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Objective

Cognitive dysfunction is common in insulinoma patients, but the underlying neural mechanisms are less well understood. This study aimed to explore the alterations of intra- and inter-network connectivity patterns associated with patients with insulinoma.





Methods

Resting-state fMRI were acquired from 13 insulinoma patients and 13 matched healthy controls (HCs). Group Independent component analysis (ICA) was employed to capture the resting-state networks (RSNs), then the intra- and inter-network connectivity patterns, were calculated and compared. Montreal Cognitive Assessment (MoCA) was used to assess the cognitive function. The relationship between connectivity patterns and MoCA scores was also examined.





Results

Insulinoma patients performed significantly worse on MoCA compared to HCs. The intra-network connectivity analysis revealed that patients with insulinoma showed decreased connectivity in the left medial superior frontal gyrus within anterior default mode network (aDMN), and decreased connectivity in right lingual gyrus within the visual network (VN). The intra-network connectivity analysis showed that patients with insulinoma had an increased connectivity between the inferior-posterior default mode network (ipDMN) and right frontoparietal network (rFPN) and decreased connectivity between the ipDMN and auditory network (AUN). There was a significant negative correlation between the ipDMN-rFPN connectivity and MoCA score.





Conclusion

This study demonstrated significant abnormalities in the intra- and inter-network connectivity in patients with insulinoma, which may represent the neural mechanisms underlying the cognitive impairment in insulinoma patients.
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1 Introduction

Insulinomas is a neuroendocrine tumor deriving from β-pancreatic islet cells (1). It is the most common functional neuroendocrine tumor, with an annual incidence of 1 - 4 per million, with a predominance in females (2). As described by Whipple’s triad (3), patients with insulinoma present symptoms and signs of hypoglycemia that are relieved upon normalization of blood glucose levels through glucose administration. The symptomatic episodes can be intermittent, but can become persistent and more frequent as the tumor progresses (4). Since the brain relies almost exclusively on glucose as an energy source, any disturbance in glucose homeostasis may directly affect brain function (5, 6). Several studies have confirmed that hypoglycemia occurs in patients with diabetes mellitus can negatively influence cognitive performance such as learning, memory, and executive function (7–9). In case reports of insulinoma, dementia and transient neurocognitive impairment have also been documented (10, 11). In a recent study conducted by Dai et al., up to 53% of patients with insulinoma were screened positive for cognitive impairment (12). Insulinoma affects cognition across a wide range of functions, including visuospatial and executive functions, delayed memory, attention, language and abstraction (12). These broad cognitive consequences cause a significant decline in the quality of life of patients with insulinoma. Although the cognitive dysfunction exhibited in insulinoma has attracted much attention, the neurobiological mechanisms underlying cognitive impairment remain unclear.

Functional magnetic resonance imaging (fMRI) relies on blood oxygenation level-dependent (BOLD) signal change to indirectly measure neuronal activity, which has become the most prominent tool for the cognitive neuroscience research (13). Previous studies in resting-state fMRI have showed that the intrinsic activity of brain is organized into multiple resting-state networks (RSNs), which appear as groups of anatomically distant but functionally tightly connected brain regions (14, 15). The default mode network (DMN), which is characterized by its activity during rest and subsequent reduction in activity during cognitive tasks, represents one of the most prominent resting-state networks (RSNs) (16). Several other canonical RSNs representing fundamental brain functions, such as sensorimotor network (SMN), visual network (VN), auditory network (AUN), frontoparietal network (FPN), are also widely identified (17). In the past decade, functional connectivity (FC) and functional network connectivity (FNC) methods have been used to explore the dysfunctions of RSNs in a wide range of neurological and neuropsychiatric disorders such as Alzheimer’s disease, Epilepsy, Schizophrenia and Depression, which provide new insights for understanding the pathophysiological mechanisms of cognitive performance in the disease states (18–21).

Currently, the hypoglycemia-induced alterations in connectivity patterns of RSNs have emerged as an interesting topic. An analysis by Nicolas et al. (22) has examined the alterations of RSNs during the induction of hypoglycemia in diabetic and control subjects, and found changes in multiple RSNs, such as DMN, SMN, play an important role in awareness and behavioral response to hypoglycemia. Parikh et al. (23) also found the decreased connectivity in angular gyrus within DMN was correlated with greater symptoms of hypoglycemia as well as higher scores of perceived stresses. Alterations in brain network responses to hypoglycemia are increasingly described, and the brain regions and networks that are sensitive to variations in plasma glucose levels have been identified (24). These abnormalities in brain network have been postulated to contribute to the impaired hypoglycemia awareness or adverse neurocognitive consequences (25, 26). However, the findings mentioned above are derived from patients with diabetes mostly. The alteration of brain network in patients with insulinoma has not been reported.

Independent component analysis (ICA) is one of the most common techniques used to identify RSNs (27). It is a data-driven method that allows the automatic detection and separation of multiple RSNs at once without the need for strict a priori hypotheses regarding regions of interest (28). Here, we acquired resting-state fMRI in patients with insulinoma and matched healthy controls (HCs). Group ICA were employed to capture the RSNs, then the FNC, including intra- and inter-network connectivity patterns, were calculated and compared. Also, the Montreal Cognitive Assessment (MoCA) was used to assessed the cognitive function. The relationships between connectivity patterns and MoCA scores were examined. We hypothesize that patients with insulinoma present the abnormal intra- and inter-network connectivity patterns, which are associated with the cognitive impairment.




