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Editorial on the Research Topic
 Advanced fNIRS applications in neuroscience and neurological disorders




Functional near-infrared spectroscopy (fNIRS) has rapidly emerged as a powerful neuroimaging tool that offers unique advantages for the investigation of brain function and neurological disorders. Using near-infrared light, fNIRS monitors changes in cortical blood oxygenation that reflect cortical neural activity and enable researchers and clinicians to study brain function in real time and in a non-invasive manner. Unlike many conventional imaging techniques, fNIRS is available in portable and wearable forms, making it suitable for use in real-world settings. The technology is highly resistant to motion artifacts and electromagnetic interference, imposing minimal constraints on the testing environment. As a result, fNIRS can be employed at the bedside or in clinical rehabilitation environments, even with patients who have difficulty remaining still or who have implants, such as pacemakers, that would typically prevent neuroimaging. Owing to these features, fNIRS opens up unparalleled opportunities to study the human brain in action. It deepens our understanding of neural mechanisms in both health and disease, and holds promise for earlier diagnoses and more personalized, precision medicine approaches in neurology.

This Research Topic aims to showcase recent advancements in the application of fNIRS in the fields of neuroscience and neurological disorders. A total number of 22 articles have been included: they highlight the utility of fNIRS in probing brain function and cognitive neural mechanisms, along with its clinical relevance in the diagnosis, assessment, mechanistic understanding and evaluation of rehabilitation outcomes in neurological conditions. The findings presented in this Research Topic not only affirm fNIRS as a powerful neuroimaging tool but also underscore its potential to advance diagnostic precision, therapeutic monitoring, and personalized interventions in the management of neurological disorders.

The collected articles underscore the remarkable versatility of fNIRS, which has been applied to a broad range of neurological and psychiatric conditions. On the neurodevelopmental front, a comprehensive review in this Research Topic surveyed fNIRS studies on numerous childhood disorders, including cerebral palsy, autism spectrum disorder, attention-deficit/hyperactivity disorder (ADHD), and neonatal brain injuries (Wang, Zou, Huang, Zhang, et al.). In another original study, Bian et al. used fNIRS to monitor prefrontal cortex activity during verbal fluency tasks in children with ADHD. In a separate original study in this Research Topic, Wang, Zou, Huang, Wu, et al. employed fNIRS to investigate its therapeutic effects, reporting that repetitive transcranial magnetic stimulation (rTMS) combined with standard care led to greater improvements in ADHD symptoms and prefrontal connectivity than standard care alone. The unique advantages of fNIRS—such as safety, non-invasiveness, wearability, compatibility with other modalities, and tolerance for movement—make it especially suitable for pediatric populations, enabling safe and reliable monitoring of neural changes even in young or inattentive children undergoing neuromodulation (Gao et al.).

In another domain, cognitive function and impairment stand to benefit from fNIRS innovations. Liu et al. explored healthy cognitive processing using fNIRS, showing that binocular color fusion—a demanding visual task—elicited significantly stronger prefrontal connectivity and higher activation than binocular rivalry. The study indicates that fNIRS can accurately track advanced perceptual–cognitive processes. Ruan et al. demonstrated that combining fNIRS-derived cortical oxygenation features with plasma biomarkers markedly improved the ability to distinguish Alzheimer's disease from Lewy body dementia in older adults. [Choi et al.] used fNIRS as a cognitive assessment tool and found that a 6-month herbal medicine and acupuncture program for patients with mild cognitive impairment led to cognitive improvement accompanied by increased prefrontal activation. Given its strong motion-tolerant capability for monitoring brain activity during complex perceptual tasks, fNIRS was also applied to assess cortical activation in stroke survivors performing combined balance and cognitive tasks (He et al.). These results highlight fNIRS's ability to evaluate how cognitive load influences motor networks in rehabilitation scenarios, while allowing patients to perform upright activities that would be infeasible inside traditional neuroimaging scanners. Yang and Wang further noted that fNIRS's high temporal resolution and portability complement fMRI's spatial precision. These combined approaches enable robust brain mapping and extend neuroimaging to populations or settings that are impractical for fMRI alone, which is particularly valuable for researching cognitive mechanisms.

Several contributions focused on using fNIRS in cases of severe brain injury and coma, areas in which traditional assessments are ineffective. Disorders of consciousness—such as coma, vegetative state, and minimally conscious state—present a diagnostic challenge because patients cannot communicate. Liang et al. used resting-state fNIRS to show that patients who later regained higher levels of consciousness exhibited stronger frontal–occipital connectivity than those who remained in a vegetative state, demonstrating the value of the technique for noninvasively probing residual brain networks and predicting outcomes. Zhang T. et al. applied fNIRS to assess pain processing in patients with disorders of consciousness and found minimal overt cortical activation but markedly enhanced connectivity among somatosensory, motor, and prefrontal areas. This illustrates the technique's sensitivity to coordinated network responses even in low-cooperative patients. [Wang N. et al.] reviewed fNIRS applications in disorders of consciousness, highlighting its portability, real-time monitoring capability, and compatibility with interventions such as brain–computer interfaces and neuromodulation. Zhao et al. described a neuromodulation trial protocol that employs fNIRS alongside EEG and behavioral assessments to track therapy-induced brain changes, underscoring its role as a safe, repeatable bedside tool for patients who are unsuitable for conventional neuroimaging.

In the field of rehabilitation, fNIRS enables objective, motion-tolerant monitoring of brain activity in real-world therapeutic contexts. Zhang, Wang, et al. demonstrated that, in contrast to clinical scales, fNIRS can quantitatively evaluate rehabilitation efficacy, with increased cortical oxygenation and connectivity providing neurophysiological support for the effectiveness of post-stroke spasticity interventions. Xiao et al. showed that, despite normal behavioral balance metrics, fNIRS can detect subtle central changes and compensatory strategies in musculoskeletal pain disorders, offering a more sensitive indicator of postural control deficits than standard measures. Xu et al. reported that functional electrical stimulation during walking in hemiparetic stroke patients reduced contralesional premotor cortex activation, illustrating how wearable fNIRS can capture gait-related neural changes in over-ground settings. Expanding its application to orthopedic rehabilitation, Cao et al. used wireless fNIRS to reveal reduced frontal–parietal activation during stair climbing in patients 3 months after anterior cruciate ligament reconstruction, suggesting neuroplastic changes following knee injury.

In the field of psychiatry, fNIRS offers a non-invasive, portable, and task-compatible means of detecting disorder-specific neural alterations in populations that are often difficult to assess with conventional neuroimaging techniques. Zhang, Tian, et al. showed that patients with schizophrenia who display auditory hallucinations exhibit altered frontotemporal activation patterns during verbal fluency tasks, demonstrating fNIRS's ability to capture symptom-specific brain dysfunction. Ding et al. reported that patients with depression, anxiety, or insomnia exhibit distinct reductions in task-based prefrontal connectivity, supporting the use of fNIRS as a tool for differentiating executive deficits across heterogeneous psychiatric disorders. Chen D. et al. developed a free-association semantic task for perinatal depression, revealing that prefrontal oxyhemoglobin changes correlate with symptom severity. This highlights the applicability of fNIRS in low-cooperative populations. In postpartum women, Chen X. et al. further linked insomnia-related disruptions in prefrontal–temporal connectivity and network efficiency to mood symptoms, illustrating how real-time, portable fNIRS monitoring can reveal subclinical brain changes outside of traditional laboratory environments.

