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Network-based statistics reveals an enhanced subnetwork in prefrontal cortex in mild cognitive impairment: a functional near-infrared spectroscopy study
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Background: Mild cognitive impairment (MCI) is generally considered to have a high risk of progression to Alzheimer’s disease. Our study aimed to investigate the abnormal functional connectivity (FC) in prefrontal cortex (PFC) in patients with MCI and explore the relationship between the observed changes and cognitive function.

Methods: Sixty-seven patients with MCI and 71 healthy individuals were recruited for this study. All participants underwent the Montreal Cognitive Assessment (MoCA) and functional near-infrared spectroscopy (fNIRS) examinations.

Results: Compared with healthy controls (HC), the patients with MCI exhibited significantly lower MoCA scores (p < 0.001). Through FC analysis, an enhanced subnetwork was observed in the right prefrontal cortex of the MCI group, covering four pairs of channel connections: CH12-CH15, CH12-CH16, CH13-CH15, and CH13-CH16. Moreover, the FC values of these four channel pairs and the education duration were significantly correlated with MoCA scores. Subsequently, a multiple linear regression model was performed to observe the independent factors of cognition decline, serving the education duration and the average FC values of subnetwork as independent variables and the MoCA scores as the dependent variable. The regression model showed a total of 25.7% explanation power (adjusted R2 = 0.257, F = 24.723, p < 0.001).

Conclusion: Our study suggested that the enhanced subnetwork within the right PFC may be involved in the pathophysiology of MCI and serve as a potential target for the treatment of MCI.
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1 Introduction

According to surveillance data published in Lancet Public Health in 2020 (Jia et al., 2020), the estimated prevalence of mild cognitive impairment (MCI) in China is 15.54%, affecting over 38 million individuals. MCI serves as an intermediate stage between normal aging and dementia, characterized by a more pronounced cognitive impairment beyond age-related decline, but not meeting the diagnostic criteria for dementia (Petersen et al., 1997). Importantly, MCI represents a noteworthy period that researchers and clinicians perceive as an opportunity for early diagnosis and proactive intervention to slow down the progression of dementia. This perspective highlights the significance of timely intervention during the MCI stage to prevent further cognitive decline in patients and provide opportunities for disease management and targeted therapeutic strategies.

The prefrontal cortex (PFC) is known to be crucially involved in multiple cognition function, including decision-making (Hiser and Koenigs, 2018), cognitive control (Miller, 2000), executive function (Radel et al., 2017), attention and working memory (Bahmani et al., 2019). The PFC dysfunction may lead to cognitive impairment. Patients with MCI have been found to display reduced increases in prefrontal oxygenated hemoglobin during delayed verbal recall task (Uemura et al., 2016) and the 0-back and 1-back tasks (Niu et al., 2013) compared to the healthy controls (HCs). However, Takahashi et al. (2022) utilized fNIRS to examine the hemodynamic response of the PFC during category fluency and finger tapping tasks, but found no discrepancy in oxygenated hemoglobin signals between the MCI patients and HCs. In the study of brain connectivity, Bu et al. (2019) observed a downward trend in brain connectivity in patients with MCI, specifically characterized by connections from the right prefrontal cortex to the left prefrontal cortex, as well as from the prefrontal cortex to the occipital cortex, although it did not reach statistical significance. However, the impact of PFC function on the development of MCI remains unclear, and there is also controversy regarding the causal relationship between PFC function and MCI.

Brain functional connectivity (FC) refers to the coordinated and synchronized neural activity signals among different brain regions, unveiling the intricate interplay between these regions. Resting-state functional connectivity (RSFC), specifically, refers to the correlations observed in low-frequency oscillations between brain regions during a resting-state condition (van den Heuvel et al., 2009). RSFC has become a valuable tool for exploring complex FC patterns in various neurological and psychiatric disorders, yielding valuable insights into their underlying mechanisms. Researchers often employ traditional multiple comparison methods, such as the false discovery rate (FDR) correction and Bonferroni correction, to detect intergroup differences. These methods involve evaluating the strength of FC for each connection by computing independent test statistics and their corresponding p-values. However, this approach necessitates a large number of multiple comparisons, leading to a diminished statistical power and an elevated risk of false negatives. To address these limitations, a multivariate testing method called network-based statistics (NBS) has been employed. NBS focuses on network components and identifies interconnected structures or components that exhibit interconnections surpassing a specified threshold (Zalesky et al., 2010). The significance of each identified component is evaluated by comparing its size to the null distribution of the maximum component size, thereby assigning a p-value to each component. NBS has proven effective in identifying dysfunctional brain connections and has been applied in the investigation of various neurological and psychiatric disorders (Zajac et al., 2017; Lopes et al., 2017).

