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Functional network reorganization and memory impairment in unruptured brain arteriovenous malformations
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Background: Brain arteriovenous malformations (AVMs) are congenital vascular anomalies that can affect cognitive, particularly memory functions. However, the underlying mechanisms of neurocognitive abnormalities in unruptured AVMs remain unclear. This study aimed to explore spontaneous functional network reorganization associated with memory impairment in unruptured AVM patients using resting-state functional MRI (rsfMRI).

Methods: Using rsfMRI data, we compared functional activity and connectivity patterns between 25 AVM patients and healthy controls, including regional homogeneity (ReHo), fractional amplitude of low-frequency fluctuations (fALFF), seed-based functional connectivity (FC), and lesion network mapping. Correlation analysis was performed to clarify the relationship between these parameters and memory performance in AVM patients.

Results: We identified memory-related spontaneous functional network reorganization in AVM patients, particularly involving the somatomotor network (SMN), frontoparietal control network (FPN), and default mode network (DMN). Subgroup analyses based on lesion location (frontal vs. non-frontal) and laterality (left vs. right) revealed location-dependent differences in connectivity reorganization. In particular, left-sided AVMs showed disrupted FC within the SMN, correlated with working memory and executive function, while right-sided and frontal AVMs exhibited more complex patterns involving multiple networks. Moreover, functional disconnection maps indicated that AVM lesions did not directly impair resting-state memory networks.

Conclusion: Patients with unruptured AVMs exhibit resting-state memory network reorganization, which is closely related to the lesion location. These findings highlight the functional network alterations in AVM patients and suggest the potential neural mechanisms underlying memory deficits.
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1 Introduction

Brain arteriovenous malformations (AVMs) are vascular anomalies characterized by an abnormal connection between feeding arteries and draining veins without the capillary bed (Solomon and Connolly, 2017). Based on clinical presentation, these congenital lesions are primarily divided into two groups: ruptured and unruptured AVMs. Unruptured AVMs can lead to epilepsy, headaches, and focal neurological deficits (Mohr et al., 2014). Neurocognitive abnormalities have been observed in previous studies on unruptured AVMs, with approximately 50–75% of patients demonstrating cognitive impairment in at least one domain (Wenz et al., 1998; Coelho et al., 2019; Itsekson-Hayosh et al., 2024). Among these, working memory, verbal memory, and executive function are the most frequently affected domains, though significant variability exists in the identified risk factors. Frontal and temporal lesions have been reported associated with a higher risk of memory impairment, while executive function appears to be impaired regardless of lesion location (Coelho et al., 2019). These impairments might not meet the criteria for neurological deficits and were therefore often overlooked in clinical research (Coelho et al., 2019; Chen et al., 2020; Berra et al., 2022). Meanwhile, they can still significantly impact patients’ daily activities and overall quality of life. However, the underlying mechanisms of AVM-induced cognitive deficits, particularly memory impairment, remain unclear. One potential explanation is that long-term hemodynamic changes and chronic focal ischemia may alter brain development, ultimately causing disruptions and reorganization within neural networks, which is distinct from cognitive impairments caused by acquired lesions, such as strokes or gliomas (Deng et al., 2023). The process, known as cortical reorganization, involves the redistribution of cognitive functions from affected regions to structurally intact brain areas (Soldozy et al., 2020; Yuan et al., 2025). Previous AVM studies have identified that reorganization of default mode network and control network was associated with working memory and concentration (La Piana et al., 2013). Nevertheless, these studies were limited by insufficient consideration of potential confounding factors, such as epilepsy, which is the second most common clinical manifestation of AVMs and may further influence cognitive outcomes (Bustuchina Vlaicu, 2022; Yuan et al., 2025).

Functional connectivity (FC), measured using resting-state functional MRI (rsfMRI), has been widely applied to explore brain function. Blood oxygen level-dependent (BOLD) signals in rsfMRI enable researchers to examine regional neuroactivity through voxel-based methods, such as regional homogeneity (ReHo) and the fractional amplitude of low-frequency fluctuations (fALFF) (Feng et al., 2021). They could also reveal the interregional connections using seed-based FC approaches. These methods have been employed to investigate the activity changes in various neurological disorders (Fox, 2018). For lesion-induced dysfunctions, characteristic functional alterations have been detected across structurally normal cortical regions and are closely associated with behavioral deficits and functional neuroplasticity (Zhang et al., 2022; Deng et al., 2023). For example, language network remodeling has been observed in unruptured AVMs affecting language areas. Additionally, lesion network mapping (LNM) can quantify the temporal correlation of BOLD signals between the lesion and the rest of the brain, revealing indirect functional disconnections caused by the lesion (Rangus et al., 2024). This approach has been applied to numerous neurological conditions, such as stroke. Since cognition deficits in unruptured AVMs are mostly reversible and are assumed to be associated with chronic functional reorganization, we believe that the above methodologies may help identify resting-state brain networks involved in memory functions affected by unruptured AVMs and offer new insight for the preoperative surgical planning and postoperative rehabilitation therapies (Marshall et al., 2003; Berra et al., 2022).

