Functional brain connectivity using fMRI in aging and Alzheimer's disease. Neuropsychol. Rev. 24, 49–62. doi: 10.1007/s11065-014-9249-6

 Dubois, B., Hampel, H., Feldman, H. H., Scheltens, P., Aisen, P., Andrieu, S., et al. (2016). Preclinical Alzheimer's disease: definition, natural history, and diagnostic criteria. Alzheimers Dement. 12, 292–323. doi: 10.1016/j.jalz.2016.02.002 

 Ge, X., Wang, L., Yan, J., Pan, L., Ye, H., Zhu, X., et al. (2024). Altered brain function in classical trigeminal neuralgia patients: ALFF, ReHo, and DC static- and dynamic-frequency study. Cereb. Cortex 34:bhad455. doi: 10.1093/cercor/bhad455

 Gili, T., Cercignani, M., Serra, L., Perri, R., Giove, F., Maraviglia, B., et al. (2011). Regional brain atrophy and functional disconnection across Alzheimer's disease evolution. J. Neurol. Neurosurg. Psychiatry 82, 58–66. doi: 10.1136/jnnp.2009.199935 

 Guo, L., Zhou, F., Zhang, N., Kuang, H., and Feng, Z. (2019). Frequency-specific abnormalities of functional Homotopy in alcohol dependence: a resting-state functional magnetic resonance imaging study. Neuropsychiatr. Dis. Treat. 15, 3231–3245. doi: 10.2147/NDT.S221010 

 Han, Y., Wang, J., Zhao, Z., Min, B., Lu, J., Li, K., et al. (2011). Frequency-dependent changes in the amplitude of low-frequency fluctuations in amnestic mild cognitive impairment: a resting-state fMRI study. NeuroImage 55, 287–295. doi: 10.1016/j.neuroimage.2010.11.059 

 Hoptman, M. J., Zuo, X. N., D'angelo, D., Mauro, C. J., Butler, P. D., Milham, M. P., et al. (2012). Decreased interhemispheric coordination in schizophrenia: a resting state fMRI study. Schizophr. Res. 141, 1–7. doi: 10.1016/j.schres.2012.07.027 

 Hu, Q., Wang, Q., Li, Y., Xie, Z., Lin, X., Huang, G., et al. (2021). Intrinsic brain activity alterations in patients with mild cognitive impairment-to-Normal reversion: a resting-state functional magnetic resonance imaging study from voxel to whole-brain level. Front. Aging Neurosci. 13:788765. doi: 10.3389/fnagi.2021.788765

 Jiang, L., Ma, X., Li, S., Luo, H., Zhang, G., Wang, Y., et al. (2020). Frequency-dependent changes in interhemispheric functional connectivity measured by resting-state fMRI in children with idiopathic generalized epilepsy. Front. Neurol. 11:645. doi: 10.3389/fneur.2020.00645 

 Jobson, D. D., Hase, Y., Clarkson, A. N., and Kalaria, R. N. (2021). The role of the medial prefrontal cortex in cognition, ageing and dementia. Brain Commun. 3:fcab125. doi: 10.1093/braincomms/fcab125 

 Lakmache, Y., Lassonde, M., Gauthier, S., Frigon, J. Y., and Lepore, F. (1998). Interhemispheric disconnection syndrome in Alzheimer's disease. Proc. Natl. Acad. Sci. USA 95, 9042–9046. doi: 10.1073/pnas.95.15.9042 

 Li, K., Luo, X., Zeng, Q., Jiaerken, Y., Xu, X., Huang, P., et al. (2018). Aberrant functional connectivity network in subjective memory complaint individuals relates to pathological biomarkers. Transl. Neurodegener. 7:27. doi: 10.1186/s40035-018-0130-z 

 Liao, Z., Sun, W., Liu, X., Guo, Z., Mao, D., Yu, E., et al. (2022). Altered dynamic intrinsic brain activity of the default mode network in Alzheimer's disease: a resting-state fMRI study. Front. Hum. Neurosci. 16:951114. doi: 10.3389/fnhum.2022.951114 