Over the past few years, functional near-infrared spectroscopy (fNIRS) has gained significant recognition as a non-invasive neuroimaging technique in the field of neurobiology. Compared to fMRI, fNIRS offers several advantages, including cost-effectiveness, portability, lower sensitivity to motion artifacts, and higher temporal sampling rate. By utilizing optically sensitive probes placed on the scalp, fNIRS allows for the emission and detection of near-infrared light, enabling the quantification of oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) concentrations within the cortical regions of the brain (Yeung and Chan, 2020). Therefore, fNIRS offers a practical and effective tool for investigating brain activity, facilitating insights into the functions and mechanisms of the brain.

In a study based on fNIRS and connectivity neurofeedback, the feedback signal was derived from the strength of frontal–parietal functional connections, with working memory as the targeted cognitive function (Xia et al., 2021). The study consisted of three sessions of approximately 15 min each, wherein healthy participants underwent neurofeedback training. The results revealed a significant increase in functional connectivity among healthy participants after the training, accompanied by notable improvements in cognitive functions such as memory and attention. However, there is a lack of research on neurofeedback training methods focusing on patients with MCI, and the existing studies often restrict the feedback signal to the functional connectivity values of individual connections, neglecting investigations into network connectivity modulation related to cognitive impairments. This study aims to investigate the abnormal functional connectivity in patients with MCI, focusing on the closely related prefrontal lobe, to identify crucial target regions for network connectivity neurofeedback.



2 Materials and methods


2.1 Participants

A total of 164 participants were enrolled from local communities in Nanning City, China. After excluding participants who did not complete the cognitive assessments and those with data quality issues (channel signal coefficient of variation >15%), a final sample of 138 participants was included. The final sample comprised 67 patients with MCI and 71 age-, gender-, and education-matched healthy individuals. Cognitive assessments were conducted using the Chinese version of the Montreal Cognitive Assessment (MoCA), with a maximum score of 30. For participants with <12 years of education, 1 point was added to their MoCA total score.

All participants met the following inclusion criteria: (1) aged 55 years or above; (2) no clinical diagnosis of AD; (3) right-handedness. In addition to these criteria, MCI patients had to meet the following requirements: (1) presence of subjective memory complaints; (2) according to Chinese MoCA norms (Lu et al., 2011), MoCA scores of ≤13 for illiterate individuals, ≤19 for individuals with 1–6 years of education, and ≤ 24 for individuals with 7 or more years of education.

Exclusion criteria consisted of: (1) comorbid psychiatric or neurological disorders, as well as other systemic diseases; (2) severe impairments in vision or hearing, or conditions such as age-related cataracts that would hinder participant cooperation; (3) history of using antipsychotic medications or substance abuse.

This study was approved by the Ethics Committee of Jiangbin Hospital, Guangxi Zhuang Autonomous Region. All participants included in the study provided informed consent prior to enrollment.



2.2 Data acquisition

This study utilized a portable fNIRS device (NirSmart, HuiChuang, China) to measure the hemodynamic responses in the PFC. The system operated at a sampling rate of 10 Hz, with wavelengths of 760 nm and 850 nm. The device was equipped with 12 light sources and 8 detectors, resulting in a total of 24 channels (refer to Figure 1). The precise mapping of brain regions corresponding to these 24 channels could be found in Supplementary Table 1. The placement of the probes followed the internationally recognized 10/20 electrode placement system. The central position of light source S3 was designated as the FPz channel, while the remaining lower probes were carefully aligned along the Fp1-Fp2 line, ensuring accurate and standardized placement.
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FIGURE 1
 Cap configuration. (A) The purple circles represent light sources; The blue circles represent detectors; the connecting lines between sources and detectors represent measured channels. (B) The layout diagram of 24 channels on the prefrontal region. L, left; R, right.


After completing the collection of personal information and MoCA assessments, participants were given a 10-min rest period before initiating the acquisition of fNIRS data. During the study, fNIRS signals were collected from participants during an 8-min resting period. Throughout the data acquisition process, participants were instructed to maintain a comfortable sitting position, close their eyes, relax, and avoid any excessive head movements.



2.3 Data preprocessing and channel-based FC analysis

The preprocessing of fNIRS data was carried out using the Homer2 toolkit on the Matlab 17.0 platform (Huppert et al., 2009). Initially, the raw signals were converted into optical density using the “hmrIntensity2OD” function. Motion artifacts were then eliminated using the “hmrMotionArtifactByChannel” and “hmrMotionCorrectSpline” functions, with the parameters set as follows: STDEVthresh = 30.0, AMPThresh = 3.00, tMotion = 1 s, tMask = 1 s, and p = 0.99. Subsequently, a band-pass filter was applied within the frequency range of 0.01 Hz to 0.1 Hz using the “hmrBandpassFilt” function. Finally, the concentrations of HbO and HbR were derived from the optical density using the “hmrOD2Conc” function, with a differential pathlength factor set to 6.0. Since HbO is a more reliable indicator of changes in cerebral cortex blood flow (Hoshi, 2007) and exhibits a higher signal-to-noise ratio compared to HbR (Tong and Frederick, 2010), it was selected for further analysis.