In this study, we investigated differences in fALFF, ReHo, and FC patterns between AVM patients and healthy controls (HCs) and analyzed the correlation between altered rsfMRI metrics and neurocognitive scores to investigate the spontaneous network reorganization associated with AVM-induced memory impairment in the resting state. We hypothesized that these reorganization patterns vary according to the location and laterality of the AVM nidus. To test this hypothesis, we categorized AVM patients into subgroups based on lesion location and laterality and compared the rsfMRI metrics of these subgroups with those of HCs.



2 Materials and methods


2.1 Subjects

This study was approved by the Institutional Review Board of Beijing Tiantan Hospital, Capital Medical University (KY 2020-003-01). All procedures adhered to the guidelines of the Declaration of Helsinki. Written informed consent was obtained from all participants. AVM patients were prospectively enrolled between September 2022 and December 2024 based on the following inclusion criteria: (1) age between 18 and 60 years, and (2) AVMs diagnosed based on medical history and radiological findings. The exclusion criteria were: (1) history of intracranial hemorrhage or seizures, (2) prior AVM intervention before data acquisition, (3) poor-quality presurgical MRI, (4) presence of other neurological disorders, and (5) history of drug or alcohol abuse. History of intracranial hemorrhage was identified based on CT and MRI imaging, following the criteria outlined in previous study (Fu et al., 2020). Age-and sex-matched healthy controls (HCs) were recruited from a publicly available dataset using the Hungarian Algorithm (Chaudhry et al., 2013).



2.2 Clinical data collection and neurocognitive assessment

Baseline interviews were conducted with AVM patients to collect demographic, including age and sex, and medical history data. MRI scans and neuropsychological assessments were performed on the same day. Neurocognitive assessments included the Montreal Cognitive Assessment Scale (MoCA), the Memory and Executive Screening (MES), the Auditory-Verbal Learning Test-Huashan version (AVLT-H), and the digit span test (DGS) to evaluate the cognitive, especially memory, functions. The MoCA could help detect mild cognitive impairment. The MES reflects executive and memory function, which is independent of reading and writing skills (Guo et al., 2012). The AVLT-H includes short-term delayed recall and long-term delayed recall and represents verbal learning and memory functions (Zhao et al., 2012). The DGS reflects the working memory and attention function (Zuo et al., 2014).



2.3 MRI acquisition and preprocessing

MRI of the AVM patients was performed on a 3-Tesla Siemens scanner with a 64-element head–neck coil. The imaging protocol included a three-dimensional T1-weighted sequence and an rs-fMRI sequence with the following parameters: T1 sequence: 176 slices, repetition time (TR) = 2,530 ms, echo time (TE) = 2.02 ms, inversion time (IT) = 1,100 ms, flip angle (FA) = 7°, field of view (FOV) = 256 × 256 mm2, matrix size = 256 × 256, voxel size = 1.0 × 1.0 × 1.0 mm3; rs-fMRI sequence: 33 slices, TR = 2020 ms, TE = 30.0 ms, FA = 90°, FOV = 224 × 224 mm2, matrix size = 64 × 64, voxel size = 3.5 × 3.5 × 3.5 mm3. Parameters for the HCs from the Berlin Mind and Brain (BMB) dataset were consistent with those described in previous studies (Rohr et al., 2013; Zuo et al., 2014).

MRI preprocessing was conducted using the fMRIPrep pipeline (version 23.1.4), briefly including head-motion correction, slice-time correction, registration, and spatial normalization to Montreal Neurological Institute (MNI) space (Esteban et al., 2019). Motion, white matter, cerebrospinal fluid, and global signal were regressed out. Quality control involved visual inspection of the fMRIPrep output reports. Data with mean framewise displacement exceeding 0.5 mm were excluded. A 4-mm full-width half-maximum (FWHM) Gaussian kernel was applied during smoothing, following ReHo and fALFF calculations.

Lesions were manually delineated on T1-weighted images using MRIcron (v1.0.20190902) by one neurosurgeon (Dr. Yu Chen) and verified by a senior neurosurgeon (Dr. Xiaolin Chen). Lesion images was normalized into the MNI152 space using the Advanced Normalization Tools (ANTs) and consequently generated the overlapping lesion map using nilearn. Lesion locations were categorized as frontal, temporal, parietal, or occipital lobes. For multi-lobar lesions, categorization was based on the largest affected area. Lesion volumes were calculated using normalized lesion masks in MNI152 space.