 Liao, Z. L., Tan, Y. F., Qiu, Y. J., Zhu, J. P., Chen, Y., Lin, S. S., et al. (2018). Interhemispheric functional connectivity for Alzheimer's disease and amnestic mild cognitive impairment based on the triple network model. J Zhejiang Univ Sci B 19, 924–934. doi: 10.1631/jzus.B1800381 

 Liu, X., Wang, S., Zhang, X., Wang, Z., Tian, X., and He, Y. (2014). Abnormal amplitude of low-frequency fluctuations of intrinsic brain activity in Alzheimer's disease. J. Alzheimers Dis. 40, 387–397. doi: 10.3233/JAD-131322 

 Mckhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., and Stadlan, E. M. (1984). Clinical diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA work group under the auspices of Department of Health and Human Services Task Force on Alzheimer's disease. Neurology 34, 939–944. doi: 10.1212/WNL.34.7.939

 McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R., Kawas, C. H., et al. (2011). The diagnosis of dementia due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement. 7, 263–269. doi: 10.1016/j.jalz.2011.03.005 

 McLaren, D. G., Sreenivasan, A., Diamond, E. L., Mitchell, M. B., van Dijk, K. R. A., DeLuca, A. N., et al. (2012). Tracking cognitive change over 24 weeks with longitudinal functional magnetic resonance imaging in Alzheimer's disease. Neurodegener Dis 9, 176–186. doi: 10.1159/000335876 

 Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V., Collin, I., et al. (2005). The Montreal cognitive assessment, MoCA: a brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699. doi: 10.1111/j.1532-5415.2005.53221.x 

 Rombouts, S. A., Barkhof, F., Witter, M. P., and Scheltens, P. (2000). Unbiased whole-brain analysis of gray matter loss in Alzheimer's disease. Neurosci. Lett. 285, 231–233. doi: 10.1016/S0304-3940(00)01067-3 

 Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan, A. M., et al. (2011). Toward defining the preclinical stages of Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement. 7, 280–292. doi: 10.1016/j.jalz.2011.03.003 

 Strom, A., Iaccarino, L., Edwards, L., Lesman-segev, O. H., Soleimani-meigooni, D. N., Pham, J., et al. (2022). Cortical hypometabolism reflects local atrophy and tau pathology in symptomatic Alzheimer's disease. Brain 145, 713–728. doi: 10.1093/brain/awab294 

 Sun, B. L., Li, W. W., Zhu, C., Jin, W. S., Zeng, F., Liu, Y. H., et al. (2018). Clinical research on Alzheimer's disease: Progress and perspectives. Neurosci. Bull. 34, 1111–1118. doi: 10.1007/s12264-018-0249-z 

 Veitch, D. P., Weiner, M. W., Aisen, P. S., Beckett, L. A., Cairns, N. J., Green, R. C., et al. (2019). Understanding disease progression and improving Alzheimer's disease clinical trials: recent highlights from the Alzheimer's disease neuroimaging initiative. Alzheimers Dement. 15, 106–152. doi: 10.1016/j.jalz.2018.08.005 

 Wang, Z., Fang, J., Liu, J., Rong, P., Jorgenson, K., Park, J., et al. (2018). Frequency-dependent functional connectivity of the nucleus accumbens during continuous transcutaneous vagus nerve stimulation in major depressive disorder. J. Psychiatr. Res. 102, 123–131. doi: 10.1016/j.jpsychires.2017.12.018 

 Wang, L., Feng, Q., Wang, M., Zhu, T., Yu, E., Niu, J., et al. (2021). An effective brain imaging biomarker for AD and aMCI: ALFF in Slow-5 frequency band. Curr. Alzheimer Res. 18, 45–55. doi: 10.2174/1567205018666210324130502 

 Wang, L., Li, K., Zhang, Q. E., Zeng, Y. W., Jin, Z., Dai, W. J., et al. (2013). Interhemispheric functional connectivity and its relationships with clinical characteristics in major depressive disorder: a resting state fMRI study. PLoS One 8:e60191. doi: 10.1371/journal.pone.0060191 

 Wang, Z., Qiao, K., Chen, G., Sui, D., Dong, H. M., Wang, Y. S., et al. (2019). Functional connectivity changes across the Spectrum of subjective cognitive decline, amnestic mild cognitive impairment and Alzheimer's disease. Front. Neuroinform. 13:26. doi: 10.3389/fninf.2019.00026 