2 Materials and methods



2.1 Participants

A total of 13 patients with insulinoma were recruited through the Gastroenterology Department of the First Affiliated Hospital of Guangxi Medical University from January 2022 to December 2022. Initial selection criteria included (1): diagnosed with functional insulinoma (29) (2), age ≥ 18 (3), right-handed. Exclusion criteria were as follows (1): patients with severe underlying diseases, such as severe chronic heart failure and respiratory disorders (2), patients with severe mental or neurological diseases (3), developmental anomalies, cortical malformations, or other focal lesion on structural MRI (4), poor cooperation in the experimental procedures, and (5) contraindications for MRI. Thirteen HCs were recruited from community. They were matched to the patient groups with respect to age, gender, years of education, and handedness. This study was approved by the Medical Research Ethics Committee of the First Affiliated Hospital of Guangxi Medical University, and written informed consent was obtained from each subject.




2.2 Cognition assessment

All participants were administered a brief cognitive test using Montreal Cognitive Assessment (MoCA) tool, which has been recommended as a practical and sensitive tool for assessing cognitive impairment (12, 30). We utilized the Beijing version of MoCA. It covers different cognitive domains, including visuospatial and executive functions, naming, memory, attention, language, abstraction, delayed recall, and orientation. The maximum MoCA score is 30 points, and the cutoff point for a screening of mild cognitive impairment is a MoCA score of < 26 (31). The MoCA questionnaire can only be administered when the blood glucose was >2.5 mmol/L in insulinoma patients (12).




2.3 MRI data acquisition

MRI data collection and the MoCA evaluation were performed on the same day. An Achieva 3.0 T MRI system scanner (Philips, Amsterdam, The Netherlands) with a standard eight-channel head coil was used to collect imaging data from all participants. The fMRI scan parameters were as follows: repetition time (TR), 2000ms; echo time (TE), 30 ms; flip angle (FA), 90°; field of view, 220 mm × 220 mm; matrix, 64 × 64; in-plane resolution, 3.44 mm × 3.44 mm. For each image volume, 41 transverse slices (slice thickness, 3.5 mm; interslice gap, 0.5 mm) were recorded in an interleaved order, positioned along the line connecting the anterior and posterior commissures (AC-PC orientation), measuring a total of 225 volumes. During scanning, participants were instructed to lie quietly, keep still, keep eyes closed, remain awake, and avoid thinking about anything special. Compliance was confirmed by questioning after the MRI scan. Minimize head movement and scanner noise by using foam pads and earplugs. Other MRI sequences for clinical diagnosis, including T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), and T2 fluid-attenuated inversion recovery (FLAIR), were also acquired but were not used in this study. The schematic illustration of data analysis is shown in Supplementary Figure 1.




2.4 Data preprocessing

The functional image data were preprocessed using the Data Processing & Analysis for Brain Imaging toolbox (DPABI V6.2, http://www.rfmri.org/dpabi) on the Matrix Laboratory (MATLAB R2013b, https://www.mathworks.com/) platform. For each subject, the first ten volumes of each functional time series were removed to allow stability of the longitudinal magnetization. The remaining images underwent slice-timing correction and realignment, and any subjects with a head movement > 3.0 mm translation or > 3.0° rotation were excluded. Then the functional images were spatially normalized to the Montreal Neurological Institute space and were resampled to a voxel size of 3 mm × 3 mm × 3 mm. The normalized images were spatial smoothed with a 4mm full width at half-maximum Gaussian kernel.




2.5 Group ICA and RSNs identification

The spatial group ICA was conducted for the whole subjects using the Group ICA of fMRI Toolbox (GIFT v4.0b, http://icatb.sourceforge.net/). The number of independent components (ICs) was automatically estimated using the minimum description length (MDL) criterion. All the data from the subjects were concatenated into one dataset and reduced in dimensionality using two stages of principal component analysis. The ICs were extracted by the infomax algorithm. This analysis was iterated 20 times using ICASSO to assess the stability and consistency of the extracted components. Then, the time courses and spatial maps were back-reconstructed by group ICA for each participant, and the results were converted to z-scores for display. Among the 20 components arising from ICA, we identified eight meaningful RSNs by applying the previous described procedure (32). Briefly, the spatial map of components should exhibit peak activations in gray matter, no spatial overlap with vascular, ventricular, or susceptibility artefacts. Also, the time courses were dominated by low frequency signal, with the ratio of low-frequency to high-frequency power was greater than 4. These finally determined RSNs were anterior DMN (aDMN), superior-posterior DMN (spDMN), inferior-posterior DMN (ipDMN), right FPN (rFPN), left FPN (lFPN), AUN, SMN, and VN.




2.6 Intra-network connectivity analysis

The intra-network connectivity analysis consisted two steps. Firstly, one-sample t tests were conducted for the spatial map of each RSN extracted from ICA of all subjects (patients and HCs). Thresholding was performed with Gaussian random field (GRF) correction at voxel-level p < 0.001 and cluster-level p < 0.05. The resulting statistical maps were binarized to generate RSN-specific masks. Secondly, group comparisons were carried out for the spatial map of each RSNs using two-sample t-test. Significant voxels were restricted within the respective RNS masks defined in the previous step. Age, sex, and education were taken as nuisance covariates. Correction for multiple comparisons was applied using GRF correction at voxel-level p < 0.001 and cluster-level p < 0.05.