Beyond clinical and laboratory settings, Si et al. demonstrated the feasibility of using a wearable fNIRS oximeter for continuous monitoring of cerebral oxygen saturation in participants during high-altitude expeditions. This type of monitoring is critical for preventing brain injuries associated with both acute and chronic high-altitude exposure. The findings highlight the robustness of fNIRS under extreme, mobile conditions and its potential for managing brain oxygenation during environmental or exercise-related challenges, thereby extending neuromonitoring far beyond the confines of the clinic.

Taken together, the contributions to Advanced fNIRS Applications in Neuroscience and Neurological Disorders demonstrate that fNIRS has become a mainstream neuroimaging modality. No longer a niche technique, it is now shedding new light on brain function across ages and disorders—from illuminating the underpinnings of childhood ADHD and autism, to tracking recovery in stroke and disorders of consciousness, to augmenting our ability to diagnose subtle cognitive impairment. The key message of this editorial collection is that fNIRS's non-invasiveness and portability are more than mere conveniences—they are gateways to groundbreaking research avenues and transformative clinical applications. In the years ahead, fNIRS is poised to play an increasingly vital role in both research and clinical practice, driving progress in brain science and improving outcomes for individuals with neurological and psychiatric conditions.
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Objective: The objective is to elucidate the collaboration and current research status in the pediatric field of fNIRS using bibliometric analysis, and to discuss future directions.
Method: Bibliometric analysis was conducted on publications related to pediatric fNIRS research published before June 2024 in the Web of Science Core Collection using VOSviewer software and R language.
Results: A total of 761 documents were retrieved, published by 2,686 authors from 893 institutions across 44 countries in 239 journals. The number of publications has significantly increased since 2012. The United States is the country with the highest number of publications, University College London is the institution with the most publications, Lloyd-Fox Sarah is the author with the most publications and significant influence, and “Neurophotonics” is the journal with the most publications. The current hotspots mainly involve using fNIRS to study executive functions and autism spectrum disorders in children.
Conclusion: The study provides useful reference information for researchers by analyzing publication numbers, collaborative networks, publishing journals, and research hotspots. In the future, there should be an emphasis on enhancing interdisciplinary and international collaboration to collectively dedicate efforts toward the advancement of fNIRS technology and the standardization of research.

Keywords
 bibliometric analysis; functional near-infrared spectroscopy; pediatrics; VOSviewer; R-bibliometrix


1 Introduction

In recent years, with the development of brain imaging detection technologies, brain function research has increasingly become the focus of attention for clinicians and researchers in the fields of psychiatry and neurology. Functional Near-Infrared Spectroscopy (fNIRS) is a non-invasive brain functional neuroimaging technique that uses the absorption spectra of substances to be detected in the near-infrared light band (650 ~ 900 nm) to determine their concentration and characteristics. The blood supply to the brain responds locally to its functional changes, and fNIRS calculates activation levels and functional connectivity of brain regions by detecting changes in the concentration of oxyhemoglobin in brain tissue (1). fNIRS has evolved from low-channel to high-channel, from single-brain region to multi-brain region, and whole-brain imaging. Traditional fNIRS could only observe changes in cerebral blood flow metabolism in the prefrontal cortex, creating a bottleneck in the study of brain functional areas. However, the emergence of high-channel fNIRS means that changes in cerebral blood flow metabolism over a larger range of brain areas can be observed, breaking the limitations on the study of brain functional areas and allowing fNIRS as a tool for detecting brain functional activity to develop rapidly (2, 3).

Early diagnosis of abnormalities and dysfunctions in children’s brain function development and timely treatment are urgent issues. Brain function imaging detection is an important means of examining abnormalities in children’s brain functions. More precise diagnosis not only requires detection technology with higher temporal and spatial resolution but also better adaptability for poorer compliance and cooperation from child subjects to ensure accurate test results. fNIRS has advantages such as simple operation, convenience, strong anti-interference, good compatibility, and low requirements for the testing environment. It can be conducted in various natural settings such as schools or hospitals, and infants can even be tested in the arms of their parents. It is suitable for researching brain functions in infants or children with developmental disorders and is one of the most promising methods for studying children’s brain functions. It has been widely used in pediatric brain function imaging research (4–6). With the gradual maturity of fNIRS technology in brain function detection applications and the research needs for children’s brain function development and abnormalities, the application of fNIRS technology in pediatric research is increasingly attracting scholarly attention, and publications on this topic are also increasing. Therefore, this study uses bibliometrics analysis to scientifically assess the quantitative and qualitative value of publications on this research topic, describing and summarizing the historical process, current research status, and development trends in this field, providing references for scholars within the domain.



2 Materials and methods


2.1 Data collection

Using the search terms (“fNIRS” OR “functional near-infrared spectroscopy “) AND (“child” OR “children” OR “pediatrics” OR “pediatric” OR “infant”) to search for literature in the Web of Science Core Collection (WoSCC) database from its inception until May 31, 2024. The search is limited to articles and reviews published in English. The retrieved literature data is downloaded and imported into Noteexpress software, where it is independently checked by two researchers.



2.2 Data analysis

This study employs R-bibliometrix and VOSviewer for descriptive statistics and bibliometric analysis, with Scimago Graphica and Pajek aiding in the creation of visual analysis graphs. R-bibliometrix (7) is an open-source tool based on R for bibliometric research. In this study, R-bibliometrix is used to perform descriptive statistics on the number or impact of publications by countries, institutions, authors, and journals, and to analyze hot keywords over the past decade. VOSviewer (8) is software for bibliometric analysis that executes similarity visualization based on information such as publication country, institution, author, and keywords. It creates bibliometric maps or network graphs through co-occurrence analysis (9). This study uses VOSviewer (version 1.6.16) for co-occurrence analysis of countries, institutions, authors, and keywords, and employs Scimago Graphica and Pajek to assist in creating maps and network graphs.




3 Results

A total of 761 publications were included through retrieval and screening (Figure 1). As shown in Figure 2, research related to fNIRS in pediatrics began in 2001 and has been on an upward trend until 2024. Up to May 31, 2024, the year with the highest number of publications was 2023, with an average of 108 articles published annually, and the output for 2024 has already exceeded half of that in 2023.

[image: Flowchart illustrating the process of selecting records for bibliometric analysis. Initially, 817 records were identified through a search in Web of Science Core Collection (WoSCC). After limiting to article and review types, 762 records remained. Further limiting to English language reduced the count to 761. All 761 records are included in the bibliometric analysis.]

FIGURE 1
 Flowchart of literature search and screening process.


[image: Line graph titled "Annual Scientific Production" depicting the number of articles published from 2001 to 2024. The graph shows a general upward trend, with notable increases in 2013, 2017, and 2020, peaking at 108 articles in 2023 before dropping to 57 in 2024.]

FIGURE 2
 The annual distribution of publications (as of May 31, 2024).



3.1 Analysis of countries

A total of 44 countries have provided publications for the research on fNIRS in pediatrics, with Table 1 showing the top 10 countries in terms of the number of publications. Three countries have published more than 100 papers, among which the United States has the most publications (319/761, 42%), followed by China (196/761, 26%) and the United Kingdom (112/761, 15%). A selection of 21 countries with a publication volume of at least 5 was made for the analysis of international cooperation. Figure 3 demonstrates the active collaboration between these countries, especially the close cooperation between China and the United Kingdom, as well as between China and the US.



TABLE 1 Publication metrics of articles of the top 10 countries by number of publications.
[image: Table listing the rank, country, number of documents, and citations. The United States is first with 319 documents and 7,243 citations. China follows with 196 documents and 2,337 citations. Subsequent countries include England, Japan, Germany, Canada, Italy, France, Australia, and Austria, each with varying numbers of documents and citations.]