 Wang, L., Zang, Y., He, Y., Liang, M., Zhang, X., Tian, L., et al. (2006). Changes in hippocampal connectivity in the early stages of Alzheimer's disease: evidence from resting state fMRI. NeuroImage 31, 496–504. doi: 10.1016/j.neuroimage.2005.12.033 

 Wheeler, A. L., Wessa, M., Szeszko, P. R., Foussias, G., Chakravarty, M. M., Lerch, J. P., et al. (2015). Further neuroimaging evidence for the deficit subtype of schizophrenia: a cortical connectomics analysis. JAMA Psychiatry 72, 446–455. doi: 10.1001/jamapsychiatry.2014.3020 

 Xi, Q., Zhao, X. H., Wang, P. J., Guo, Q. H., and He, Y. (2013). Abnormal intrinsic brain activity in amnestic mild cognitive impairment revealed by amplitude of low-frequency fluctuation: a resting-state functional magnetic resonance imaging study. Chin. Med. J. 126, 2912–2917.

 Xiong, J., Yu, C., Su, T., Ge, Q. M., Shi, W. Q., Tang, L. Y., et al. (2021). Altered brain network centrality in patients with mild cognitive impairment: an fMRI study using a voxel-wise degree centrality approach. Aging (Albany NY) 13, 15491–15500. doi: 10.18632/aging.203105

 Yang, J., Pan, P., Song, W., Huang, R., Li, J., Chen, K., et al. (2012). Voxelwise meta-analysis of gray matter anomalies in Alzheimer's disease and mild cognitive impairment using anatomic likelihood estimation. J. Neurol. Sci. 316, 21–29. doi: 10.1016/j.jns.2012.02.010 

 Yue, C., Wu, D., Bai, F., Shi, Y., Yu, H., Xie, C., et al. (2015). State-based functional connectivity changes associate with cognitive decline in amnestic mild cognitive impairment subjects. Behav. Brain Res. 288, 94–102. doi: 10.1016/j.bbr.2015.04.013

 Yuen, N. H., Osachoff, N., and Chen, J. J. (2019). Intrinsic frequencies of the resting-state fMRI signal: the frequency dependence of functional connectivity and the effect of mode mixing. Front. Neurosci. 13:900. doi: 10.3389/fnins.2019.00900 

 Zhang, Z., Liu, Y., Jiang, T., Zhou, B., An, N., Dai, H., et al. (2012). Altered spontaneous activity in Alzheimer's disease and mild cognitive impairment revealed by regional homogeneity. NeuroImage 59, 1429–1440. doi: 10.1016/j.neuroimage.2011.08.049 

 Zhang, L., Ni, H., Yu, Z., Wang, J., Qin, J., Hou, F., et al. (2020). Investigation on the alteration of brain functional network and its role in the identification of mild cognitive impairment. Front. Neurosci. 14:558434. doi: 10.3389/fnins.2020.558434 

 Zhang, Q., Wang, Q., He, C., Fan, D., Zhu, Y., Zang, F., et al. (2021). Altered regional cerebral blood flow and brain function across the Alzheimer's disease Spectrum: a potential biomarker. Front. Aging Neurosci. 13:630382. doi: 10.3389/fnagi.2021.630382 

 Zhao, C., Huang, W. J., Feng, F., Zhou, B., Yao, H. X., Guo, Y. E., et al. (2022). Abnormal characterization of dynamic functional connectivity in Alzheimer's disease. Neural Regen. Res. 17, 2014–2021. doi: 10.4103/1673-5374.332161 

 Zuo, X. N., di Martino, A., Kelly, C., Shehzad, Z. E., Gee, D. G., Klein, D. F., et al. (2010a). The oscillating brain: complex and reliable. NeuroImage 49, 1432–1445. doi: 10.1016/j.neuroimage.2009.09.037 

 Zuo, X. N., Ehmke, R., Mennes, M., Imperati, D., Castellanos, F. X., Sporns, O., et al. (2012). Network centrality in the human functional connectome. Cereb. Cortex 22, 1862–1875. doi: 10.1093/cercor/bhr269