2.7 Inter-network connectivity analysis

Inter-network connectivity was carried out to study the relationship between different RSNs. Before the inter-network connectivity analysis, the time courses of the RSNs of interest were detrended, despiked, and filtered with a high-frequency cutoff of 0.15 Hz (33–35). For each subject, a symmetric 8 × 8 correlation matrix was generated by calculating the Pearson correlation coefficient between the time courses of selected RSNs. The values for the correlation matrixes were transformed to z-scores to improve normality. Group comparisons were conducted using two-sample t-test. Age, sex, and education were taken as nuisance covariates. The significance criterion was p < 0.05 with discovery rate (FDR) for multiple comparisons.




2.8 Statistical analysis

The statistical analyses of demographics and MoCA scores were conducted in Statistical Package for the Social Sciences (SPSS V 22.0, www.ibm.com/spss). A normal distribution test was applied to all quantitative data using the Shapiro-Wilk test. To determine the significance of the group differences (patients with insulinoma versus HCs), independent-samples t-test was used for normally distributed data, while the Mann–Whitney U-test was used for non-normally distributed data. Fisher exact probability method was performed to assess the differences in categorical data. Pearson correlation was used to detect associations between the significant differential intra- and inter-network connectivity values and MoCA scores. The significance criterion was p <0.05.





3 Results



3.1 Demographic data and cognitive status

The demographic, clinical and cognitive characteristics of patients with insulinoma and HCs are summarized in Table 1. No significant differences in age, gender, and education level were found between the groups (p > 0.05). As expected, patients with insulinoma performed significantly worse on the MoCA (p < 0.05). Among patients with insulinoma, eight (61%) patients presented with cognitive impairment. Further analysis of the MoCA sub-domains revealed that cognitive performance was particularly affected in visuospatial and executive functions, naming, attention, language, memory, and delayed recall in patients with insulinoma.


Table 1 | Demographic, clinical characteristics and cognitive performance of the patients with insulinoma and HCs.






3.2 RSNs identification

Spatial maps of the eight functionally relevant RSNs are presented in Figure 1. In our analysis, the DMN comprised three components, i.e., the aDMN with a large cluster in bilateral medial prefrontal cortex and anterior cingulate cortex, the spDMN included primarily bilateral precuneus and posterior cingulate cortex, and the ipDMN consisted of bilateral precuneus and angular gyrus. Regarding the two FPN components, the right FPN (rFPN) were comprised primarily of right dorsolateral prefrontal cortex and inferior parietal lobule, while the left FPN (lFPN) were comprised primarily of left dorsolateral prefrontal cortex and inferior parietal lobule. The AUN mainly consisted of bilateral superior temporal gyrus and middle temporal gyrus. The SMN was mostly composed of bilateral precentral gyrus, postcentral gyrus and paracentral lobule. The VN primarily contains bilateral cuneus, lingual gyrus and middle occipital gyrus.




Figure 1 | The spatial maps of eight meaningful RSNs. Each RSNs was thresholded at z > 2 and the MNI coordinates of the peak values are displayed in three orthogonal planes. aDMN, anterior default mode network; spDMN, superior-posterior default mode networ; ipDMN, inferior-posterior default mode network; rFPN, right frontoparietal network; lFPN, left frontoparietal network; AUN, auditory network; SMN, sensorimotor network; VN, visual network.






3.3 Group comparisons of intra-network connectivity

Group comparisons of intra-network connectivity are displayed in Table 2 and Figure 2. Significant connectivity differences within aDMN and VN were found between the HCs and insulinoma patients (GRF correction, voxel-level p < 0.001 and cluster-level p < 0.05). Compared to HCs, insulinoma patients with insulinoma showed decreased connectivity in the left medial superior frontal gyrus within aDMN, and decreased connectivity in right lingual gyrus within the VN. There was no significant alteration in connectivity within other RSNs between the groups (p > 0.05).


Table 2 | Group differences in intra-network connectivity between the patients with insulinoma and HCs.






Figure 2 | Intra-network connectivity analysis of the patients with insulinoma and HCs. Group differences in intra-network connectivity within the aDMN (A) and VN (B) were obtained by two-sample t-test (GRF correction, voxel-level p < 0.001 and cluster-level p < 0.05). The extracted t-values for the significant brain regions across all subjects were compared and subsequently presented in the form of a bar plot (*p < 0.05).






3.4 Group comparisons of inter-network connectivity

Group comparisons of inter-network connectivity are displayed in Figure 3. Significant connectivity differences between the ipDMN and rFPN, and between the ipDMN and AUN were found between the HCs and insulinoma patients (p < 0.05, uncorrected). Compared to HCs, patients with insulinoma showed increased connectivity between the ipDMN and rFPN and decreased connectivity between the ipDMN and AUN. There was no significant alteration in connectivity between other RSNs between the groups (p > 0.05).




Figure 3 | Inter-network connectivity analysis of the patients with insulinoma and HCs. The inter-network functional connectivity patterns for the patients with insulinoma (A) and HC (B) were obtained by one-sample t-test (p < 0.05, uncorrected). The red lines represent positive connections and blue lines denote negative connections. Group differences of inter-network connectivity (C) were obtained by two-sample t-test (p < 0.05, uncorrected). The solid lines represent the increased connections and dotted lines represent decreased connections.






3.5 Correlation analysis

Correlation analyses were performed to investigate the relationships between the significant differential intra- and inter-network connectivity values and MoCA scores. As showed in Figure 4, significant negative correlation was found between the ipDMN-rFPN connectivity and MoCA scores (p < 0.05, Bonferroni correction). There was no significant correlation between the ipDMN-AUN connection and MoCA scores (p > 0.05). No significant correlation was found between the intra-network connectivity and MoCA scores (p > 0.05).