[image: World map illustrating document links between countries, represented by red and yellow circles. The United States, China, and the United Kingdom have the largest circles, indicating higher document counts. Arrows show connections with varying thickness, highlighting document exchange volume.]

FIGURE 3
 The global distribution of publications and the international cooperation network among countries.




3.2 Analysis of institutions

A total of 893 institutions participated in the fNIRS pediatric research. Publication statistics and collaborative network analysis were conducted on 45 institutions with a publication count of 10 or more. The results showed that University College London (47/761, 6%) contributed the most publications, followed by Beijing Normal University (40/761, 5%) and Harvard Medical School (29/761, 3%). Clusters 1 and 2 were the two clusters with the highest number of institutions and publications. Cluster 1, consisting of eight institutions including Chou University and Keio University, published 114 articles, while Cluster 2, composed of Boston Children’s Hospital and Harvard Medical School among others, published 137 articles. Additionally, Cluster 5, made up of five institutions including University of London and University College London, published 115 articles despite having fewer institutions (Figure 4).

[image: Circular network diagram showing interconnected universities and institutions, categorized into eight color-coded clusters. Nodes represent institutions with sizes indicating link strength. Prominent connections include Beijing Normal University and University of California, Irvine. Clusters are labeled from one to eight, each with distinct colors for clarity.]

FIGURE 4
 The distribution of institutional publications and the cooperation network among institutions.




3.3 Analysis of authors

A total of 2,686 authors have published papers on fNIRS in the field of pediatric research. Table 2 lists the top 10 authors with the most publications. Considering both the number of publications and H-index, Lloyd-Fox Sarah is the most influential author in this field. A collaboration network analysis was conducted for the 147 authors who have published at least 5 papers, revealing that the red nodes cluster represented by Lloyd-Fox Sarah are the most prominent in terms of the number of publications and the breadth of collaborations (Figure 5).



TABLE 2 Publication authors and representative literature.
[image: Table ranking authors based on publications, H index, and other metrics. The top author is Lloyd-Fox Sarah with 21 publications and an H index of 14. Key columns include representative literature, journal, impact factor (IF), and citations. The list includes authors like Kovelman Ioulia and Li Jun, with various impact factors and citations across journals like Developmental Cognitive Neuroscience and Neuroimage.]

[image: Network map of academic collaborations visualized using VOSviewer. Nodes represent authors, with color clusters indicating collaborative groups. Lines depict co-authorship connections, showing relationships among authors. Notable clusters include large red, blue, and green groupings, each with prominent central figures, highlighting key contributors and their associated networks.]

FIGURE 5
 The cluster view of authors.




3.4 Analysis of journals

A total of 239 journals have published papers on fNIRS in the field of pediatric research. Table 3 shows the top 10 journals with the highest number of published papers. “Neurophotonics” has published the most papers, followed by “Neuroimage” and “Frontiers in Human Neuroscience.” In terms of the number of papers and H-index, “Neurophotonics” “Neuroimage” “Frontiers in Human Neuroscience” and “Developmental Cognitive Neuroscience” have a significant impact. Figure 6 displays the trend of the number of papers published by the top 5 journals over time. The publication volume of all five journals shows an increasing trend year by year. As of May 31, 2024, “Neurophotonics” is currently the journal with the highest number of published papers in 2024.



TABLE 3 Ranking of top 10 journal.
[image: A table listing journals ranked by publications. Neurophotonics is ranked first with 47 publications, 14 H index, and 5.3 impact factor (2024). Neuroimage follows with 45 publications, 25 H index, and 5.7 impact factor. Plos One is ranked tenth with 19 publications, 10 H index, and 3.7 impact factor.]

[image: Line graph showing cumulative occurrences of five sources over time from 2000 to 2023. The sources are Developmental Cognitive Neuroscience, Frontiers in Human Neuroscience, NeuroImage, Neurophotonics, and Scientific Reports. All sources show an increase in occurrences, with notable growth from 2013 onwards, especially NeuroImage and Scientific Reports.]

FIGURE 6
 The trend of the number of publications published by the top 5 journals over time.




3.5 Analysis of top 10 citations of included records

This study included a total of 27,459 cited references, with Table 4 listing the top 10 most-cited references by the number of citations. The paper with the highest citation rate was published by Huppert et al. in “Applied Optics.” The authors developed a LAB-based graphical user interface program, HomER, and described methods for removing physiological, instrumental, and motion artifact noise from various optical data in fNIRS to facilitate the processing of optical functional brain data (10). Therefore, this paper has been frequently cited as an important reference for scholars processing fNIRS detection data. According to the titles of the cited works listed in Table 4, the top 10 most-cited references mainly cover topics including fNIRS research design, data processing, and other technical and methodological papers.



TABLE 4 Ranking of top 10 cited publications.
[image: Table listing the top ten references related to near-infrared spectroscopy of the brain. Columns include rank, reference with author names and journal, title of the study, and citation count. Huppert et al. ranks first with 195 citations for a study on time-series analysis methods. The citation count decreases progressively, with Klem et al. ranked tenth at 75 citations for work on the ten-twenty electrode system.]



3.6 Analysis of keywords

From the 761 publications included in this study, 1,645 keywords were extracted, and network clustering was performed on 109 keywords with a frequency of occurrence greater than or equal to 5, resulting in 8 clusters (Figure 7A). The size of the nodes indicates the frequency of the corresponding keywords. Keywords such as “fNIRS,” “functional near-infrared spectroscopy,” “functional connectivity,” “children,” and “infant” represent the technologies involved and the subjects of research in the field, hence their frequent appearance. Notably, in addition to the above keywords, terms like “autism spectrum disorder” and “ADHD” are prominent in the blue cluster, while “prefrontal cortex,” “executive function,” and “working memory” stand out in the yellow cluster, suggesting that fNIRS research in pediatrics is more extensive in these directions. Figure 7B and Table 5 display the top 10 emergent keywords from 2014 to 2024, indicating the evolution of research hotspots and revealing current research trends and potential future trends. Apart from keywords representing fNIRS technology like “fnirs,” “near-infrared spectroscopy,” and “functional near-infrared spectroscopy,” the keyword with the highest frequency of occurrence in the past decade is “executive function,” with recent and ongoing keywords including “autism spectrum disorder (asd)” and “executive function.”

[image: Panel A displays a network map of terms related to functional near-infrared spectroscopy (fNIRS) research, with clusters in various colors representing related topics. Panel B shows a trend graph from 2014 to 2022, indicating the frequency of terms like "autism spectrum disorder" and "executive function," represented by bubble size.]

FIGURE 7
 (A) The cluster view of high frequency keywords. (B) The overlay visualization of the top 10 frequency keywords between 2014 and 2024.




TABLE 5 The top 10 frequency keywords between 2014 and 2024.
[image: Table showing terms related to brain studies, their frequency, and specific years. Terms include "Optical topography" (frequency 13) to "Autism spectrum disorder (asd)" (frequency 10). Years are divided into Year (Q1), Year (Median), and Year (Q3) columns, with data ranging from 2014 to 2023.]




4 Discussion

Current research on brain function mechanisms is not yet thorough, and the physiological changes in brain function under different behaviors during childhood development, as well as the abnormalities of brain function in pathological states, still need more research to elucidate. fNIRS has advantages in detecting brain functions in children due to its portability, safety, and allowing for subject movement. Especially through fNIRS examination to analyze the abnormal functional states of the brain related to developmental disorders in children, the relevant data may become effective physiological indicators for developmental disorder diseases. This is significant for early identification, diagnosis, assessment, treatment, therapeutic evaluation, and prognosis prediction of such diseases. It can further study the relationship between childhood developmental disorders and brain mechanisms and guide and optimize the design of clinical treatment and rehabilitation programs.