 Zuo, X. N., Kelly, C., di Martino, A., Mennes, M., Margulies, D. S., Bangaru, S., et al. (2010b). Growing together and growing apart: regional and sex differences in the lifespan developmental trajectories of functional homotopy. J. Neurosci. 30, 15034–15043. doi: 10.1523/JNEUROSCI.2612-10.2010 


Copyright
 © 2024 Hu, Wang, Abdul, Tang, Feng, Mu, Ge, Liao and Ding. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Frequency-dependent alterations in functional connectivity in patients with Alzheimer’s Disease spectrum disorders



		1 Introduction



		2 Methods



		2.1 Participants



		2.2 Data acquisition



		2.3 Data preprocessing



		2.4 DC calculation



		2.5 VMHC calculation



		2.6 Statistical analysis









		3 Results



		3.1 Demographics and neuropsychological tests



		3.2 DC index



		3.3 VMHC index



		3.4 Correlations between neuropsychological test and DC and VMHC values









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnagi-16-1375836-t005.jpg
Neuropsychological Bands  Brain

test regions

MMSE Classical | PCG 0249
frequency
Slow-5 CrusTl 0336
frequency | pcG 0241
Slow-4 Crus 11 0282
frequency

PCG, posterior cingulate gyrus; Crus I1, Crus 11 of cerebellar hemisphere.

<005

<0.05

<005

<005





OPS/images/cover.jpg
, frontiers | Frontiers in Aging Neuroscience

Frequency-dependent alterations
in functional connectivity in
patients with Alzheimer's Disease
spectrum disorders












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






OPS/images/fnagi-16-1375836-g005.jpg
o5

ight Lobuie VI

o0 o5

(0.01.0.08Hz)

a5 o0 s o5 o0 o5
ight Lobule Vi o cn
(0.010.0842) (00100847

W5 10
It mSFG
(0.01-0.0842)

0201 B 1010302 5 250

P05 1.4 Lot peocor > =

32 4 0 s 40 s o0 os A5 40 w5 oo o3
vight Lobule Vit ight Lobule i e Lobule left Lobule il
(©010027He) ©ora027He) (0oraozme) (ora0zmH)

< s
*pe005
45 oo o5 10 S5 o0 os 10 55 o0 as 10 45 oo o5 1
ight Lobule V.V right Lobule V.V e PCu eft PGy
(0.01.0.027Hz) (0.01:0.027Hz) (001002H2) (0010.027Hz)

N o s

right CN
(0.027:0.073h2)

" . 029
=035 5
o Jzeo0ot o Sy B p<005
s 40 45 a0 os A5 a0 95 oo o5 o5 i
left Lobule Vil leftLobute Vit pea
(0.0270.073z) (0027.0073tz) (0.010.08H2)

wsE

crusu Crus
(0.027-0.07342) (0.01-0.027Hz)

o0 s

right o
(©.027:0.073¢2)

L 0261
pe005

pco
(0010.027H2)





OPS/images/fnagi-16-1375836-t001.jpg
Sample Size

Post hoc

Gender (male: female) 20:33 2317 0.166" -
Age (years, mean +SD) 66.83+7.85 66.23+8.31 65.85+9.18 0851 -
Education (years, mean +SD) 7.36:+4.36 7.35+3.05 7384338 1.000° -
MMSE 1872£454 26284088 28.950.90 <0.001" NC>MCI>AD
MoCA 1409549 22654233 27354135 <0.001° NC>MCI>AD

values for sex distribution obtained by the chi-square test; p-value obtained by analysis of variance; st hoc testing obtained by Bonferroni correction.
AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; NC, normal controls.
ANOVA results across the three groups in three frequency bands.






OPS/images/fnagi-16-1375836-g003.jpg





OPS/images/fnagi-16-1375836-g004.jpg
w== aMCl
== AD

= NC

(2HEL0°0-£20°0)
] 11'snio

_ (2HL20°0-10°0)
90d

(2H220°0-L0°0)
H] 11 snid

k.