Figure 4 | Correlation analysis. Significant negative correlation was found between the ipDMN-rFPN connection and MoCA scores (p < 0.05, Bonferroni correction).







4 Discussion

Cognitive dysfunction is common in insulinoma patients, but the underlying neural mechanisms are less well understood. To the best of our knowledge, this is the first exploratory study to characterize the functional network connectivity patterns and their relation to cognitive function in insulinoma patients, imaged in a non-hypoglycemic state. Several findings emerged (1). Patients with insulinoma showed cognitive impairment across a wide range of functions (2). Patients with insulinoma presented decreased connectivity within the aDMN and the VN, as well as increased connectivity between the ipDMN and rFPN and decreased connectivity between the ipDMN and AUN (3). The connectivity between the ipDMN and rFPN were associated with worsening cognitive performance. These observations are particularly important for understanding the neural mechanisms of cognitive impairment in insulinoma patients.

In this study, we observe that 61% (8/13) of insulinoma patients show cognitive dysfunction, which is consistent with the previous study (12). Specifically, we found that significant impairments in several cognitive domains, such as visuospatial and executive functions, memory, attention, naming and language, were visible in insulinoma patients compared to the HCs. Although no significant statistical difference was found in other cognitive domains, a decreasing trend could still be found. This would seem to suggest that insulinoma may induce cognitive impairment in multiple domains, which may require a more detailed cognitive scale to confirm.

To explore the neural mechanism of the cognitive impairment in insulinoma patients, we calculate and compare the intra- and inter-network connectivity patterns between insulinoma patients and HCs. The most important results of the present study are the differences of intra-network connectivity within the DMN. The DMN is one of the most robust RSNs, reflecting intrinsic brain activity in a default state (36). Because it was first discovered through its stronger activity at rest compared to task performance, early DMN functionality was focused on associations with internally generated cognition, including daydreaming, mind wandering, or self-related thought. Subsequent findings suggest a role for the DMN in external as well as internal focused cognition (37). Anatomically, the DMN consists of a set of distributed regions including the medial prefrontal cortex, the posterior cingulate cortex and the adjacent precuneus plus the lateral parietal cortex (38). The medial prefrontal cortex is a key region of the DMN involved in numerous cognitive functions, including attention, inhibitory control, habit formation and working, and spatial or long-term memory (39). A growing body of literature suggests that decreased connectivity within the DMN has been observed in individuals with multiple neuropsychiatric conditions with cognitive impairment, such as Alzheimer’s disease, schizophrenia, Parkinson’s disease, depression, and anxiety, particularly in the medial prefrontal cortex (40, 41). In the current study, the patients with insulinoma presented a decreased connectivity within the aDMN, predominantly located in the left medial superior frontal gyrus. This disrupted DMN pattern may be key to cognitive dysfunction in insulinoma patients. On the other hand, it is interesting to note that DMN has a high metabolically active nature, which makes it preferentially more susceptible to altered glucose levels than other neural networks (42). A study by Susanne has demonstrated a close relationship between local glucose consumption and DMN functional connectivity (43). More recently, alterations in functional connectivity within the DMN in response to hypoglycemia have increasingly been described in patients with diabetes mellitus (25). The DMN dysfunction we describe in the current study may also reflect the effect of hypoglycemia on neural integrity in patients with insulinoma.

Existing evidences have been demonstrated that hypoglycemia reduce visual acuity (44). A meta-analysis involving 1657 infants found that neonatal hypoglycemia was associated with an increased risk of poor visual motor function (45). A study conducted by Valente et al. has observed that visual function impairment was present in 24 of 54 patients with endogenous hyperinsulinemia hypoglycemia (including 40 insulinoma patients) (46). These phenomena may be due to the fact that the retina, one of the most metabolically active tissues, requires a constant supply of glucose to maintain optimal function (47, 48). Another explanation is that hypoglycemia may induce acute injury of the occipital lobes, resulting in cortical visual dysfunction (49). The specific pattern of injury in neonatal hypoglycemia, with the occipital lobes being most severely affected, has been documented in several imaging studies (50, 51). The fact that the occipital cortex is so sensitive to hypoglycemia is presumably a result of the hypoperfusion and excitatory toxicity of this region in association with cell-type specific injury (49, 50). In the presented study, we found a decrease in connectivity in the occipital region within the VN in patients with insulinoma. The VN is located bilaterally in the occipital cortex and extends into the temporo-occipital junction (52), which plays a primary role in visual information processing (53). This finding here reflects an underlying visual dysfunction in insulinoma patients, which is consistent with previous studies. Clearly, visual impairment in insulinoma deserves more particular attention in the future.

The human brain is a highly efficient integrative network that links sub-networks together into a complex system in which information is continuously processed and transported (21). Functional communication among RSNs is likely to play a key role in maintaining the complex cognitive processes in the human brain (54). In this way, we further explore the interaction patterns of RSNs in patients with insulinoma. Our results reveal that patients with insulinoma show increased ipDMN-rFPN connectivity and decreased ipDMN-AUN connectivity compared to HCs. The DMN and FPN operate in opposite fashion in the brain, representing a task-negative network and a task-positive network, respectively. The interaction between DMN and FPN is more cooperative than competitive (55, 56), and contributes to the completion of tasks (56, 57), memory search (58), and faster memory retrieval (59). Aberrant connectivity between two networks is often indicative of disruption of well-organized cognitive control processes, which may well head to widespread cognitive dysfunction (60, 61). The pattern of increased ipDMN-rFPN connectivity we observe here reflects less efficient cognitive processing in patients with insulinoma. Notably, we also observed a negative correlation between the ipDMN-rFPN connectivity and MoCA score in the current study, suggesting that hyperconnectivity is associated with poorer cognitive performance. We speculate that the increased ipDMN-rFPN connectivity is a potential compensation mechanism for maintaining cognitive function in insulinoma patients with inefficient information processing in the brain. As for the decreased ipDMN-AUN connectivity, this suggests that the brain allocates more neural resources to cope with the decline in higher cognitive functions, resulting in less resources available for primary perceptual functions such as hearing (60).