The Pearson correlation coefficient was calculated to assess the FC values between pairs of measurement channels, yielding a 24 × 24 correlation matrix for each participant. Following this, Fisher’s r-to-z transformation was applied to convert the correlation coefficients into z-scores in order to improve the normality properties of the data.



2.4 Statistics analysis

The statistical analysis of clinical data and MoCA scores was conducted using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The normality of the quantitative data was initially assessed using the Kolmogorov–Smirnov test. Subsequently, intergroup comparisons were conducted based on the distribution of the data. Specifically, independent t-tests were employed for data with a normal distribution, while the Mann–Whitney U-test was utilized for data that did not follow a normal distribution. The gender variable was analyzed using the chi-squared test. Statistical significance was defined as p < 0.05.

For the fNIRS data, we utilized two different methods to perform statistical tests in order to identify differences in prefrontal FC pattern between the two groups. The first method employed independent samples t-tests with FDR correction, and a significance level of p < 0.05 was used to indicate a statistical difference. The second method involved employing the NBS approach, implemented using the NBS 1.2 toolbox in Matlab 17.0. NBS utilizes a cluster-based thresholding methodology to address the issue of multiple comparisons by treating clusters of connected components in the network as a single entity. For threshold selection, we referred to a t-value probability table and chose the t-value corresponding to p = 0.01 and degrees of freedom >120, which is 2.6. A t-test was performed on each connection, with a p-value threshold of 0.05 and 5,000 permutations. The magnitude of significant components was measured based on extent (Riccardi et al., 2023).

Moreover, the average FC values of channel pairs displaying significant variations were extracted. Pearson correlation analyses were conducted to investigate the associations between the FC values and the MoCA scores. Given the non-normal distribution of education duration data among the participants, Spearman’s method was utilized to perform a correlation analysis with the MOCA scores. Furthermore, multiple linear regression analysis was employed to explore the independent factors influencing the MoCA scores, with the significantly correlated variables serving as independent variables and the MoCA scores as the dependent variable.




3 Results


3.1 Demographic and clinical characteristics

No significant statistical difference was found in gender, age, and education level between the two groups (p > 0.05). The MCI group had significantly lower MoCA total scores compared to the HC group (p < 0.001). Please refer to Table 1 for detailed results.



TABLE 1 Comparison of clinical data and MoCA scores between the two groups.
[image: Table1]



3.2 FC analysis

In the FC analysis, two HbO correlation matrix maps were generated for the two groups (Figures 2A,B). According to the traditional multiple comparison results, the MCI group displayed increased connectivity strength in two channel pairs compared to the HC group: Ch12-Ch15 and Ch12-Ch16 (pars opercularis of right Broca’s area - right dorsolateral prefrontal cortex) (FDR corrected, p < 0.05).

[image: Figure 2]

FIGURE 2
 Functional connectivity analysis between two groups. (A,B) Connectivity matrices of 24 channels in the MCI group and HC group. (C) An enhanced subnetwork in the prefrontal cortex was identified using the network-based statistic method. (D) Bar chart showed the differences in the within-subnetwork connectivity of two groups (p < 0.05). MCI, mild cognitive impairment; HC, healthy control.


However, the NBS analysis revealed that in addition to the aforementioned two channel pairs, the MCI group also showed significantly increased connectivity strength in Ch13-Ch15 and Ch13-Ch16 (pars triangularis of right Broca’s area - right dorsolateral prefrontal cortex) (Figures 2C,D). In the MCI group, no channel pairs were identified to exhibit lower FC values compared to the HC group. The details of NBS result were shown in Table 2.



TABLE 2 Channel pairs with significant differences in connectivity strength between groups based on NBS (mean ± SD).
[image: Table2]



3.3 Multiple linear regression analysis

The FC values of the channel pairs Ch12-Ch15 (r = −0.328, p < 0.001), Ch12-Ch16 (r = −0.330, p < 0.001), Ch13-Ch15 (r = −0.270, p = 0.001) and Ch13-Ch16 (r = −0.237, p = 0.005), along with education duration (r = 0.365, p < 0.001), exhibited significant correlation with MoCA scores (Figures 3A–D). No significant correlation was found between age and MoCA scores (p > 0.05). Therefore, the education duration and the FC values of these four channel pairs were treated as independent variables, while the MoCA scores considered the dependent variable for the multiple linear regression model. As shown in Table 3, this model (Model 1) yielded significant results, explaining 26.6% of the variance (adjusted R2 = 0.266, F = 10.944, p < 0.001). Specifically, the education duration demonstrated a significant positive effect on MoCA scores (b = 0.409, t = 3.011, p < 0.001). In addition, the FC values of four channel pairs had no significant effect on the MoCA score (p > 0.05).

[image: Figure 3]

FIGURE 3
 Correlation analysis between the functional connectivity values of the four channel pairs and MoCA scores. (A-D) The FC values of the channel pairs Ch12-Ch15, Ch12-Ch16 Ch13-Ch15 and Ch13-Ch16 were significantly correlated with MoCA scores (all p < 0.05). (E) The average FC values of the four channel pairs were correlated with MoCA scores (p < 0.001). Ch, channel; MoCA, Montreal Cognitive Assessment; FC, functional connectivity.