This study conducts a bibliometric analysis of publications on the application of fNIRS in pediatric detection. Prior to this, scholars have already conducted bibliometric studies on the research dynamics within the fNIRS field. Two research teams, led by Wangwang Yan and Devezas, utilized different bibliometric indicators and analysis tools to examine authors, journals, institutions, countries, and networks of co-occurring keywords in the fNIR research domain from 2000 to 2020. They identified infants, social interaction, aging, neural development, cognition, and emotional assessment as research trends (11, 12). Ye et al. unveiled the overview, hotspots, and trends of clinical disease research based on fNIRS from 2011 to 2022, discovering that cutting-edge topics included executive function, functional connectivity, Alzheimer’s disease, children, and adolescents (13). Li et al. analyzed the top 100 most cited articles in the fNIRS field published up to December 31, 2023, using various bibliometric indicators and analysis tools. They statistically profiled these high-impact articles in terms of publishing journals, authors, institutions, etc., and found that near-infrared spectroscopy, activation, cerebral blood flow, brain, neonates, oxygenation, cortex, fMRI, and infants constituted future research directions and potential hotspots in fNIRS (14). Since 2017, the distribution of infant neuroimaging publications has shown an increase in fNIRS research literature (15), indicating a potential shift in infant neuroimaging methods. In light of the research trends revealed by previous bibliometric studies in the fNIRS field, as well as the rapid proliferation of fNIRS technology in pediatric detection, we believe it is essential to further explore the application and development trends of fNIRS technology in pediatric detection. This would provide researchers in the field with a comprehensive perspective, thereby facilitating the determination of research topics and continuing to advance research development in this area.


4.1 Principal results

The number of papers published annually is a preliminary indicator for assessing research development. Over the past 20 years, there has been an upward trend in the publication of research papers on fNIRS in the field of pediatrics, with peak periods occurring in 2012 and 2014. The significant increase in publications during these 2 years can be attributed to two main factors. Firstly, the development of fNIRS technology, including the introduction of more channels and the development and application of wearable devices. Since 1999, Hitachi and NIRx have successively released multi-channel commercial fNIRS instruments, gradually increasing temporal resolution and the number of channels (16). Secondly, updates in fNIRS data analysis methods, such as the independent component analysis approach proposed by Han Zhang et al. to reveal resting-state brain functional connectivity (17), and the combination of high-density diffusion optical sensing arrays with optical tomography scanning by Koch et al., which provided high-resolution functional mapping of the human somatosensory cortex (18), offering better analytical forms for more accurate and in-depth interpretation of fNIRS detection data. Moreover, significant progress was made in early explorations of fNIRS in children’s task and resting-state detections. For example, Lloyd Fox et al. found that bilateral posterior temporal regions in five-month-old infants were involved in social brain networks (19), and Carlsson et al. discovered activation in the right frontotemporal cortex when infants recognized their mother’s face (20). These studies not only proved the applicability of fNIRS technology to infants and young children but also laid a foundational basis for fNIRS research in pediatrics. The significant growth in the number of fNIRS applications in pediatric research starting from 2012 was facilitated by instrumentation, data analysis, and foundational early research. Additionally, in 2014, “Neuroimage” published a special issue to commemorate the 20th anniversary of fNIRS technology (21), and the establishment of the fNIRS society that same year, with “Neurophotonics” as its official journal (2), was beneficial to the development of fNIRS research in pediatrics and contributed to the rapid increase in research publications after 2014.

More than 40% of the global fNIRS pediatric research papers come from the United States, with the majority of active research institutions originating from European and American countries, China, and Japan. This is attributed to the development and application of fNIRS technology and equipment in these countries. Looking at the network of institutional and scholarly cooperation, current research primarily focuses on domestic collaborations, while international collaborations are less common. Authors who have made significant contributions and impact in fNIRS pediatric research include Lloyd-Fox Sarah, Kovelman Loulia, and Li Jun. Lloyd-Fox Sarah is among the most prolific and influential scholars in fNIRS pediatric research, dedicating her studies to aspects of fNIRS detection in infant brain development, cognitive functions, motor functions, and social behavior (22–24), which are crucial for exploring the characteristics and mechanisms of infant brain functional development. Kovelman Loulia concentrates on fNIRS research related to language functions in children, such as investigating the neural basis of English language processing and the neural mechanisms of grammar processing in bilingual children (25, 26). Li Jun is committed to fNIRS research on autism spectrum disorders (ASD), using fNIRS technology to explore the pathological features and neural mechanisms of ASD (27, 28).

“Neurophotonics,” as the official journal of the fNIRS Society, is currently the most prolific publisher of fNIRS pediatric research papers, followed by “Neuroimage” and “Frontiers in Human Neuroscience.” Scholars may consider these popular journals for submission. Journals with a high number of publications include those in the fields of imaging, neuroscience, and psychology. Over the past decade, the volume of papers published in these journals has increased year by year, indicating the continuous development of fNIRS pediatric research and its growing popularity. Highly cited common references are particularly helpful for quickly understanding the field, with highly cited literature including reviews on fNIRS technology, research methods, and human applications (3, 10, 16, 29, 30), as well as research papers on fNIRS detection techniques and data analysis methods (31–35).

In the field of bibliometrics, keyword burst analysis can intuitively display frequently occurring keywords over a period of time, which indicate the popularity of these keywords during that period. Over the past decade, scholars have focused on different aspects of fNIRS pediatric research at different times. Early studies mainly included research related to the prefrontal cortex and dorsolateral prefrontal cortex, such as the correlation between prefrontal cortex responses and cognitive functions (36, 37), and the regulation mechanism of the prefrontal cortex during early childhood frustrations (38). Recent hot topics in fNIRS pediatric research are in the areas of neurological mechanisms of executive function and ASD in children.



4.2 Application of fNIRS in pediatric research


4.2.1 Scope of clinical research

Researchers conduct brain function studies on subjects of different ages and states to explore mechanisms hidden in neural development, brain characteristics, and disease progression. For infants aged 0–3, fNIRS research focuses on exploring the initial characteristics of the brain and early neural development patterns. For example, Lee used fNIRS to detect the response of 16 sleeping infants to speech stimuli, capturing two simultaneous but independent reaction mechanisms activated at the beginning of stimulation: one is the auditory system’s response to sound stimuli, and the other is a neural inhibition effect induced by the arousal system (39). Another study used fNIRS to explore infants’ cortical responses to dynamic faces and bodies, revealing significant activity in the superior temporal region for both stimulus types. It also identified different developmental trajectories for face and body processing, with older infants showing more extensive responses to faces (40).

For children aged 3–12 in the preschool and school-age periods, the brain develops rapidly, with fast formation of neuronal connections and rapid development of language, emotion, social, cognitive, and motor abilities. Therefore, fNIRS research in this age group focuses on exploring the neural development mechanisms of different functions and the pathological states of related diseases. This includes brain function tests for language (41), executive function (42, 43), motor function (44), social ability (45), and related brain dysfunction diseases such as ASD (46), attention deficit and hyperactive disorder (ADHD) (47, 48), cerebral palsy (CP) (49), etc. Taking fNIRS research on CP as an example, some scholars have studied the differences in brain networks between children with CP and normal children during upper and lower limb movements, finding significant differences in brain network characteristics during movement between children with CP and normal children. These difference indicators can effectively evaluate the real-time impact of motor function and rehabilitation training on brain networks (50, 51), but current research does not support using fNIRS for the diagnosis and clinical classification of CP, and whether there are potential indicators that can predict the onset and future development of CP remains to be explored.