There are also some limitations that should be considered. First, due to the relatively small sample size, the results have to be viewed with caution. Future studies with larger sample sizes are required. Second, although this study was performed using strict inclusion and exclusion criteria, the effect of heterogeneity remains. Some of the patients had received endoscopic treatment for insulinoma, but the rest had not. More subgroups and a longitudinal study design would be appropriate. Finally, our results do not reflect the features of temporal variability within brain networks, and therefore dynamic FNC is considered as a future research direction.




5 Conclusion

In summary, this study suggests an anomalous connectivity of intra- and internetwork in patients with insulinoma, which may represent the neural mechanism underlying the cognitive impairment in patients with insulinoma.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Medical Research Ethics Committee of the First Affiliated Hospital of Guangxi Medical University. 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

SQ and HJ contributed to conception and design of the study. HN wrote the first draft of the manuscript. JJ and YC collected clinical and MRI data. HN and XP analyzed the MRI data. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by grants from the National Natural Science Foundation of China (Nos. 81960119, 81960439, 82260539), the Special Fund of Guangxi Natural Science Characteristic Innovation Team (YYZS2020007), and the Guangxi Natural Science Foundation Program (2020GXNSFBA159062).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1234921/full#supplementary-material




References

1. Stamatakos, M, Safioleas, C, Tsaknaki, S, Safioleas, P, Iannescu, R, and Safioleas, M. Insulinoma: A rare neuroendocrine pancreatic tumor. Chirurgia (Bucur) (2009) 104(6):669–73.

2. Okabayashi, T, Shima, Y, Sumiyoshi, T, Kozuki, A, Ito, S, Ogawa, Y, et al. Diagnosis and management of insulinoma. World J Gastroenterol (2013) 19(6):829–37. doi: 10.3748/wjg.v19.i6.829

3. Whipple, AO, and Frantz, VK. Adenoma of islet cells with hyperinsulinism: A review. Ann Surg (1935) 101(6):1299–335. doi: 10.1097/00000658-193506000-00001

4. Maggio, I, Mollica, V, Brighi, N, Lamberti, G, Manuzzi, L, Ricci, AD, et al. The functioning side of the pancreas: A review on insulinomas. J Endocrinol Invest (2020) 43(2):139–48. doi: 10.1007/s40618-019-01091-w

5. He, J, Ryder, AG, Li, S, Liu, W, and Zhu, X. Glycemic extremes are related to cognitive dysfunction in children with type 1 diabetes: A meta-analysis. J Diabetes Investig (2018) 9(6):1342–53. doi: 10.1111/jdi.12840

6. Li, W, Huang, E, and Gao, S. Type 1 diabetes mellitus and cognitive impairments: A systematic review. J Alzheimers Dis (2017) 57(1):29–36. doi: 10.3233/JAD-161250

7. Blasetti, A, Chiuri, RM, Tocco, AM, Di Giulio, C, Mattei, PA, Ballone, E, et al. The effect of recurrent severe hypoglycemia on cognitive performance in children with type 1 diabetes: A meta-analysis. J Child Neurol (2011) 26(11):1383–91. doi: 10.1177/0883073811406730

8. Lin, A, Northam, EA, Rankins, D, Werther, GA, and Cameron, FJ. Neuropsychological profiles of young people with type 1 diabetes 12 yr after disease onset. Pediatr Diabetes (2010) 11(4):235–43. doi: 10.1111/j.1399-5448.2009.00588.x

9. Yaffe, K, Falvey, CM, Hamilton, N, Harris, TB, Simonsick, EM, Strotmeyer, ES, et al. Association between hypoglycemia and dementia in a biracial cohort of older adults with diabetes mellitus. JAMA Intern Med (2013) 173(14):1300–6. doi: 10.1001/jamainternmed.2013.6176

10. Mehndiratta, MM, Garg, N, Sareen, D, Chowdhary, A, and Garg, RK. Insulinoma presenting with dementia and hemiplegia. Neurol India (1998) 46(2):147–9.

11. Varela, D, Yu, A, and Saxon, D. Insulinoma masquerading as transient neurocognitive impairment. Am J Med (2018) 131(9):e377–e9. doi: 10.1016/j.amjmed.2018.04.031

12. Dai, H, Chen, H, Hong, X, Han, X, Xu, Q, Pang, H, et al. Early detection of cognitive impairment in patients with insulinoma. Endocrine (2019) 65(3):524–30. doi: 10.1007/s12020-019-01994-x

13. Poldrack, RA. The role of fmri in cognitive neuroscience: where do we stand? Curr Opin Neurobiol (2008) 18(2):223–7. doi: 10.1016/j.conb.2008.07.006

14. Sourty, M, Thoraval, L, Roquet, D, Armspach, JP, Foucher, J, and Blanc, F. Identifying dynamic functional connectivity changes in dementia with lewy bodies based on product hidden markov models. Front Comput Neurosci (2016) 10:60. doi: 10.3389/fncom.2016.00060