2.4 Calculation of ReHo and fALFF

ALFF assesses the amplitude of spontaneous low-frequency fluctuations (0.01–0.08 Hz in this study) in BOLD signals, while fALFF is calculated by dividing the ALFF value by the total sum of amplitudes across the entire frequency range. Calculations of ALFF and fALFF were performed using the 3dFSFC tool in the AFNI package. ReHo reflects the temporal homogeneity or similarity of brain activity within a local region of interest. Preprocessed functional MRI data underwent band-pass filtering (0.01–0.08 Hz) before ReHo calculation using the 3dReHo tool in AFNI, based on the Kendall’s coefficient of concordance (KCC), which quantifies the similarity of the time series of each voxel with its 27 nearest neighbors.

Both fALFF and ReHo maps were z-transformed. Voxel-wise comparisons were performed between AVM patients and HCs using permutation tests (10,000 iterations) with Holm-Bonferroni correction (p < 0.05). Age and Sex were considered as covariates. Regions showing significant differences were extracted to create threshold maps for further analysis.



2.5 Seed-based FC correlation analysis

In the seed-to-brain analysis, regions of significant fALFF and ReHo differences served as seeds. Mean time series within a 4-mm sphere around peak coordinates were extracted. Then we calculated Pearson correlations of time series between the seed and the whole brain regions derived by Schaefer atlas, with lesion-involved regions excluded previously. Fisher-z transformed maps were analyzed using general liner modal (GLM) analysis (FWE-corrected p < 0.05), including age and sex as covariates to control for their effects.

In the ROI-to-ROI analysis, we removed the lesion-involved brain regions and extract the mean time series in the rest ROIs. ROIs were derived by the Schaefer atlas and categorized into Yeo’s 7 networks: visual network (VIN), limbic network (LIN), default mode network (DMN), somatomotor network (SMN), dorsal attention network (DAN), ventral attention network (VAN), and frontoparietal control network (FPN) (Schaefer et al., 2018). The Pearson’s correlations of the mean time series between ROI pairs were calculated and underwent Fisher-z transformations to generate correlation matrix for each subject. Correlation matrixes were compared using GLM.

Additionally, LNM provided information about latent dysconnectivity pattern of the lesioned site and was performed following Salvalaggio et al’s. (2020) methodology. Normalized lesion masks were used to create seeds in fMRI data of HCs to compute the Pearson correlations between lesion region and whole brain ROIs. Pearson correlation maps were averaged and derived a functional disconnection map for each lesion. Neuroimaging methods are summarized in Figure 1.
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FIGURE 1
 Flowchart of voxel-based and seed-based functional connectivity analyses.




2.6 Statistical analysis

Independent-sample t-tests were used for continuous variables, and chi-square tests for categorical variables, with significance set at p < 0.05. Statistical analyses for ReHo, fALFF, and FC were detailed in the respective sections. Subgroup analyses were performed based on lesion laterality (left-sided AVM subgroup and right-sided AVM subgroup) and location (frontal AVM subgroup and non-frontal AVM subgroup), with age-and sex-matched HCs in a 1:1 ratio.

Correlation between rs-fMRI metrics and neurocognitive scores were assessed using Spearman tests (FWE-corrected p < 0.05), controlling for age, sex, lesion side, location, and lesion volume. Rs-fMRI metrics including threshold ReHo, fALFF maps, and significant different FC metrics were used as independent variables, while neurocognitive scores were used as continuous dependent variables.




3 Results

There was no significant difference in sex ration (13 males in both groups) or age (the median [interquartile range]: 36 [29, 44] years in AVM patients vs. 33 [29, 37] in HCs, p = 0.207) between the AVM patients and HCs. Detailed demographic and clinical data of AVM patients are shown in Table 1. Furthermore, AVM patients were categorized based on lesion location (frontal vs. non-frontal) and side (left vs. right). No significant differences were found in demographic or neurocognitive scores between subgroups. Lesion distribution is visualized in Figure 2.



TABLE 1 Baseline characteristics of the AVM patients and subgroups.
[image: Table1]
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FIGURE 2
 Lesion overlay map of AVM patients. The color bar indicates the number of patients with a lesion in each region.



3.1 Regional resting-state activity (ReHo and fALFF) abnormalities

Increased ReHo observed in the left middle temporal gyrus, right calcarine sulcus, and left putamen of AVM patients (p < 0.05, FWE corrected). Detailed results are shown in Supplementary Table S1 and Supplementary Figure S1. There was no significant difference of the fALFF values between the AVM patients and HCs. The abnormal regions identified in this study partially align with previous fMRI findings in unruptured AVMs, which were associated with language network reorganization (Deng et al., 2023).



3.2 Results of seed-based FC analysis

Altered FC patterns were observed between abnormal ReHo regions and whole-brain seeds in AVM patients (Supplementary Table S2). Decreased FCs were noted between ReHo-identified regions and VAN/DAN ROIs, such as the left supplementary motor area, the left inferior parietal lobule, and the left supramarginal gyrus (p < 0.05, FWE corrected).