(2H80°0-10°0)
90d

T T
e w

sanjeA DOHWA






OPS/images/fnagi-16-1375836-t004.jpg
ological test Bands p-value

Classical frequency Right Lobule VI ~0342 <0.05
Slow-5 frequency Right Lobule VI 0061 <0.05

Left Lobule VIIT ~0392 <0.001
Right Lobule IV, V/ ~0345 <0.05
Left PCu 0283 <0.05
Slow-4 frequency Left CN 0297 <0.05
Right CN 0.267 <0.05

Left Lobule VIIT ~0381 <0.001
MoCA Classical frequency Right Lobule VI -0351 <0.05
Left ON 0242 <0.05
Left mSFG 0.261 <0.05
Slow-5 frequency Right Lobule VIIT ~0241 <005

Left Lobule VIIT ~0390 <0.001
Right Lobule IV, V ~0341 <005
Left PCu 0.268 <0.05
Slow-4 frequency Left ON 0292 <0.05
Right N 0253 <0.05

Left Lobule VIIT 0385 <0.001

Lobule V1, Lobule VI of the cerebellar hemisphere; CN, caudate nucleus; mSFG, medial superior frontal gyrus; Lobule V111, Lobule V111 of the cerebellar hemispheres Lobule IV, V; Lobule IV,
V of the cerebellar hemisphere; mSFG, medial superior frontal gyrus; PCu, precuneus.





OPS/images/fnagi-16-1375836-t002.jpg
Cluster  Anatomical Peak MNI Peak - aMCl All

location Coordinates intensity vs. NC groups
X
Classical 266 Right Lobule VI 2 s 30 9261 <0001 0001 0250 <0001
frequency 6 Left ON -6 9 6 10061 0023 <0001 0816 <0001
108 Left mSFG 60 > 9.0269 0.004 <0.001 0321 <0.001
Slow-5 185 Right Lobule VIIT 6 —s4 —a8 10271 0.005 0462 <0.001 <0.001
frequency 48 Left Lobule VIIT -2 -8 51 10030 <0001 0.006 0338 <0001
52 Right Lobule IV, V 6 —54 -24 8.425 <0.001 <0.001 1.000 <0.001
48 Right mSFG 9 57 18 9.182 <0.001 0.008 0.843 <0.001
77 Left PCu 0 =57 24 9.890 <0.001 0.001 0937 <0.001
Slow-4 308 Left Lobule VI EE 11922 <0001 0001 0209 <0.001
frequency 71 Right CN 9 24 6 12999 0.021 <0001 0.163 <0.001
72 Left CN 9 6 11415 0.017 <0.001 0.256 <0.001

p-values were obtained by Bonferroni-corrected post-hoc tests of multivariate ANCOVA adjusting for age, sex and education.
MNI, Montreal Neurological Institute; Lobule VI, Lobule VI of the cerebellar hemisphere; CN, caudate nucleus; mSFG, medial superior frontal gyrus; Lobule VIIL Lobule VIIT of the cerebellar
hemisphere; Lobule IV, V, Lobule IV, V of the cerebellar hemisphere; PCu, precuneus.





OPS/images/fnagi-16-1375836-t003.jpg
Cluster Anatomical Peak MNI Peak All
location coordinates intensity groups

Classical frequency 102 PCG 9 -0 21 10847 <0.001 0.001 1.000 <0.001
Slow-5 frequency 265 Crus 11 39 -78 -3 10594 <0.001 1.000 <0.001 <0.001

198 PCG 6 48 2% 8089 <0.001 0.004 0833 <0.001
Slow-4 frequency 151 Crus 11 221 -90 -36 9.660 0.002 0589 <0.001 <0.001

p-values were obtained by Bonferroni-corrected post-hoc tests of multivariate ANCOVA adjusting for age,sex and education.
MNI, Montreal Neurological Institute; PCG, posterior cingulate gyrus; Crus 11, Crus Il of the cerebellar hemisphere.





OPS/images/fnagi-16-1375836-g001.jpg





OPS/images/fnagi-16-1375836-g002.jpg
k]

]

El
i

T —

i

.0+

(HEL00-120°0)
Nowol

(HEL00-220°0)
NO Wby

(HEL00-220°0)
A @ingo yol

(HzoT100)
nod el

(HLzo 100
odsu by

(sHizo400)
NI oIngoT By

(HLz0400)
A 9IngoT Yol

(Hizoe400)
1A 9IngoT Wb

(HB0 01000
odswyel

(zH800100)
Nowol

(zHB0'0-10°0)
InoIngoT Wby