TABLE 3 Multiple linear regression results with education and FC values of four channel pairs as independent variables, and MoCA scores as dependent variable.
[image: Table3]

Next, we attempted to determine the average FC values of the four pairs of channels and conducted a Pearson correlation analysis with the MoCA scores. We found that the average FC values were also negatively correlated with MoCA scores (r = −0.337, p < 0.001, Figure 3E). The second multiple linear regression model was conducted, with education and the average FC values of the four channel pairs as independent variables, and MoCA scores as the dependent variable. As shown in Table 3, this model (Model 2) yielded significant results, explaining 25.7% of the variance (adjusted R2 = 0.257, F = 24.723, p < 0.001). Specifically, education duration and the average FC values demonstrated a significant positive effect on MoCA scores (b = 0.409, t = 3.011 and b = −5.521, t = −4.460, respectively, p < 0.001). The standardized regression coefficients for these factors were 0.393 and −0.328, respectively. These results suggested that the influence of the subnetwork in the right PFC on MoCA scores is comparable to that of education.




4 Discussion

The PFC is a crucial region of the human brain that plays a significant role in many cognitive functions, emotional regulation, and decision-making processes. Investigating the aberrant changes in FC patterns in the prefrontal cortex of patients with MCI and understanding their relationship with cognitive impairment can contribute to the development of more identification of potential treatment targets. With these objectives in mind, our study aimed to identify abnormal prefrontal connectivity patterns in patients with MCI and compare the statistical power of traditional multiple comparison methods with the NBS method. Based on the results of FC analysis, two multiple linear regression model were conducted to investigate the associates of cognitive impairment.

In this study, an abnormal subnetwork was identified in the right PFC of the MCI group using the NBS method. This subnetwork consisted of four pairs of channel connections (Ch12-Ch15, Ch12-Ch16, Ch13-Ch15, and Ch13-Ch16). Traditional multiple comparison methods such as false discovery rate (FDR) correction and Bonferroni correction are commonly employed to detect group differences by assessing the strength of individual connections through test statistics and p-values. However, these methods necessitate correction for multiple comparisons, which can reduce statistical power and increase the risk of false negatives. In contrast, NBS adopts a multivariate approach that focuses on analyzing interconnected structures or components within networks rather than individual connections. This approach enhances statistical power by evaluating entire network components collectively. The application of NBS in this study thus provided a robust methodological framework compared to traditional multiple comparison approaches. Previous research has similarly highlighted NBS’s efficacy in identifying altered subnetworks associated with neurodegenerative disorders, underscoring its utility in network analyses within neuroscientific research.

Several studies have shown that in patients with MCI, reduced hippocampal volume is associated with increased connectivity in the PFC, suggesting that this heightened connectivity may serve as a compensatory mechanism in response to cognitive challenges (Agosta et al., 2010; Kircher et al., 2007; Clément et al., 2013). Similar to our findings, Nguyen et al. (2019) also observed increased connectivity in the right PFC in patients with MCI, surpassing that of the normal population. Additionally, healthy aging was characterized by an increase connectivity in frontal lobe and a decrease in connectivity within the posterior default mode network (DMN). These changes were more prominent in AD, indicating an accelerated aging pattern (Jones et al., 2011). The increased connectivity in the PFC in AD/MCI was consistently observed and was often attributed to compensatory mechanisms for disrupted connections in other brain regions (Krajcovicova et al., 2014). To compensate for decreased processing efficiency, individuals with MCI may need to enhance the functioning of specific regions to achieve a level of performance comparable to that of healthy individuals. However, as the disease progresses, these compensatory mechanisms may become less effective, leading to a decline in interregional connectivity (Supekar et al., 2008; Esposito et al., 2013). These changes in connectivity patterns over time highlighted the dynamic nature of brain networks during the progression of neurodegenerative diseases. Consequently, the heightened connectivity within prefrontal subnetwork in this study may also reflect cognitive compensation.

The subnetwork establishes connections between the right dorsolateral prefrontal cortex (DLPFC) and right Broca mirror area. The right DLPFC plays a crucial role executive control processes, especially when dealing with interference information (Anderson et al., 2004). Excessive activity in this region has been identified as one of the functional brain abnormalities associated with memory impairment in patients with MCI/AD (Wang et al., 2006). When individuals actively use cognitive resources to suppress distracting information, the right DLPFC is activated (Diekelmann et al., 2011). Conversely, negative activation of the right DLPFC had been correlated with improved memory performance and reduced competition from memory interference (Kuhl et al., 2007). Turriziani et al. (2012) found that excitatory transcranial magnetic stimulation applied to the right DLPFC impeded subsequent declarative memory retrieval, while inhibitory transcranial magnetic stimulation facilitated retrieval. Similarly, studies involving transcranial direct current stimulation conducted by Au et al. (2021) supported the role of the right DLPFC in memory interference during memory reactivation or consolidation phases. The right Broca mirror area refers to the corresponding area in the right hemisphere that is structurally and functionally analogous to the left Broca’s area. While the left Broca’s area is traditionally associated with language production and speech fluency, the right homologous area has been implicated in various functions, including prosody, emotional expression and the application of language (Mitchell et al., 2003; Meyer et al., 2002), concentration (Magan and Yadav, 2021) and cognitive inhibition (Aron et al., 2004). As the left hemisphere is typically dominant for language functions, increased connectivity between the right DLPFC and the Broca mirror area may reflect an adaptive response to compensate for potential deficits in the left hemisphere. Similar to the earlier interpretation, the observed connectivity changes may signify network reorganization or adaptive changes in response to cognitive decline in MCI. The right hemisphere may be engaging in compensatory processes or assuming a more prominent role in language processing and executive function.