Large-scale FC abnormality in the non-lesion region was found in AVM patients and AVM subgroups compared to HCs (GLM analysis, FWE corrected p < 0.05). Enhanced FC edges were concentrated between the DMN and SMN. Frontal AVMs showed unique FC enhancements within the DMN and more complex whole-brain connectome patterns. Between-group seed-to-seed FC differences are shown in Supplementary Figure S2.



3.3 Results of correlation analysis between rsfMRI metrics and neurocognitive scores

No significant correlations were found between ReHo/voxel-to-seed FC alterations and neurocognitive scores. However, some highly activated regions in AVM patients were involved in FCs associated with neurocognitive scores, including MES, AVLT-H, and DGS (Supplementary Table S3).

Whole brain ROI-to-ROI FC alterations were found significantly correlated with memory functions and varied by AVM subgroups (Figure 3). In general, increased FCs between regions within the SMN, FPN, and DMN were significantly associated with higher AVLT-H scores. In the left-sided AVMs, reorganized FC within the SMN negatively correlated with MES and DGS-reverse scores. In the right-sided AVMs, we found positive correlations between the MES scores and enhanced FC in VIS, DMN, DAN, and FPN, and between the DGS-reverse scores and enhanced FC within SMN network. In the frontal AVMs, increased FC between the SMN and DAN was negatively associated with the MES score, while enhanced connection among regions in the DMN and FPN was significantly associated with performances of multiple cognitive domains. In non-frontal AVMs, limited FC associations with memory, except for a DMN-DAN FC, which positively correlated with delayed word recall (N5, AVLT-H).

[image: Figure 3]

FIGURE 3
 Altered whole brain seed-to-seed functional connectivity patterns associated with memory domains in AVM patients and AVM subgroups compared to HCs. (A–E) Illustrate the correlations between altered FCs and neurocognitive scores across different groups, including the entire AVM patient cohort, left-sided AVM patients, right-sided AVM patients, frontal AVM patients, and non-frontal AVM patients. The color bar represents the Spearman correlations coefficients between the FC values and neurocognitive scores. The table provides detailed information on the seed locations, neurocognitive scales, and corresponding Spearman correlation coefficients. (Spearman’s correlation analysis, FWE-corrected p < 0.05).


Functional disconnection maps were generated to assess latent disconnections due to AVMs. Spearman correlation test between these patterns and neurocognitive scores revealed that no regions have lesion connectivity significantly associated with memory functions after FWE correction, suggesting that AVM lesions may not directly cut off memory networks.




4 Discussion

In this study, we investigated memory dysfunction at both the local and network levels in 25 patients with unruptured AVMs who underwent MRI and detailed neurocognitive assessments. Whole-brain ROI-to-ROI FC analyses identified abnormal connections in the SMN, FPN, and DMN. These disrupted connections were strongly associated with verbal learning and memory. Subgroup analyses further revealed location- and laterality-dependent differences in memory-related FC reorganization: left-sided AVMs exhibited reorganized FC patterns concentrated in the SMN, correlated with working memory and executive function. Right-sided and frontal AVMs displayed more complex reorganization patterns involving multiple networks. LNM analysis suggested that AVM lesions did not have functional connected regions associated with memory performance.

Although unruptured AVM is a intracerebral lesion and affect the local brain tissues, it has different effect on the development of neurological symptoms from other intracranial diseases, such as strokes and brain tumors, due to its congenital nature (Rousseau et al., 2019). Long-term structure and hemodynamic changes may lead to neural plasticity and cause clinical symptoms including seizures, headaches and neurocognitive impairments (Coelho et al., 2019; Rousseau et al., 2019). However, previous studies have largely focused on hemorrhage-related deficits, overlooking patients with impaired cognitive domains but not achieving neurological deficits (Chen et al., 2020). Recent study of Coelho et al. reported a high rate neurocognitive deficits in patients with unruptured AVMs, with memory impairment being the most affected domain (Coelho et al., 2019). Similar findings were observed in patients with unruptured arteriovenous fistulas, who showed significant cognitive improvement following treatments (Itsekson-Hayosh et al., 2024). Moreover, structural neuroimaging studies have provided evidence of reversible white matter alterations linked to cognitive impairment in brain vascular malformations, suggesting a potential relationship between hemodynamic flow states and neurocognitive function (Zeng et al., 2023). However, few studies have specifically explored memory-related functional network alterations in unruptured AVM patients or the relationship between these changes and memory performance. Our study addresses this gap by identifying remodeled FC patterns during resting states and investigating their association with memory function, offering new insights into the neuropathological mechanisms of AVM-induced memory deficits.