In the adolescent period from 12 to 18 years old, neuronal connections strengthen, cortical thickness increases, and cognition, emotional regulation, social aspects, etc. further develop. For subjects in this age group, fNIRS is used to observe the characteristics of neural function development and its influencing factors (52, 53); in addition, due to changes in hormone levels and high sensitivity of the reward system, adolescents often experience emotional fluctuations and behavioral changes. This period is also when various mental health issues such as anxiety, depression, bipolar disorder, and school phobia first appear, so fNIRS technology is also applied in the study of related pathological mechanisms (54–59).

In the study of pediatric diseases, fNIRS is widely used to capture pathological characteristics of brain activity under disease states. These studies aim to explore diagnostic biomarkers and observe the effects of interventions. Currently, fNIRS in pediatric disease research is mainly used for neurodevelopmental disorders, neural injuries, and diseases caused by mental disorders, including pediatric epilepsy, autism, attention deficit disorder, cerebral palsy, language disorders, depression, etc. (60). The fNIRS technology, with its advantages of being non-invasive, portable, and having high tolerance, demonstrates feasibility in long-term monitoring and therefore has great potential in the diagnosis and evaluation of these diseases. According to the keyword analysis results of this study, recent trends in fNIRS pediatric research have leaned toward autism and attention deficit disorder. This may be because the current understanding of both diseases is still incomplete, and their clinical incidence is increasing, symptoms are complex, and there is a lack of clear biomarkers, making accurate and early diagnosis challenging. For example, Weiting Sun used fNIRS to observe the resting-state brain functional connectivity differences between children with ASD and typically developing children. It was found that within the 0.01–0.02 Hz frequency band, intertemporal lobe functional connectivity was significantly reduced in the ASD group, which could potentially serve as an indicator for predicting autism (61). Meredith Pecukonis used fNIRS to study language development problems in infants at high risk for ASD. The study found that the brain responses during language processing in infants at high risk for autism were different from those at low risk, and this difference was related to later language development (62). Lee’s study compared the differences in prefrontal cortex activity between 14 ADHD patients and 14 typically developing children and found that activation in the right dorsolateral prefrontal area in ADHD patients was significantly different from that in typically developing children (48).

Currently, fNIRS in pediatric research is mainly used to study neural development patterns, brain function characteristics, and pathological features of brain injury, mental disorders, and other diseases. A considerable portion of research has confirmed the applicability of fNIRS in these scenarios and has yielded some beneficial results. However, it is still in the initial stages of research, with diverse experimental paradigms, small sample sizes, and limited research base. More efforts are needed to uncover the potential of fNIRS for clinical diagnosis and monitoring of diseases.



4.2.2 Applications of different spectrometer types

In most cases, fNIRS studies employ Continuous Wave NIRS (CW-NIRS), which only provides relative changes in the concentration of oxygenated and deoxygenated hemoglobin but cannot achieve absolute measurement of these absorbing molecules’ concentrations, thereby introducing a significant source of error (16). Apart from CW-NIRS, there are also Time Domain NIRS (TD-NIRS) and Frequency Domain NIRS (FD-NIRS) illumination types. TD-NIRS uses short pulse lasers to detect photon flight time, offering high precision and spatial resolution advantages. FD-NIRS utilizes a modulated near-infrared light source, then measures the detected light intensity decay and the phase shift of this modulation, experimentally determining estimates of scattering parameters to provide more accurate estimates of tissue scattering characteristics (63). Suemori et al. used TD-NIRS to detect cerebral blood volume in children with congenital heart disease, showing that patients with a single ventricle have higher cerebral blood volume than those with dual ventricles. Moreover, cerebral blood volume is related to factors such as age and central venous pressure, suggesting that TD-NIRS monitoring of cerebral blood volume can better understand the patient’s cerebrovascular dynamics. Several studies have applied FD-NIRS for neonatal cerebral hemodynamic monitoring, including preterm infants (64), neonates with hypoxic–ischemic encephalopathy (65), perioperative monitoring of infants with congenital heart diseases at risk of brain injury (66), and comparing hemodynamic differences between full-term and preterm infants (67). Although TD-NIRS and FD-NIRS can obtain more information to improve detection accuracy, their application in pediatric testing is still limited compared to CW-NIRS due to factors such as larger equipment size, higher cost, fewer channels, and complex operation (68, 69). The technical improvement of both detection methods will be key to promoting their further application in the pediatric field.



4.2.3 Applications of hyperscanning technology

In the field of neuroscience research, traditional studies have focused on the brain activity of individual subjects. However, some scholars have pointed out that the neurobiological basis of human social behavior is also an important but often overlooked topic that requires more attention (70). In recent years, a technique known as hyperscanning has been applied in the field of neuroscience. It can measure the brain activity of two or more interacting subjects simultaneously (71), enabling us to monitor the neural activities related to emotions (72) and cognition (73) between individuals during social interactions. Due to the relatively simple detection method of fNIRS, its application in hyperscanning research has gradually increased over the past decade, especially in fNIRS hyperscanning studies on interactions between infants and caregivers. For example, one study used fNIRS hyperscanning to detect the inter-brain synchrony between 12 children aged 3–5 playing interactively with their mothers, finding increased neural synchrony in the prefrontal cortex and the temporoparietal junction under interactive conditions (74). Additionally, there have been studies investigating the characteristics of brain connectivity in social interactions among individuals with autism (75). These studies not only enrich our understanding of the neural mechanisms of social interaction but also provide new perspectives and methods for research in the field of neuroscience. With further development and application of hyperscanning technology, we hope to achieve more significant discoveries regarding the neurobiological basis of human social behavior.



4.2.4 Application of fNIRS in brain-computer interfaces

Brain-Computer Interfaces (BCIs) utilize signal processing algorithms to extract relevant features from acquired brain signals, decoding intentions or brain states in real time (76). However, most current BCI research primarily focuses on adults, with studies on the applicability of BCIs in children still in their initial stages (77). Due to its portability and the advantage of real-time signal acquisition, fNIRS meets the rapid response requirements of BCIs, and in recent years, there has been some progress in fNIRS-BCI research. Some scholars have attempted fNIRS-BCI research in the pediatric field. Floreani et al. developed a pediatric BCI that uses fNIRS to identify positive and negative emotions based on prefrontal cortex activity. Preliminary studies suggest that fNIRS-BCIs are feasible for recognizing emotions in school-aged children, but validation with larger sample sizes is still needed (78). Erdoğan et al. developed a classification method based on fNIRS signals, using Support Vector Machines (SVM) and Artificial Neural Networks (ANN) to distinguish impulsive adolescents from non-impulsive ones. By analyzing fNIRS signals and various psychological tests, the classification accuracy reached 90%, underscoring the potential of fNIRS combined with machine learning to assist clinical diagnosis (79). In the future, integrating other biosignals (such as EEG) could enhance the spatiotemporal resolution of signals and optimize fNIRS signal processing techniques, potentially further advancing the development of fNIRS-BCI research.




4.3 Recommendations for future work

With the continuous advancement of fNIRS technology, including updates to equipment, signal acquisition methods, and analytical approaches, its application scope in pediatric research will gradually expand. Currently, fNIRS pediatric research is primarily limited to cooperation between domestic institutions and authors. To promote the development of this field, it is particularly important to strengthen international collaboration and exchange in the future. Additionally, fNIRS pediatric research involves not only medicine but also disciplines such as computer science and electronic engineering. Therefore, inter-institutional and interdisciplinary cooperation is conducive to ensuring the scientific and reliability of research.