15. Van Dijk, KR, Hedden, T, Venkataraman, A, Evans, KC, Lazar, SW, and Buckner, RL. Intrinsic functional connectivity as a tool for human connectomics: theory, properties, and optimization. J Neurophysiol (2010) 103(1):297–321. doi: 10.1152/jn.00783.2009

16. Raichle, ME. The brain’s default mode network. Annu Rev Neurosci (2015) 38:433–47. doi: 10.1146/annurev-neuro-071013-014030

17. Power, JD, Cohen, AL, Nelson, SM, Wig, GS, Barnes, KA, Church, JA, et al. Functional network organization of the human brain. Neuron (2011) 72(4):665–78. doi: 10.1016/j.neuron.2011.09.006

18. Zheng, W, Liu, X, Song, H, Li, K, and Wang, Z. Altered functional connectivity of cognitive-related cerebellar subregions in alzheimer’s disease. Front Aging Neurosci (2017) 9:143. doi: 10.3389/fnagi.2017.00143

19. Sendi, MSE, Zendehrouh, E, Miller, RL, Fu, Z, Du, Y, Liu, J, et al. Alzheimer’s disease projection from normal to mild dementia reflected in functional network connectivity: A longitudinal study. Front Neural Circuits (2020) 14:593263. doi: 10.3389/fncir.2020.593263

20. Li, F, Lu, L, Shang, S, Hu, L, Chen, H, Wang, P, et al. Disrupted functional network connectivity predicts cognitive impairment after acute mild traumatic brain injury. CNS Neurosci Ther (2020) 26(10):1083–91. doi: 10.1111/cns.13430

21. van den Heuvel, MP, and Hulshoff Pol, HE. Exploring the brain network: A review on resting-state fmri functional connectivity. Eur Neuropsychopharmacol (2010) 20(8):519–34. doi: 10.1016/j.euroneuro.2010.03.008

22. Bolo, NR, Musen, G, Simonson, DC, Nickerson, LD, Flores, VL, Siracusa, T, et al. Functional connectivity of insula, basal ganglia, and prefrontal executive control networks during hypoglycemia in type 1 diabetes. J Neurosci (2015) 35(31):11012–23. doi: 10.1523/jneurosci.0319-15.2015

23. Parikh, L, Seo, D, Lacadie, C, Belfort-Deaguiar, R, Groskreutz, D, Hamza, M, et al. Differential resting state connectivity responses to glycemic state in type 1 diabetes. J Clin Endocrinol Metab (2020) 105(1):1–13. doi: 10.1210/clinem/dgz004

24. Jacob, P, Nwokolo, M, Cordon, SM, Macdonald, IA, Zelaya, FO, Amiel, SA, et al. Altered functional connectivity during hypoglycaemia in type 1 diabetes. J Cereb Blood Flow Metab (2022) 42(8):1451–62. doi: 10.1177/0271678x221082911

25. Rooijackers, HM, Wiegers, EC, Tack, CJ, van der Graaf, M, and de Galan, BE. Brain glucose metabolism during hypoglycemia in type 1 diabetes: insights from functional and metabolic neuroimaging studies. Cell Mol Life Sci (2016) 73(4):705–22. doi: 10.1007/s00018-015-2079-8

26. Cui, Y, Jiao, Y, Chen, HJ, Ding, J, Luo, B, Peng, CY, et al. Aberrant functional connectivity of default-mode network in type 2 diabetes patients. Eur Radiol (2015) 25(11):3238–46. doi: 10.1007/s00330-015-3746-8

27. Smitha, KA, Akhil Raja, K, Arun, KM, Rajesh, PG, Thomas, B, Kapilamoorthy, TR, et al. Resting state fmri: A review on methods in resting state connectivity analysis and resting state networks. Neuroradiol J (2017) 30(4):305–17. doi: 10.1177/1971400917697342

28. Beckmann, CF, DeLuca, M, Devlin, JT, and Smith, SM. Investigations into resting-state connectivity using independent component analysis. Philos Trans R Soc Lond B Biol Sci (2005) 360(1457):1001–13. doi: 10.1098/rstb.2005.1634

29. Giannis, D, Moris, D, Karachaliou, GS, Tsilimigras, DI, Karaolanis, G, Papalampros, A, et al. Insulinomas: from diagnosis to treatment. A Rev Literature. J BUON (2020) 25(3):1302–14.

30. Faust-Socher, A, Duff-Canning, S, Grabovsky, A, Armstrong, MJ, Rothberg, B, Eslinger, PJ, et al. Responsiveness to change of the montreal cognitive assessment, mini-mental state examination, and scopa-cog in non-demented patients with parkinson’s disease. Dement Geriatr Cognit Disord (2019) 47(4-6):187–97. doi: 10.1159/000496454

31. Apaijai, N, Sriwichaiin, S, Phrommintikul, A, Jaiwongkam, T, Kerdphoo, S, Chansirikarnjana, S, et al. Cognitive impairment is associated with mitochondrial dysfunction in peripheral blood mononuclear cells of elderly population. Sci Rep (2020) 10(1):21400. doi: 10.1038/s41598-020-78551-4

32. Calhoun, VD, Thoma, RJ, Teuscher, U, Stevens, M, Sadek, JR, Phillips, JP, et al. A baseline for the multivariate comparison of resting-state networks. Front Syst Neurosci (2011) 5:2. doi: 10.3389/fnsys.2011.00002

33. Zhou, GP, Li, WW, Chen, YC, Wei, HL, Yu, YS, Guo, X, et al. Disrupted intra- and inter-network connectivity in unilateral acute tinnitus with hearing loss. Front Aging Neurosci (2022) 14:833437. doi: 10.3389/fnagi.2022.833437