We found significantly enhanced FC between SMN, FPN, and DMN regions in AVM patients, which positively correlated with verbal learning and memory. Specifically, these cognition-related FC increases were predominantly detected in the right hemisphere, including connections between the superior temporal lobe and the angular gyrus and between the superior frontal lobe and the supplementary motor area. The association of the angular gyrus and temporal lobe with semantic processing and memory has been widely discussed (Rockland and Graves, 2023). The angular gyrus, often referred to as a “semantic hub,” plays a crucial role in storing multimodal semantic information and engaged positively in studies that examine episodic memory retrieval (Humphreys et al., 2021). Meanwhile, supplementary motor area is considered contributing to the integration of multimodal information into higher-order representations and supporting the verbal working memory together with the frontal region (Cona and Semenza, 2017). These regions compose the frontal–parietal network which collaborate with the DMN regions and may contribute to the information transmission from a non-conscious to conscious level (Caciagli et al., 2023). While connectivity patterns between FPN and SMN are related with the preservation of episodic memory (Hsu et al., 2022). Interestingly, while many studies on memory networks emphasize the left angular gyrus, our findings of enhanced FC involving the right angular gyrus may indicate a “mirror phenomenon” as a result of memory reorganization and reflects compensatory recruitment to maintain memory performance in the AVM patients (Thakral et al., 2017).

Our subgroup analyses showed significant differences in FC reorganization based on AVM laterality and location. Left-sided AVMs exhibited attenuated FC alterations within the SMN, while right-sided AVMs engaged multiple networks to preserve working memory and executive function. Altered FC patterns mainly existed in the right hemisphere. This rightward asymmetry aligns with previous findings that healthy adults rely on the right hemisphere for visuospatial integration, attentional processing, and memory (Wang et al., 2023). AVMs in the right hemisphere may disrupt these functions more extensively, prompting compensatory increases in FC between high-order networks. For frontal AVMs, widespread FC alterations were observed within the SMN, FPN, and DMN, which correlated significantly with the performance of multiple cognition domains. One explanation is that frontal lesions primarily affect local networks that may impair the working memory domain, consequently leading to large-scale FC reorganization in the rest brain for compensation (Parlatini et al., 2017). In contrast, non-frontal AVMs exhibited minimal FC changes related to working memory. Moreover, we observed similar cognitive performance between subgroups, which suggests that the brain’s compensatory mechanisms effectively mitigate functional disruptions.

Our LNM analyses aimed to assess indirect functional disconnection at a whole-brain level but revealed no significant connectivity patterns associated with memory performance. One possible explanation is that unruptured AVMs do not directly impair functional connections between lesion area and the rest of brain but instead induce functional network changes through long-term hemodynamic alterations or chronic ischemia. However, LNM has limitations in detecting subtle white matter disruptions, which might be better captured by structural connectivity analyses (Boes, 2021). Future studies should include these analyses to validate our findings and explore potential white matter pathways involved in AVM-induced cognitive deficits.

This study has several limitations. First, due to the rarity of cerebral AVMs and rigorous exclusion criteria, the sample size was relatively small. Nevertheless, this sample size was sufficient to achieve statistically robust results after strict corrections. Second, BOLD signals may be affected by hemodynamic changes around the AVM nidus. To mitigate this, we excluded lesion areas during data processing. Third, some lesions involved both gray and white matter, with gray matter primarily influencing BOLD signals. This may limit the interpretation of LNM results, particularly for large lesion ROIs. Future research should prioritize structural connectivity analyses to address these challenges and provide a more comprehensive understanding. Fourth, this study did not include cognitive assessment for HCs. We used the identified altered rs-fMRI metrics to explore the relationship between these alterations and memory function in AVM patients but could not evaluate their influences in HCs. Future study containing HCs with neurocognitive assessment results is recommended.



5 Conclusion

Memory network reorganization occurs in patients with unruptured AVMs, and this reorganization varies depending on the location and laterality of the lesions. The brain regions recruited into the reorganized memory network primarily involve the SMN, FPN, and DMN, which are associated with working and verbal memory functions. Notably, lesions located in the right hemisphere and frontal areas lead to larger scale of cognitive network alteration and involve a broad range of cognitive domains. LNM analyses suggest that unruptured AVMs do not impair memory functions by directly severing resting-state functional connections between the lesions and other brain regions.



Data availability statement

The datasets presented in this article are not readily available because the data supporting this study’s findings are available from the corresponding author upon reasonable request. The data from the BMB dataset are available following the requirements of CoRR. Requests to access the datasets should be directed to Xiaolin Chen, cxl_bjtth@163.com.



Ethics statement

The studies involving humans were approved by the Institutional Review Board of Beijing Tiantan Hospital, Capital Medical University (KY 2020–003-01). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

AL: Conceptualization, Data curation, Formal analysis, Writing – original draft. XD: Data curation, Methodology, Writing – review & editing. KY: Validation, Writing – review & editing. YC: Funding acquisition, Methodology, Writing – review & editing. ZL: Data curation, Writing – review & editing. XC: Conceptualization, Funding acquisition, Supervision, Writing – review & editing. YZ: Conceptualization, Funding acquisition, Project administration, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the National Key Research and Development Program of China (Grant No. 2021YFC2501101 and 2020YFC2004701 to Xiaolin Chen, 2022YFB4702800 to Yuanli Zhao), Natural Science Foundation of China (82202244 to Yu Chen).