To further explore the potential role of the right hemisphere in cognitive compensation, future research should employ advanced brain imaging techniques and behavioral assessment methods to analyze the activity patterns of the right hemisphere during specific cognitive tasks. Additionally, it is essential to investigate how the right hemisphere achieves effective compensation in the context of brain injury or other cognitive disorders. This will provide important insights for our understanding of brain plasticity and its role in recovery and adaptation.

Moreover, our study employed a multiple linear regression model, which demonstrated a significant association between the duration of education and the average FC value of a specific subnetwork, with MoCA scores. This finding suggests that individuals with a higher level of education or lower subnetwork connections tend to exhibit higher MoCA scores. This could indicate that educational attainment may foster cognitive resilience, enabling individuals to achieve better cognitive performance. Additionally, lower subnetwork connections may indicate a more efficient information processing approach in cognitive tasks. However, it is important to note that the regression model only explains a portion of the variance in MoCA scores, which may be due to the inclusion of a limited number of variables. Further research is needed to explore additional factors that may contribute to the variance in MoCA scores, such as genetic variations, lifestyle choices, and psychological status. It would also be beneficial to investigate the interaction effects of these variables with education on cognitive performance.

The present study utilized fNIRS technology to investigate abnormal functional connectivity in the PFC in individuals with MCI, aiming to uncover the underlying pathological mechanisms associated with the occurrence of MCI, and to facilitate the development of more accurate diagnostic tools and effective treatment methods. In summary, the observed increased connectivity between the right DLPFC and the right Broca mirror area in MCI patients highlights the potential involvement of the right hemisphere in compensatory mechanisms or adaptive processes related to language processing and executive function. This finding may lay the foundation for exploring the cognitive strategies of MCI patients from a neural network perspective, contributing to a better understanding of how the brain adapts to and compensates for cognitive loss.


4.1 Limitations

Several limitations need to be acknowledged in this study. Firstly, the inclusion of participants from a specific region may introduce bias in sample selection, potentially restricting the generalizability of the findings to a wider population of patients with MCI. Secondly, the cross-sectional design of this study precludes the acquisition of long-term follow-up data on the progression of MCI. Future studies could consider employing longitudinal study designs to gain a better understanding of the pathological mechanisms and developmental trajectory of MCI. Thirdly, the use of fNIRS as a functional brain imaging tool may have inherent limitations, such as its relatively low spatial resolution and the inability to precisely localize specific brain regions. Furthermore, the limited penetration depth of light in fNIRS may not encompass the entire frontal cortex. To address these limitations, future studies could consider employing functional magnetic resonance imaging (fMRI), which offers superior spatial resolution, or electroencephalography (EEG), which provides enhanced temporal resolution. Utilizing these methodologies in conjunction may yield more comprehensive and accurate insights into brain function. Fourthly, considering that MCI involves widespread changes across the entire brain, a predominant focus on the PFC may overlook important information from other brain regions, thus limiting a holistic understanding of the mechanisms underlying MCI. Future research should broaden its scope to include as many brain regions as possible, allowing for a more comprehensive understanding of the pathophysiology of MCI.




5 Conclusion

Our study indicates that individuals with MCI exhibit enhanced connectivity within the PFC, which may be related to MCI pathophysiology or cognitive compensation. Furthermore, these findings suggest that alterations in PFC connectivity may serve as potential biomarkers for early detection and monitoring of MCI progression.



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 the Ethics Committee of Jiangbin Hospital, Guangxi Zhuang Autonomous Region. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

PW: Formal analysis, Writing – original draft. ZL: Methodology, Writing – review & editing. YB: Investigation, Software, Writing – original draft. YL: Methodology, Validation, Writing – original draft. HC: Data curation, Supervision, Writing – original draft. JJ: Data curation, Writing – original draft. SP: Visualization, Writing – original draft. XZ: Data curation, Writing – original draft. WJ: Conceptualization, Funding acquisition, Resources, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The study was supported by the grant from the Natural Science Foundation of Guangxi (Grant no. 2024GXNSFAA010155), the Key Research Projects of Guangxi Health Commission, and the Natural Science Foundation of Guangxi (Grant no. 2016GXNSFAA38011).