34. Fan, J, Zhong, M, Gan, J, Liu, W, Niu, C, Liao, H, et al. Altered connectivity within and between the default mode, central executive, and salience networks in obsessive-compulsive disorder. J Affect Disord (2017) 223:106–14. doi: 10.1016/j.jad.2017.07.041

35. Pang, XM, Liang, XL, Zhou, X, Liu, JP, Zhang, Z, and Zheng, JO. Alterations in intra- and internetwork functional connectivity associated with levetiracetam treatment in temporal lobe epilepsy. Neurol Sci (2020) 41(8):2165–74. doi: 10.1007/s10072-020-04322-8

36. Raichle, ME, MacLeod, AM, Snyder, AZ, Powers, WJ, Gusnard, DA, and Shulman, GL. A Default Mode of Brain Function. Proc Natl Acad Sci U.S.A. (2001) 98(2):676–82. doi: 10.1073/pnas.98.2.676

37. Smith, V, Mitchell, DJ, and Duncan, J. Role of the default mode network in cognitive transitions. Cereb Cortex (2018) 28(10):3685–96. doi: 10.1093/cercor/bhy167

38. Wang, S, Tepfer, LJ, Taren, AA, and Smith, DV. Functional parcellation of the default mode network: A large-scale meta-analysis. Sci Rep (2020) 10(1):16096. doi: 10.1038/s41598-020-72317-8

39. Jobson, DD, Hase, Y, Clarkson, AN, and Kalaria, RN. The role of the medial prefrontal cortex in cognition, ageing and dementia. Brain Commun (2021) 3(3):fcab125. doi: 10.1093/braincomms/fcab125

40. Mohan, A, Roberto, AJ, Mohan, A, Lorenzo, A, Jones, K, Carney, MJ, et al. The significance of the default mode network (Dmn) in neurological and neuropsychiatric disorders: A review. Yale J Biol Med (2016) 89(1):49–57.

41. Buckner, RL, Andrews-Hanna, JR, and Schacter, DL. The brain’s default network: anatomy, function, and relevance to disease. Ann N Y Acad Sci (2008) 1124:1–38. doi: 10.1196/annals.1440.011

42. Yang, S, Wu, M, Ajilore, O, Lamar, M, and Kumar, A. Metabolic aberrations impact biophysical integrity of macromolecular protein pools in the default mode network. Diabetes (2016) 65(11):3464–72. doi: 10.2337/db15-1714

43. Passow, S, Specht, K, Adamsen, TC, Biermann, M, Brekke, N, Craven, AR, et al. Default-mode network functional connectivity is closely related to metabolic activity. Hum Brain Mapp (2015) 36(6):2027–38. doi: 10.1002/hbm.22753

44. Tabandeh, H, Ranganath, L, and Marks, V. Visual function during acute hypoglycaemia. Eur J Ophthalmol (1996) 6(1):81–6. doi: 10.1177/112067219600600116

45. Shah, R, Harding, J, Brown, J, and McKinlay, C. Neonatal glycaemia and neurodevelopmental outcomes: A systematic review and meta-analysis. Neonatology (2019) 115(2):116–26. doi: 10.1159/000492859

46. Valente, LG, Antwi, K, Nicolas, GP, Wild, D, and Christ, E. Clinical presentation of 54 patients with endogenous hyperinsulinaemic hypoglycaemia: A neurological chameleon (Observational study). Swiss Med Wkly (2018) 148:w14682. doi: 10.4414/smw.2018.14682

47. Ames, A 3rd, and Gurian, BS. Effects of glucose and oxygen deprivation on function of isolated mammalian retina. J Neurophysiol (1963) 26:617–34. doi: 10.1152/jn.1963.26.4.617

48. Umino, Y, Everhart, D, Solessio, E, Cusato, K, Pan, JC, Nguyen, TH, et al. Hypoglycemia leads to age-related loss of vision. Proc Natl Acad Sci U.S.A. (2006) 103(51):19541–5. doi: 10.1073/pnas.0604478104

49. Cacciatore, M, Grasso, EA, Tripodi, R, and Chiarelli, F. Impact of glucose metabolism on the developing brain. Front Endocrinol (Lausanne) (2022) 13:1047545. doi: 10.3389/fendo.2022.1047545

50. Barkovich, AJ, Ali, FA, Rowley, HA, and Bass, N. Imaging patterns of neonatal hypoglycemia. AJNR Am J Neuroradiol (1998) 19(3):523–8.

51. Tam, EW, Widjaja, E, Blaser, SI, Macgregor, DL, Satodia, P, and Moore, AM. Occipital lobe injury and cortical visual outcomes after neonatal hypoglycemia. Pediatrics (2008) 122(3):507–12. doi: 10.1542/peds.2007-2002

52. Wang, Y, Wang, C, Wei, Y, Miao, P, Liu, J, Wu, L, et al. Abnormal functional connectivities patterns of multidomain cognitive impairments in pontine stroke patients. Hum Brain Mapp (2022) 43(15):4676–88. doi: 10.1002/hbm.25982

53. Wang, K, Jiang, T, Yu, C, Tian, L, Li, J, Liu, Y, et al. Spontaneous activity associated with primary visual cortex: A resting-state fmri study. Cereb Cortex (2008) 18(3):697–704. doi: 10.1093/cercor/bhm105