Acknowledgments

We would like to acknowledge the use of publicly available datasets in this study. The data for healthy controls (HCs) were obtained from the Berlin Mind and Brain (BMB) dataset through the Consortium for Reliability and Reproducibility (CoRR), supported by the work of Shereen Chaudhry, Christiane Rohr, Marjan Sharifi, and Suparna Choudhury.



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.

The reviewer HX declared a shared affiliation with the Authors AL, XD, YC, ZL, XC, at the time of review.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2025.1568045/full#supplementary-material



References

 Berra, L. V., Armocida, D., D’Angelo, L., Norcia, V. D., and Santoro, A. (2022). Vascular intracranial malformations and dementia: An under-estimated cause and clinical correlation. Clinical note. Cereb. Circ. Cogn. Behav. 3:100146. doi: 10.1016/j.cccb.2022.100146 

 Boes, A. D. (2021). Lesion network mapping: where do we go from here? Brain 144:e5. doi: 10.1093/brain/awaa350 

 Bustuchina Vlaicu, M. (2022). New approaches for brain arteriovenous malformations-related epilepsy. Rev. Neurol. 179, 188–200. doi: 10.1016/j.neurol.2022.05.011 

 Caciagli, L., Paquola, C., He, X., Vollmar, C., Centeno, M., Wandschneider, B., et al. (2023). Disorganization of language and working memory systems in frontal versus temporal lobe epilepsy. Brain 146, 935–953. doi: 10.1093/brain/awac150 

 Chaudhry, Shereen, Rohr, Christiane, Sharifi, Marjan, and Choudhury, Suparna. BMB - Berlin Mind and Brain (Margulies, Villringer). (2013). doi: 10.15387/fcp_indi.corr.bmb1

 Chen, C.-J., Ding, D., Derdeyn, C. P., Lanzino, G., Friedlander, R. M., Southerland, A. M., et al. (2020). Brain arteriovenous malformations: a review of natural history, pathobiology, and interventions. Neurology 95, 917–927. doi: 10.1212/WNL.0000000000010968 

 Coelho, D. De S., Santos, B. F. De O., Costa, M. D. S.Da, Silva, G. S., Cavalheiro, S., Santos, F. H , et al. (2019). Cognitive performance in patients with cerebral arteriovenous malformation. J. Neurosurg. 132, 1548–1555, doi: 10.3171/2018.12.JNS181883 

 Cona, G., and Semenza, C. (2017). Supplementary motor area as key structure for domain-general sequence processing: a unified account. Neurosci. Biobehav. Rev. 72, 28–42. doi: 10.1016/j.neubiorev.2016.10.033 

 Deng, X., Wang, M., Zhang, Y., Wang, S., Cao, Y., Chen, X., et al. (2023). Resting-state functional alterations in patients with brain arteriovenous malformations involving language areas. Hum. Brain Mapp. 44, 2790–2801. doi: 10.1002/hbm.26245 

 Esteban, O., Markiewicz, C. J., Blair, R. W., Moodie, C. A., Isik, A. I., Erramuzpe, A., et al. (2019). FMRIPrep: a robust preprocessing pipeline for functional MRI. Nat. Methods 16, 111–116. doi: 10.1038/s41592-018-0235-4 

 Feng, M., Wen, H., Xin, H., Zhang, N., Liang, C., and Guo, L. (2021). Altered spontaneous brain activity related to neurologic dysfunction in patients with cerebral small vessel disease. Front. Aging Neurosci. 13:731585. doi: 10.3389/fnagi.2021.731585 

 Fox, M. D. (2018). Mapping symptoms to brain networks with the human connectome. N. Engl. J. Med. 379, 2237–2245. doi: 10.1056/NEJMra1706158 

 Fu, W., Huo, R., Yan, Z., Xu, H., Li, H., Jiao, Y., et al. (2020). Mesenchymal behavior of the endothelium promoted by SMAD6 downregulation is associated with brain arteriovenous malformation microhemorrhage. Stroke 51, 2197–2207. doi: 10.1161/STROKEAHA.120.030046 

 Guo, Q., Zhou, B., Zhao, Q., Wang, B., and Hong, Z. (2012). Memory and executive screening (MES): a brief cognitive test for detecting mild cognitive impairment. BMC Neurol. 12:119. doi: 10.1186/1471-2377-12-119 

 Hsu, C. L., Manor, B., Travison, T., Pascual-Leone, A., and Lipsitz, L. A. (2022). Sensorimotor and Frontoparietal network connectivity are associated with subsequent maintenance of gait speed and episodic memory in older adults. J. Gerontol. A Biol. Sci. Med. Sci. 78, 521–526. doi: 10.1093/gerona/glac193 