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1416816/full#supplementary-material



References

 Agosta, F., Rocca, M. A., Pagani, E., Absinta, M., Magnani, G., Marcone, A., et al. (2010). Sensorimotor network rewiring in mild cognitive impairment and Alzheimer's disease. Hum. Brain Mapp. 31, 515–525. doi: 10.1002/hbm.20883 

 Anderson, M. C., Ochsner, K. N., Kuhl, B., Cooper, J., Robertson, E., Gabrieli, S. W., et al. (2004). Neural systems underlying the suppression of unwanted memories. Science 303, 232–235. doi: 10.1126/science.1089504 

 Aron, A. R., Monsell, S., Sahakian, B. J., and Robbins, T. W. (2004). A componential analysis of task-switching deficits associated with lesions of left and right frontal cortex. Brain 127, 1561–1573. doi: 10.1093/brain/awh169 

 Au, J., Katz, B., Moon, A., Talati, S., Abagis, T. R., Jonides, J., et al. (2021). Post-training stimulation of the right dorsolateral prefrontal cortex impairs working memory training performance. J. Neurosci. Res. 99, 2351–2363. doi: 10.1002/jnr.24784 

 Bahmani, Z., Clark, K., Merrikhi, Y., Mueller, A., Pettine, W., Isabel Vanegas, M., et al. (2019). Prefrontal contributions to attention and working memory. Curr. Top. Behav. Neurosci. 41, 129–153. doi: 10.1007/7854_2018_74 

 Bu, L., Huo, C., Qin, Y., Xu, G., Wang, Y., and Li, Z. (2019). Effective connectivity in subjects with mild cognitive impairment as assessed using functional near-infrared spectroscopy. Am. J. Phys. Med. Rehabil. 98, 438–445. doi: 10.1097/phm.0000000000001118 

 Clément, F., Gauthier, S., and Belleville, S. (2013). Executive functions in mild cognitive impairment: emergence and breakdown of neural plasticity. Cortex 49, 1268–1279. doi: 10.1016/j.cortex.2012.06.004 

 Diekelmann, S., Büchel, C., Born, J., and Rasch, B. (2011). Labile or stable: opposing consequences for memory when reactivated during waking and sleep. Nat. Neurosci. 14, 381–386. doi: 10.1038/nn.2744

 Esposito, R., Mosca, A., Pieramico, V., Cieri, F., Cera, N., and Sensi, S. L. (2013). Characterization of resting state activity in MCI individuals. PeerJ 1:e135. doi: 10.7717/peerj.135 

 Hiser, J., and Koenigs, M. (2018). The multifaceted role of the ventromedial prefrontal cortex in emotion, decision making, social cognition, and psychopathology. Biol. Psychiatry 83, 638–647. doi: 10.1016/j.biopsych.2017.10.030 

 Hoshi, Y. (2007). Functional near-infrared spectroscopy: current status and future prospects. J. Biomed. Opt. 12:062106. doi: 10.1117/1.2804911 

 Huppert, T. J., Diamond, S. G., Franceschini, M. A., and Boas, D. A. (2009). HomER: a review of time-series analysis methods for near-infrared spectroscopy of the brain. Appl. Opt. 48, D280–D298. doi: 10.1364/ao.48.00d280 

 Jia, L., du, Y., Chu, L., Zhang, Z., Li, F., Lyu, D., et al. (2020). Prevalence, risk factors, and management of dementia and mild cognitive impairment in adults aged 60 years or older in China: a cross-sectional study. Lancet Public Health 5, e661–e671. doi: 10.1016/s2468-2667(20)30185-7

 Jones, D. T., Machulda, M. M., Vemuri, P., McDade, E. M., Zeng, G., Senjem, M. L., et al. (2011). Age-related changes in the default mode network are more advanced in Alzheimer disease. Neurology 77, 1524–1531. doi: 10.1212/WNL.0b013e318233b33d 

 Kircher, T. T., Weis, S., Freymann, K., Erb, M., Jessen, F., Grodd, W., et al. (2007). Hippocampal activation in patients with mild cognitive impairment is necessary for successful memory encoding. J. Neurol. Neurosurg. Psychiatry 78, 812–818. doi: 10.1136/jnnp.2006.104877 

 Krajcovicova, L., Marecek, R., Mikl, M., and Rektorova, I. (2014). Disruption of resting functional connectivity in Alzheimer's patients and at-risk subjects. Curr. Neurol. Neurosci. Rep. 14:491. doi: 10.1007/s11910-014-0491-3 

 Kuhl, B. A., Dudukovic, N. M., Kahn, I., and Wagner, A. D. (2007). Decreased demands on cognitive control reveal the neural processing benefits of forgetting. Nat. Neurosci. 10, 908–914. doi: 10.1038/nn1918 

 Lopes, R., Delmaire, C., Defebvre, L., Moonen, A. J., Duits, A. A., Hofman, P., et al. (2017). Cognitive phenotypes in Parkinson's disease differ in terms of brain-network organization and connectivity. Hum. Brain Mapp. 38, 1604–1621. doi: 10.1002/hbm.23474 