In terms of clinical application, standardized and reproducible studies are essential to achieve the purposes of assisting diagnosis, prognosis judgment, or intervention decision-making, in order to obtain reliable results for support. However, some current studies lack standardized data collection and analysis plans, as well as unified experimental paradigms, testing processes, and analytical methods (80), resulting in their ability to only prove the feasibility of certain research methods (60), and the interpretation of fNIRS results requires more caution (81).

Fortunately, there are already standardized frameworks for fNIRS research papers available for reference (82), which undoubtedly help scholars improve the quality of their papers. In the future, more attention needs to be paid to the standardization of fNIRS research methods to ensure higher intensity research evidence. With technological development, the pursuit of precision and information quantity is increasing, technologies such as FD-NIRS and TD-NIRS may be more widely applied. Meanwhile, fields like hyperscanning and brain-computer interfaces are also worth paying attention to, as their development will open up new possibilities for the application of fNIRS in the pediatric field.



4.4 Strengths and limitations

To our knowledge, this study is the first bibliometric analysis of fNIRS research in pediatrics. Two visualization tools were used to analyze collaboration networks, popular journals, and research hotspots, providing scholars with references for understanding research overviews, setting research directions, finding literature, and selecting journals for submission. However, there are limitations to this study; we only used data from WoSCC and included English articles, which may have resulted in a few studies being overlooked. Nevertheless, the data selected based on the inclusion criteria of this study is sufficient to comprehensively understand the current state of fNIRS research in pediatrics and ensure the standardization of the data.




5 Conclusion

This study searched and analyzed fINRS pediatric research papers published from the establishment of WoSCC to May 31, 2024. It conducted a comprehensive analysis from aspects such as the number of publications, collaboration relationships, publishing journals, and main authors, providing beneficial reference information for researchers in this field. The study found that the United States is the country with the most publications, University College London is the institution with the most publications, Lloyd-Fox Sarah is the author with the most publications and significant influence, and “Neurophotonics” is the journal with the most publications. Current research hotspots focus on using fNIRS to study executive functions in children and ASD. Moreover, although the analysis results of this study did not directly reflect it, technologies such as hyperscanning and brain-computer interfaces are expected to find more widespread applications in future fNIRS studies with technological advancements. Future efforts should strengthen interdisciplinary and international cooperation and exchanges, jointly contributing to the development of fNIRS technology and the standardization of research.
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Background: Hypobaric hypoxic conditions encountered at high altitudes can significantly impact the physiological functions of human body. Therefore, accurate and real-time monitoring of physiological characteristics is crucial for the prevention of brain injuries in individuals with acute and chronic high-altitude exposure.
Methods: In this study, a wireless wearable cerebral oximeter (WORTH band) was used for the continuous, real-time monitoring of physiological parameters, including regional cerebral oxygen saturation (rSO2) and heart rate (HR), among subjects with high-altitude exposure.
Results: During the high-altitude (from 46 m to 4300 m) expedition task, there was a significant decrease in rSO2 accompanied by a corresponding increase in heart rate as the altitude increased. Additionally, during the long-term (52 days) high-altitude (from 356 m to 4658 m) cycling task, the altitudes were significantly correlated with the rSO2 and SpO2 in the elderly subjects.
Conclusion: The current findings indicate that the WORTH band oximeter can serve as a promising instrument for measuring rSO2 at high altitudes. We hope that the insights derived from this study could contribute to the management of cerebral oxygenation for individuals with high-altitude exposure and further expand the existing understanding of brain functional detection at high altitudes.
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1 Introduction

Oxygen is indispensable for cellular metabolism in the human body (1). Although the brain accounting for only 2% of total body weight, it receives approximately 15–20% of cardiac output and consumes nearly 20% of the body’s total oxygen to maintain its normal functions (2). Brain metabolism absolutely relies on oxygen and glucose; however, it has a limited capacity for energy storage, necessitating a continuous energy supply through blood circulation (2). Cerebral ischemia or anoxia can lead to cognitive impairments, irreversible brain injury, and even brain death under severe circumstances. Therefore, the real-time monitoring of the oxygenation state of the brain is crucial, not only for exploring changes in cerebral hemodynamics and other physiological characteristics but also for improving clinical practices in high-altitude research (3).

High-altitude areas are often characterized by a variety of physical and physiological challenges, mainly including reduced humidity and temperature, increased exposure to ultraviolet radiation, and the presence of hypobaric hypoxic environments (1, 4). These conditions can exert substantial impacts on the physiological functions of human body (1) and produce a unique challenge to cerebrovascular system of the human brain (5). Accurate and real-time detection of rSO2 is particularly crucial for the protection of the brain in lowlanders with acute high altitude exposure (6). The hypobaric and hypoxic characteristics of high-altitude environment results in a reduction in the availability of oxygen. As altitude increases, air density and atmospheric pressure decrease correspondingly. It has been reported that at altitudes of 2,000 m and 5,000 m, the partial pressure of oxygen during inspiration is decreased to 25 and 50% of that at sea level, respectively (7). When exposed to altitudes exceeding 2,500 m, the physiological parameters of the human body, such as blood oxygen saturation, respiratory rate, and heart rate, undergo dramatical changes. A few unacclimatized individuals May also suffer from high-altitude illnesses (HAI), including acute mountain sickness (AMS), high altitude pulmonary edema (HAPE), or high-altitude cerebral edema (HACE), due to the effects of hypobaric hypoxia exposure (4, 8, 9). Consequently, the detection of cerebral oxygen saturation is of utmost importance for both individuals who are acutely exposed to high altitudes and those who are resident in such areas. Early recognition and prompt intervention in cases of decreased rSO2 can effectively avoid adverse outcomes and improve the quality of life at high altitudes. Near-infrared spectroscopy (NIRS) is a promising optical neuroimaging technique, noted for its non-invasiveness, cost-effectiveness, portability, and wearability, making it particular suitable for the longitudinal and continuous monitoring the hemodynamic changes (10, 11). Regional cerebral oxygen saturation (rSO2) reflects the balance between cerebral oxygen supply and consumption within a target brain area. NIRS-based cerebral oximeter has been approved by the US Food and Drug Administration (FDA) for non-invasive and real-time monitoring of rSO2. In recent years, NIRS-based cerebral oximeters have been increasingly utilized as a valuable tool in monitoring rSO2 in various clinical applications, including cardiac surgery, anesthesia, intensive care, pediatric brain injury, and sports medicine (12–16), providing critical insights into brain function and metabolism and aiding the formulation of individualized medical interventions.

In the past few years, several studies have been conducted to explore the physiological functions under high-altitude environment. For example, Saito et al. (17) investigated the impact of workload on cardiovascular parameters and rSO2 in untrained trekkers at altitudes of 2,700 m and 3,700 m, and reported that the resting values of rSO2 and HR did not exhibit significant differences between sea level and the altitudes of 2,700 m and 3,700. However, a dramatic decline in rSO2 after exercise was observed at higher altitudes (approximately 3,000 m), suggesting that an acute decrease in regional cerebral oxygen saturation May could be a primary factor of headache or acute mountain sickness among unacclimatized trekkers (17). A prospective observational cohort study explored the relationship between AMS and physiological health during a 19-day high-altitude expedition reaching 5,372 m. The results showed that an increased heart rate (HR), reduced arterial oxygen saturation (SpO2), and upper respiratory symptoms are either causally linked to AMS or share a common underlying mechanism (18). Xing et al. (19), investigated the effects of race and acclimatization on resting hemodynamics at an altitude of 3,658 m. The results demonstrated that Tibetans exhibit a unique cerebral hemodynamic adaptation to hypobaric hypoxia (HH) exposure when compared to Han immigrants and Han newcomers at high altitude (19). Croker et al. (20) investigated the effects of high altitude on peripheral oxygen saturation (SpO2) and respiratory rate (RR) values in heathy children. The study concluded that diagnostic thresholds for pneumonia should be adjusted based on varying altitudes, as SpO2 levels decrease and respiratory rates increase with rising elevation. The study underscores the significant impact of high altitude on the physiological characteristics of children residing at different altitudes. Zhong et al. (9) explored the potential benefits of remote ischemic preconditioning (RIPC) during hypobaric hypoxia (HH) exposure in a hypobaric chamber simulating 4,000 m. The findings suggested that RIPC intervention improves regional cerebral oxygenation compared to the sham condition, indicating that RIPC May serve as a useful strategy to facilitate acclimatization to high altitude (9).