 Humphreys, G. F., Ralph, M. A. L., and Simons, J. S. (2021). A unifying account of angular gyrus contributions to episodic and semantic cognition. Trends Neurosci. 44, 452–463. doi: 10.1016/j.tins.2021.01.006 

 Itsekson-Hayosh, Z., Carpani, F., Mosimann, P. J., Agid, R., Hendriks, E. J., Radovanovic, I., et al. (2024). Dural arteriovenous fistulas: baseline cognitive changes and changes following treatment: a prospective longitudinal study. AJNR Am. J. Neuroradiol. 45, 1878–1884. doi: 10.3174/ajnr.A8449 

 La Piana, R., Bourassa-Blanchette, S., Klein, D., Mok, K., Del Pilar Cortes Nino, M., and Tampieri, D. (2013). Brain reorganization after endovascular treatment in a patient with a large arteriovenous malformation: the role of diagnostic and functional neuroimaging techniques. Interv. Neuroradiol. 19, 329–338. doi: 10.1177/159101991301900310 

 Marshall, G. A., Jonker, B. P., Morgan, M. K., and Taylor, A. J. (2003). Prospective study of neuropsychological and psychosocial outcome following surgical excision of intracerebral arteriovenous malformations. J. Clin. Neurosci. 10, 42–47. doi: 10.1016/s0967-5868(02)00217-5 

 Mohr, J. P., Parides, M. K., Stapf, C., Moquete, E., Moy, C. S., Overbey, J. R., et al. (2014). Medical management with or without interventional therapy for unruptured brain arteriovenous malformations (ARUBA): a multicentre, non-blinded, randomised trial. Lancet 383, 614–621. doi: 10.1016/S0140-6736(13)62302-8 

 Parlatini, V., Radua, J., Dell’Acqua, F., Leslie, A., Simmons, A., Murphy, D. G., et al. (2017). Functional segregation and integration within fronto-parietal networks. NeuroImage 146, 367–375. doi: 10.1016/j.neuroimage.2016.08.031 

 Rangus, I., Rios, A. S., Horn, A., Fritsch, M., Khalil, A., Villringer, K., et al. (2024). Fronto-thalamic networks and the left ventral thalamic nuclei play a key role in aphasia after thalamic stroke. Commun. Biol. 7, 700–713. doi: 10.1038/s42003-024-06399-9 

 Rockland, K. S., and Graves, W. W. (2023). The angular gyrus: a special issue on its complex anatomy and function. Brain Struct. Funct. 228, 1–5. doi: 10.1007/s00429-022-02596-6 

 Rohr, C. S., Okon-Singer, H., Craddock, R. C., Villringer, A., and Margulies, D. S. (2013). Affect and the brain’s functional organization: a resting-state connectivity approach. PLoS One 8:e68015. doi: 10.1371/journal.pone.0068015 

 Rousseau, P.-N., La Piana, R., Chai, X. J., Chen, J.-K., Klein, D., and Tampieri, D. (2019). Brain functional organization and structure in patients with arteriovenous malformations. Neuroradiology 61, 1047–1054. doi: 10.1007/s00234-019-02245-6 

 Salvalaggio, A., Filippo De Grazia, M, Zorzi, M., Thiebaut de Schotten, M., and Corbetta, M. (2020). Post-stroke deficit prediction from lesion and indirect structural and functional disconnection. Brain 143, 2173–2188. doi: 10.1093/brain/awaa156 

 Schaefer, A., Kong, R., Gordon, E. M., Laumann, T. O., Zuo, X.-N., Holmes, A. J., et al. (2018). Local-global Parcellation of the human cerebral cortex from intrinsic functional connectivity MRI. Cereb. Cortex 28, 3095–3114. doi: 10.1093/cercor/bhx179 

 Soldozy, S., Akyeampong, D. K., Barquin, D. L., Norat, P., Yağmurlu, K., Sokolowski, J. D., et al. (2020). Systematic review of functional mapping and cortical reorganization in the setting of arteriovenous malformations, redefining anatomical eloquence. Front. Surg. 7:514247. doi: 10.3389/fsurg.2020.514247 

 Solomon, R. A., and Connolly, E. S. (2017). Arteriovenous malformations of the brain. N. Engl. J. Med. 376, 1859–1866. doi: 10.1056/NEJMra1607407 

 Thakral, P. P., Madore, K. P., and Schacter, D. L. (2017). A role for the left angular gyrus in episodic simulation and memory. J. Neurosci. 37, 8142–8149. doi: 10.1523/JNEUROSCI.1319-17.2017 

 Wang, B., Yang, L., Yan, W., An, W., Xiang, J., and Li, D. (2023). Brain asymmetry: a novel perspective on hemispheric network. Brain Sci. Adv. 9, 56–77. doi: 10.26599/BSA.2023.9050014