 Lu, J., Li, D., Li, F., Zhou, A., Wang, F., Zuo, X., et al. (2011). Montreal cognitive assessment in detecting cognitive impairment in Chinese elderly individuals: a population-based study. J. Geriatr. Psychiatry Neurol. 24, 184–190. doi: 10.1177/0891988711422528 

 Magan, D., and Yadav, R. K. (2021). Right Broca's area is hyperactive in right-handed subjects during meditation: possible clinical implications? Med. Hypotheses 150:110556. doi: 10.1016/j.mehy.2021.110556 

 Meyer, M., Alter, K., Friederici, A. D., Lohmann, G., and von Cramon, D. Y. (2002). FMRI reveals brain regions mediating slow prosodic modulations in spoken sentences. Hum. Brain Mapp. 17, 73–88. doi: 10.1002/hbm.10042 

 Miller, E. K. (2000). The prefrontal cortex and cognitive control. Nat. Rev. Neurosci. 1, 59–65. doi: 10.1038/35036228 

 Mitchell, R. L., Elliott, R., Barry, M., Cruttenden, A., and Woodruff, P. W. (2003). The neural response to emotional prosody, as revealed by functional magnetic resonance imaging. Neuropsychologia 41, 1410–1421. doi: 10.1016/s0028-3932(03)00017-4 

 Nguyen, T., Kim, M., Gwak, J., Lee, J. J., Choi, K. Y., Lee, K. H., et al. (2019). Investigation of brain functional connectivity in patients with mild cognitive impairment: a functional near-infrared spectroscopy (fNIRS) study. J. Biophotonics 12:e201800298. doi: 10.1002/jbio.201800298 

 Niu, H. J., Li, X., Chen, Y. J., Ma, C., Zhang, J. Y., and Zhang, Z. J. (2013). Reduced frontal activation during a working memory task in mild cognitive impairment: a non-invasive near-infrared spectroscopy study. CNS Neurosci. Ther. 19, 125–131. doi: 10.1111/cns.12046 

 Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Kokmen, E., and Tangelos, E. G. (1997). Aging, memory, and mild cognitive impairment. Int. Psychogeriatr. 9, 65–69. doi: 10.1017/s1041610297004717

 Radel, R., Brisswalter, J., and Perrey, S. (2017). Saving mental effort to maintain physical effort: a shift of activity within the prefrontal cortex in anticipation of prolonged exercise. Cogn. Affect. Behav. Neurosci. 17, 305–314. doi: 10.3758/s13415-016-0480-x 

 Riccardi, N., Zhao, X., den Ouden, D. B., Fridriksson, J., Desai, R. H., and Wang, Y. (2023). Network-based statistics distinguish anomic and Broca's aphasia. Brain Struct. Funct. 30, 1–17. doi: 10.1007/s00429-023-02738-4 

 Supekar, K., Menon, V., Rubin, D., Musen, M., and Greicius, M. D. (2008). Network analysis of intrinsic functional brain connectivity in Alzheimer's disease. PLoS Comput. Biol. 4:e1000100. doi: 10.1371/journal.pcbi.1000100 

 Takahashi, S., Tomita, Y., Tanaka, S., Sakurai, N., and Kodama, N. (2022). Prefrontal cerebral oxygenated hemoglobin concentration during the category fluency and finger-tapping tasks in adults with and without mild cognitive impairment: a near-infrared spectroscopy study. Brain Sci. 12:1636. doi: 10.3390/brainsci12121636 

 Tong, Y., and Frederick, B. D. (2010). Time lag dependent multimodal processing of concurrent fMRI and near-infrared spectroscopy (NIRS) data suggests a global circulatory origin for low-frequency oscillation signals in human brain. NeuroImage 53, 553–564. doi: 10.1016/j.neuroimage.2010.06.049 

 Turriziani, P., Smirni, D., Zappalà, G., Mangano, G. R., Oliveri, M., and Cipolotti, L. (2012). Enhancing memory performance with rTMS in healthy subjects and individuals with mild cognitive impairment: the role of the right dorsolateral prefrontal cortex. Front. Hum. Neurosci. 6:62. doi: 10.3389/fnhum.2012.00062 

 Uemura, K., Shimada, H., Doi, T., Makizako, H., Tsutsumimoto, K., Park, H., et al. (2016). Reduced prefrontal oxygenation in mild cognitive impairment during memory retrieval. Int. J. Geriatr. Psychiatry 31, 583–591. doi: 10.1002/gps.4363 

 van den Heuvel, M. P., Mandl, R. C., Kahn, R. S., and Hulshoff Pol, H. E. (2009). Functionally linked resting-state networks reflect the underlying structural connectivity architecture of the human brain. Hum. Brain Mapp. 30, 3127–3141. doi: 10.1002/hbm.20737 