54. Fox, MD, and Raichle, ME. Spontaneous fluctuations in brain activity observed with functional magnetic resonance imaging. Nat Rev Neurosci (2007) 8(9):700–11. doi: 10.1038/nrn2201

55. Andrews-Hanna, JR, Smallwood, J, and Spreng, RN. The default network and self-generated thought: component processes, dynamic control, and clinical relevance. Ann N Y Acad Sci (2014) 1316(1):29–52. doi: 10.1111/nyas.12360

56. van Buuren, M, Wagner, IC, and Fernández, G. Functional network interactions at rest underlie individual differences in memory ability. Learn Mem (2019) 26(1):9–19. doi: 10.1101/lm.048199.118

57. King, DR, de Chastelaine, M, Elward, RL, Wang, TH, and Rugg, MD. Recollection-related increases in functional connectivity predict individual differences in memory accuracy. J Neurosci (2015) 35(4):1763–72. doi: 10.1523/jneurosci.3219-14.2015

58. Kragel, JE, and Polyn, SM. Functional interactions between large-scale networks during memory search. Cereb Cortex (2015) 25(3):667–79. doi: 10.1093/cercor/bht258

59. Fornito, A, Harrison, BJ, Zalesky, A, and Simons, JS. Competitive and cooperative dynamics of large-scale brain functional networks supporting recollection. Proc Natl Acad Sci U.S.A. (2012) 109(31):12788–93. doi: 10.1073/pnas.1204185109

60. Chen, M, He, Y, Hao, L, Xu, J, Tian, T, Peng, S, et al. Default mode network scaffolds immature frontoparietal network in cognitive development. Cereb Cortex (2022) 33(9):5251–63. doi: 10.1093/cercor/bhac414

61. Vatansever, D, Manktelow, AE, Sahakian, BJ, Menon, DK, and Stamatakis, EA. Angular default mode network connectivity across working memory load. Hum Brain Mapp (2017) 38(1):41–52. doi: 10.1002/hbm.23341




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.


Copyright © 2023 Nong, Pang, Jing, Cen, Qin and Jiang. 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.


OEBPS/Images/fendo.2023.1234921_cover.jpg
& frontiers | Frontiers in Endocrinology

Alterations in intra- and inter-network
connectivity associated with cognition
impairment in insulinoma patients





OEBPS/Images/fendo-14-1234921-g002.jpg
4.30 I—|

t values
N

tvalue 0
HCs Insulinoma

432

t values
N

0
tvalue

HCs Insulinoma





OEBPS/Images/fendo-14-1234921-g004.jpg
Ty)
<
=
o

0.397,p=

r=-

© N N
<) <) <)

AIA129uUUO0D Nd 34

=
=)

NInadi

15 20 25 30 35
MoCA scores

10





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Alterations in intra- and inter-network connectivity associated with cognition impairment in insulinoma patients

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Participants

          



          		

            2.2 Cognition assessment

          



          		

            2.3 MRI data acquisition

          



          		

            2.4 Data preprocessing

          



          		

            2.5 Group ICA and RSNs identification

          



          		

            2.6 Intra-network connectivity analysis

          



          		

            2.7 Inter-network connectivity analysis

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Demographic data and cognitive status

          



          		

            3.2 RSNs identification

          



          		

            3.3 Group comparisons of intra-network connectivity

          



          		

            3.4 Group comparisons of inter-network connectivity

          



          		

            3.5 Correlation analysis

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1234921-g001.jpg





OEBPS/Images/table2.jpg
Peak coordinates (MNI)

Brain regions (AAL) Voxels Peak t values
aDMN ‘ Frontal_Sup_Medial_L 41 -3 57 0 42984
VN ‘ Lingual_R 34 18 99 9 43237

Results were obtained by two-sample t-test (GRF correction, voxel-level p < 0.001 and cluster-level p < 0.05). Brain regions were determined by AAL atlas. Peak coordinates are reported in MNI
space.
RSN, resting-state networks; AAL, anatomical automatic labeling; MNI, Montreal Neurological Institute; L, left; R, right.
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Insulinoma patients

(n=13)

t/Z value

Demographic characteristics

Age (years) 50.77 + 16.04 45.38 +£9.93 -1.029 0.314*
Sex (male/female) 1/12 3/10 / 0593
Education level (years) 9.31 +4.94 11.38 +3.73 1.210 0.238"
Clinical characteristics
BMI (kg/m?) 23.93 + 361 / / /
Duration of disease (months) 83.96 +75.11 / / /
Tumor size (cm) 113 + 047 / / /
Lowest blood glucose (mmol/L) 1.70 + 0.40 / / /
MoCA score 25(17~27) 30(27~30) -3.139 0.002°
7 MoCA subdomain scores
Visuospatial /executive 4(3~5) 5(4.5~5) 2303 0.021 ¢
Naming 2(1~3) 3(3~3) -2.579 0.010
Attention 5(4~6) 6(6~6) -2.419 0.016
Language 2(0.5~2) 3(25~3) 3352 0.001 ©
Abstraction 2(0.5~2) 2(2~2) -0976 0329°¢
Memory and delayed recall 3(1~4) 5(3.5~5) -2.682 0.007 ©
Orientation 6(4.5~6) 6(6~6) 1184 0236 ¢

Continuous data are presented as the mean + SD or median [interquartile range (IQR)]. For all tests, p < 0.05 was considered statistically significant. *p values were obtained by two-sample t-test.
° values were obtained by Fisher exact probability method. “p values were obtained by two-tail Mann-Whitney U test.
HCs, healthy controls; BMI, body mass index; MoCA, Montreal Cognitive Assessment.