 Wenz, F., Steinvorth, S., Wildermuth, S., Lohr, F., Fuss, M., Debus, J., et al. (1998). Assessment of neuropsychological changes in patients with arteriovenous malformation (AVM) after radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 42, 995–999. doi: 10.1016/s0360-3016(98)00284-3 

 Yuan, J., Niu, H., Lei, C., Xu, R., Liu, Y., Yuan, K., et al. (2025). Neuroplasticity and functional reorganization of language in patients with arteriovenous malformations: insights from neuroimaging and clinical interventions. Front. Hum. Neurosci. 19:1503864. doi: 10.3389/fnhum.2025.1503864 

 Zeng, Y., Li, X., Chen, W., Du, J., and Tao, T. (2023). Reversible dementia with bilateral white matter changes caused by Dural arteriovenous fistula: case report and review of the literature. Neurologist 28, 256–261. doi: 10.1097/NRL.0000000000000473 

 Zhang, X., Zhang, G., Wang, Y., Huang, H., Li, H., Li, M., et al. (2022). Alteration of default mode network: association with executive dysfunction in frontal glioma patients. J. Neurosurg 138, 1512–1521. doi: 10.3171/2022.8.JNS22591

 Zhao, Q., Lv, Y., Zhou, Y., Hong, Z., and Guo, Q. (2012). Short-term delayed recall of auditory verbal learning test is equivalent to long-term delayed recall for identifying amnestic mild cognitive impairment. PLoS One 7:e51157. doi: 10.1371/journal.pone.0051157 

 Zuo, X.-N., Anderson, J. S., Bellec, P., Birn, R. M., Biswal, B. B., Blautzik, J., et al. (2014). An open science resource for establishing reliability and reproducibility in functional connectomics. Sci Data 1:140049. doi: 10.1038/sdata.2014.49 


Copyright
 © 2025 Li, Deng, Yuan, Chen, Li, Chen and Zhao. 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/images/fnins-19-1568045-g003.jpg





OPS/images/fnins-19-1568045-t001.jpg
Left AVM Right AVM Frontal AVM Non-frontal

subgroup subgroup subgroup AVM subgroup
n=13 n=12 n=8 n=17
Agey 3629, 44) 34(28,44) 38 (35,43 0.400 40(27,50] 36(33,40] 0.600
Gender, male 13 6 7 1000 3 10 0571
Lesion volume,mm® 1266 (70.1,2575] | 169.4(858,303.2] | 898(182,2452] | 0314 | 1696(244,5788]  1214(739,2436) 0.669
MoCA 28(26,29) 28(26,29] 29 (26,30] 0782 28 (24,29 28(27,29] 0573
MES 91(83,97] 91(91,98] 94(83,97) 0956 91(84,93] 94(83,97) 0464
AVLTH 36(27,39) 35 (30,38 37 (26,43 0892 28 (23,36 37(32,40] 0051
DGS-forward 98,9 8(8,9) 9(9,10] 0.100 9(7.9] 9(8,10] 0433
DGS-reverse 605.7] 615,7) 504,7) 0456 6(4,7) 615.7) 0859

Data are presented as median [IQR] or number.
MoCA, the Montreal Cognitive Assessment Scale; MES, the Memory and Executive Screening; AVLT-H, the Auditory-Verbal Learning Test-Huashan version; DGS, the digit span test.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional network reorganization and memory impairment in unruptured brain arteriovenous malformations



		1 Introduction



		2 Materials and methods



		2.1 Subjects



		2.2 Clinical data collection and neurocognitive assessment



		2.3 MRI acquisition and preprocessing



		2.4 Calculation of ReHo and fALFF



		2.5 Seed-based FC correlation analysis



		2.6 Statistical analysis









		3 Results



		3.1 Regional resting-state activity (ReHo and fALFF) abnormalities



		3.2 Results of seed-based FC analysis



		3.3 Results of correlation analysis between rsfMRI metrics and neurocognitive scores









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnins-19-1568045-g001.jpg
Pre-processed rsfMRI data  Manual lesion segmentation FC matix of.cach subject

Seed-based FC analyses

ROls| 1

asapf il Ty

Voxel-based FC Time points.
analyses
m Lesion mask Group-level comparison: GLM,
% FWE-correction
Normative

connectome in HCs

Lesion Network | Connectivity profile for
Mapping each lesion

Group-level comparison: Spearman correlation with memory
Permutation analysis, FWE- scores, FWE-correction
correction

ReHo and fALFF maps without lesion:






OPS/images/fnins-19-1568045-g002.jpg





OPS/images/cover.jpg
’ frontiers | Frontiers in Neuroscience

Functional network
reorganization and memory
impairment in unruptured brain
arteriovenous malformations












OPS/images/crossmark.jpg
©

2

i

|






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