A variety of studies have demonstrated the benefits of oxygenation monitoring in high-altitude areas for evaluating the balance of oxygen supply and oxygen demand. However, it is noteworthy that several studies were conducted under hypobaric chamber settings, which May not accurately reflect the complexities of real high-altitude environment. Moreover, the majority of these studies have focused on peripheral oxygen saturation (SpO2), with a relative scarcity of research concentrated on regional cerebral oxygen saturation (rSO2). The possible reasons for this discrepancy include: (1) The invasive nature of jugular venous blood saturation (SjO2) detection limits the suitability for widespread use; (2) Although pulse oximeters are commonly used for oxygen detection at high altitudes, they only provide readings of peripheral arterial oxygen saturation (SpO2), which cannot accurately reflect the cerebral oxygen saturation (rSO2); (3) Traditional NIRS-based oximeters, which typically comprise a control unit, multiple optodes, and connecting cables or fibers, and often necessitate the operation by medical professionals, leading to a shortage of wireless, wearable oximeters suitable for cerebral oxygenation detection in particular situations such as sport science, pre-hospital care, and high-altitude environments. In high-altitude related diseases, symptoms affecting the brain or nervous system are frequently pronounced and pose a significant risk Timely intervention is crucial, as delayed action can impact the overall prognosis. Therefore, rSO2 monitoring could offer a more direct and potentially valuable approach for clinical research, particularly in assessing the impact of high-altitude conditions on the brain’s oxygen status.

NIRS technology has demonstrated its efficacy as a useful and promising instrument for the detection of cerebral oxygen saturation under the demanding conditions encountered in extreme high-altitude environments. It provides a sensitive and reliable method for measuring rSO2. The advent of wearable, wireless cerebral oxygen oximeters (WORTH band), which are characterized by their portability and user-friendly simple operation, has significantly enhanced the ability to conduct facilitated the real-time and continuous monitoring of rSO2 in high altitudes, providing a valuable tool for future research in this field.

In this study, simultaneous acquisition of physiological characteristics, including regional cerebral/tissue oxygen saturation and heart rate was conducted during exposure to various levels of high altitudes. The primary objective of this research was to elucidate the acute alternations in physiological parameters for lowlanders newly arrived at different high altitudes. A secondary objective was to investigate the fluctuations in rSO2 among elderly individuals engaging in high-altitude cycling. We hope that the findings of this study could expand the current knowledge of high altitude-induced hypoxia and contribute to the enhancement of medical care for the human brain under such conditions.



2 Materials and methods


2.1 High-altitude expedition

A total of 24 healthy adult males (aged between 18 and 23 years) from low-altitude areas participated the Tibet high-altitude expedition research. The exclusion criteria included: (1) Subjects with a history of neurological or psychiatric disorders, including depression, cardiovascular, and respiratory diseases, were not eligible to participate; (2) Subjects with a record of medication use within the preceding 2 months were excluded to avoid penitential confounding effects; (3) Subjects already residing at high-altitude areas (above 2,500 m) or those who had previously traveled to such areas were not considered for this study to maintain a uniform baseline for acclimatization responses. Written informed consent was obtained from each participant. The current study was approved by the ethics committee of the Seventh Medical Center of Chinese PLA General Hospital.

The participants were required to complete a two-month expedition, which encompassed a baseline period at low altitude (approximately 46 m), followed by a gradual ascent to three different places, each at incrementally higher altitudes of 2,780 m, 3,700 m, and 4,300 m. Given the cyclical nature of breathing patterns and cardiac function, it’s essential to measure the rSO2 over a few seconds to derive a reliable average data, rather than relying on a single-point visual check (21). Therefore, in this study, the physiological characteristics, including cerebral oxygen saturation (rSO2) and heart rate (HR) values, were continuously recorded over 60 s using a wearable wireless cerebral oximeter (WORTH band; Casibrain Technology, China) (16), so as to ensure the collection of robust and accurate rSO2. In the WORTH band oximeter, a light emitting diode (LED) source with two wavelengths, 760 nm and 840 nm were used. The sampling rate of the system was 10 Hz. Specifically, clinical assessments were conducted before the expedition, with simultaneous recordings of the regional cerebral oxygen saturation (rSO2) and heart rate taken to establish a baseline for the participants at an altitude of 46 m. After that, the rSO2 and heart rate values were continuously acquired at three incremental altitudes (2,780 m, 3,700 m, and 4,300 m) within 24 h upon arrival at each altitude. This protocol was designed to capture the acute changes in rSO2 levels that occur in response to the rapid change in altitude. To facilitate acclimatization and reduce the risk of high altitude-induced acute mountain sickness (AMS), participants were allowed to stay at each area for approximately 15 days. In this study, owing to the challenges posed by high-altitude acute mountain sickness and other factors, 5 subjects were unable to complete the entire expedition. Consequently, the data from the remaining 19 participants were used for further analysis. The experimental paradigm for the high-altitude expedition is illustrated in Figure 1.
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FIGURE 1
 The experimental paradigm for the high-altitude expedition.




2.2 High-altitude cycling in elderly subjects

Two elderly participants (one 68-year-old male and one 67-year-old male) were recruited for this study. They were in good health and had no reported history of neurological or psychiatric disorders. They were low-altitude (approximately 400 m above sea level in Shanxi, China) natives and had no prior experience with high-altitude (above 2,500 m) exposure. Written informed consent was obtained from each participant. The current study was approved by the ethics committee of the Seventh Medical Center of Chinese PLA General Hospital.

This study involved a high-altitude cycling experiment that lasted for 52 days and covered a range of altitudes from 356 m to 4,658 m across different altitudes in China. During the experiment, the regional cerebral oxygen saturation (rSO2) and heart rate (HR) were acquired using a wearable wireless cerebral oximeter (WORTH band; Casibrain Technology, China) (16). Additionally, the peripheral oxygen saturation (SpO2) was monitored using a non-invasive pulse oximeter (YX301, Yuwell Medical Systems). Specifically, the rSO2, SpO2 and heart rate values were acquired more than twice a day to record the real-time physiological data, totally yielding 140 measurements. Subsequently, to explore the physiological adaptations required for high-altitude cycling in the elderly subjects, the relationship between these physiological parameters and the varying altitudes was analyzed using Pearson correlation. The experimental paradigm for the high-altitude cycling in the elderly subjects is illustrated in Figure 2.

[image: Timeline with six bicycle images and smartwatches showing various altitudes: 806 m, 1168 m, 1930 m, 3625 m, 4658 m, 3594 m, 806 m. Below, a line graph shows altitude fluctuations over a sequence from 0 to 150, with altitudes ranging from 806 m to 4658 m.]

FIGURE 2
 The experimental paradigm for the high-altitude cycling. The numbers indicate the serial order for the measurement of physiological features at different altitudes.