 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 

 Xia, M., Xu, P., Yang, Y., Jiang, W., Wang, Z., Gu, X., et al. (2021). Frontoparietal connectivity Neurofeedback training for promotion of working memory: an fNIRS study in healthy male participants. IEEE Access 9, 62316–62331. doi: 10.1109/ACCESS.2021.3074220

 Yeung, M. K., and Chan, A. S. (2020). Functional near-infrared spectroscopy reveals decreased resting oxygenation levels and task-related oxygenation changes in mild cognitive impairment and dementia: a systematic review. J. Psychiatr. Res. 124, 58–76. doi: 10.1016/j.jpsychires.2020.02.017 

 Zajac, L., Koo, B. B., Bauer, C. M., and Killiany, R., Behalf Of The Alzheimer's Disease Neuroimaging (2017). Seed location impacts whole-brain structural network comparisons between healthy elderly and individuals with Alzheimer's disease. Brain Sci. 7:037. doi: 10.3390/brainsci7040037 

 Zalesky, A., Fornito, A., and Bullmore, E. T. (2010). Network-based statistic: identifying differences in brain networks. NeuroImage 53, 1197–1207. doi: 10.1016/j.neuroimage.2010.06.041


Copyright
 © 2024 Wu, Lv, Bi, Li, Chen, Jiang, Pang, Zhao 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.

OPS/images/fnagi-16-1416816-t002.jpg
Channel  Brain Connectivity

pairs regions strength
MCI HC
group  group
Chi2-Chis  pars 0602025 | 0474026 302
opercularis
of Broca

Chi2-Chl6  mirorarea | 055+025  039+031 345

- rDLPFC
0.033
Chi3-Chi5 | pars 058£027 0454033 323

triangularis
of Broca

ChI3-Chi6  mimorarea | 054£029 041033 368
- IDLPEC

NBS, network based statistic; SD, standard deviation; MCI, mild cognitive impairment; HC,
healthy control; rDLPEC, right dorsolateral prefrontal cortex.





OPS/images/fnagi-16-1416816-t003.jpg
Education and
FC values —

Regression coefficients

MoCA Unstd B StdB t

Model 1

Education 0409 0.399 3011 <0.001%

FC values
Ch12-Chis -2827 0.204
Ch12-Chl6 -2322 ~0.160 -1.204 0.231
Ch13-Chls -3.367 0.107
Ch13-Chl6 2307 0.176 1099 0.274

Model 2

Education 0403 0393 5338 <0.001%

Average FC values -5521 ~0.328 —4.460 <0.001%

FC, functional connectivity; MoCA, Montreal Cognitive Assessment; Unstd, Un standardized; std, standardized; B, Beta;
statistical significance.

Model summary

Adjusted R? F

0.266 10944 <0.001%

0257 24723 <0.001%

Resquared (coeficient of determination); *p <0.05 indicates





OPS/images/fnagi-16-1416816-g003.jpg
MoCA score MoCA score

MoCA score

304 30-
ol @ O e
8 20
]
<
10 8 104
r=-0328 2 r=-0330 ¢
p<0.001 p<0.001
0+ T T 1
05 00 05 1.0 00 05 1.0
Ch12-Ch15 Ch12-Ch16
D
2
o
2
b
3
S
=
0 T T 1 0 T T 1
05 00 05 1.0 05 00 05 1.0
Ch13-Ch15 Ch13-Ch16
301
20
107 r=-0337 .
p<0.001
o
05 00 05 1.0

average FC value





OPS/images/fnagi-16-1416816-t001.jpg
cteristics ~ MClgroup HCgroup  pvalue

Gender (M/F) 3235 40531 0313
Age (years) 69.40+5.50 70824471 0.107
Education (years) 9.13£399 9.424.16 0.679
MoCA total scores 18.76+3.39 24.63+2.49 <0001

MCI, mild cognitive impairment; HC, heathy controk MoCA, Montreal Cognitive
Assessment; 7 test or sex (). Independent t-test for the other data (means +SD). *p<0.05
indicates statistical significance.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Network-based statistics reveals an enhanced subnetwork in prefrontal cortex in mild cognitive impairment: a functional near-infrared spectroscopy study



		1 Introduction



		2 Materials and methods



		2.1 Participants



		2.2 Data acquisition



		2.3 Data preprocessing and channel-based FC analysis



		2.4 Statistics analysis









		3 Results



		3.1 Demographic and clinical characteristics



		3.2 FC analysis



		3.3 Multiple linear regression analysis









		4 Discussion



		4.1 Limitations









		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnagi-16-1416816-g001.jpg





OPS/images/fnagi-16-1416816-g002.jpg
MCI Group

Connectivity strength

0.6

0.4:

0.2

0.0

HC Group

Ch12-Ch15 Ch12-Ch16 Ch13-Ch15

MCl group
HC Group

Ch13-Ch16





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

Network-based statistics reveals
an enhanced subnetwork in
prefrontal cortex in mild cognitive
impairment: a functional
near-infrared spectroscopy study












OPS/images/crossmark.jpg
©

2

i

|






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