3 Data analysis

In this study, the oxygen saturation data were analyzed using MATLAB 2019a platform (MathWorks Inc., Natick, Massachusetts, United States). Specifically, the raw oxygen saturation data were firstly filtered with spline interpolation method to remove the large motion artifacts. Then, rSO2 mean value was calculated from 60 s rSO2 data for further comparison.

Statistical analysis was performed using the SPSS platform (version 18, SPSS Inc., Chicago, Illinois). The differences between different conditions were quantitatively compared using one-way analyses of variance (ANOVAs). For post hoc analysis, the least-significant difference (LSD) and/or Bonferroni’s correction was conducted when appropriate. Pearson correlation was performed to investigate the relationship between different variables. The results were considered statistically significant at p < 0.05. In the current study, the results are showed as means ± standard error (SE), unless otherwise mentioned.



4 Results


4.1 The results of the high-altitude expedition

In this study, the physiological characteristics, including regional cerebral oxygen saturation and heart rate were acquired simultaneously at different high altitudes. The group-averaged results of rSO2 and heart rate in four places with different altitudes are shown in Figure 3.

[image: Violin plots comparing rSO2 (%) and heart rate (bpm) across four groups (P1 to P4). The left plot shows rSO2 with significant differences marked by asterisks between P1, P2, P3, and P4. The right plot displays heart rate with significant differences between the same groups.]

FIGURE 3
 The group-averaged results of rSO2 and heart rate values at four places with different altitudes. rSO2, regional cerebral oxygen saturation; bpm, beats per minute; P1, P2, P3, P4 indicate places with different altitudes 46 m, 2,780 m, 3,700 m, and 4,300 m, respectively.


Quantitatively, the differences of rSO2 and heart rate at different altitudes were compared. As expected, rSO2 exhibited a significant decline with increasing altitudes at 2,780 m, 3,700 m, and 4,300 m when compared to baseline at 46 m. Specifically, the ANOVA results confirmed that the rSO2 values across the four places with different altitudes were significantly different from each other [F(3, 72) = 8.202, p < 0.001]. Further analysis revealed that the group-averaged rSO2 values at the baseline place, P1 (76.49 ± 1.85%), were significantly larger than those at P2 (70.94 ± 1.97%, p = 0.034 LSD corrected), P3 (69.66 ± 1.81%, p = 0.005 LSD corrected; p = 0.032 Bonferroni corrected), and P4 (63.86 ± 1.63%, p < 0.001 Bonferroni corrected), respectively. In addition, the rSO2 values at P2 were found to be significantly greater than those at P4 (p = 0.008 LSD corrected; p = 0.045 Bonferroni corrected). Similarly, the difference in rSO2 between P3 and P4 achieved statistical significance (p = 0.045 LSD corrected). The significant differences in rSO2 across various altitudes highlight the importance of monitoring cerebral oxygen saturation in high-altitude settings, particularly for subjects new to such high-altitude conditions.

During the incremental ascent to high-altitude areas, the difference of the heart rate (HR) values among the four places with different altitudes did not reached statistical significance [F(3, 72) = 2.368, p = 0.078] at the group level. Notably, the HR values at the highest altitude, P4 (76.47 ± 1.92 bpm), were significantly larger than those at P1 (68.32 ± 2.46 bpm, p = 0.02 LSD corrected) and P2 (69.05 ± 2.35 bpm, p = 0.034 LSD corrected). However, the difference in HR values between P3 (72.53 ± 2.88 bpm) and P4 was not significant.



4.2 The results of the high-altitude cycling in elderly subjects

In this study, the physiological characteristics, including rSO2, SpO2, and heart rate, were measured at various altitudes during the high-altitude cycling and are sequentially displayed in Figure 4. The correlation results between the physiological features and the corresponding altitudes are illustrated in Figure 5.

[image: Line graphs compare physiological features for two subjects: heart rate in black, SO2 in blue, SpO2 in green, and altitude in red, using a number scale from 0 to 150. Both subjects show similar patterns with altitude generally increasing and fluctuations in other parameters.]

FIGURE 4
 Changes of the physiological features (rSO2, SpO2, and heart rate) across different altitudes for the two elderly subjects.


[image: Six scatter plots show the relationship between altitude and physiological measures for two subjects. For Subject 1 and Subject 2, the top and bottom rows respectively, the plots illustrate altitude against rSO2, SpO2, and heart rate. rSO2 and SpO2 have a negative correlation with altitude, while heart rate shows a weak or no correlation. Each graph displays correlation coefficients and p-values, emphasizing significant trends.]

FIGURE 5
 Correlation results between different physiological features (rSO2, SpO2, and heart rate) and the corresponding altitudes for the two elderly subjects.


As shown in Figures 4, 5, the rSO2 and SpO2 values were relatively stable at the altitudes below 2,500 m for both subjects. However, a pronounced decline in both rSO2 and SpO2 was observed at incremental altitudes (above 2,500 m) when compared to the baseline measurements for each elderly subject. Additionally, there was an increase in the heart rate values with the rising altitudes. It is noteworthy that, in comparison to the rSO2 and SpO2 data, the heart rate values exhibited poor stability, with greater fluctuations, especially for Subject 2.

Quantitative analysis was conducted to further investigate the relationship between the physiological parameters and the corresponding altitudes during the high-altitude cycling using Pearson correlation. Strong negative correlations were found between the altitudes and the physiological features (rSO2 and SpO2). Specifically, for Subject 1, a significant correlation was observed between altitudes and rSO2 (r = −0.597, p < 0.001), as well as between altitudes and SpO2 (r = −0.865, p < 0.001) values. The findings indicate that as altitude increase, rSO2 and SpO2 decrease correspondingly. The same trend was observed for Subject 2, with significant correlations between altitudes and rSO2 (r = −0.619, p < 0.001), and altitudes and SpO2 (r = −0.833, p < 0.001). Additionally, the relationship between the altitudes and hear rate (HR) was also explored. For Subject 1, there was a strong positive correlation between altitudes and HR values (r = 0.333, p < 0.001). However, for Subject 2, the correlation between altitudes and the HR was not statistically significant (r = −0.003, p = 0.976). These findings underscore the complex physiological adjustments the body undergoes in response to high-altitude environments and the variability in individual responses to these conditions.




5 Discussion


5.1 The importance the potential of wireless wearable oximeter for oxygenation detection at high altitudes

In recent years, the increased popularity of high-altitude adventures and the expansion of transportation networks have led to a consequent increase in the number of individuals traveling to high-altitude regions. However, the physiological challenges posed by high altitudes, including decreased humidity, lower air temperature, increased ultraviolet radiation, and the challenges of hypobaric hypoxic environments, can significantly impact the human body’s physiological functions (1). Accurate detection of regional cerebral oxygen saturation (rSO2) becomes particularly crucial for the prevention of brain injury in individuals, especially elderly subjects, exposed to high altitudes. For safety, therefore, it is imperative to investigate the brain functional activity at high-altitude areas. Additionally, there is a unique necessity for medical equipment for the detection, prevention, and treatment of high altitude illnesses (HAIs) (4).

The measurement of jugular venous blood saturation (SjvO2) allows the measurement of global oxygen saturation of the brain. However, the invasive procedure of catheter placement can potentially lead to adverse events, such as carotid artery puncture, formation of hematomas, infection, thrombosis, etc. (2). Over the past few years, pulse oximeters gained widespread acceptance in clinical settings; however, they are limited to the measurement of peripheral arterial oxygen saturation (SpO2) and necessitate pulsatile blood flow for accurate readings (16, 22). Notably, in recent years, cerebral oximeters based on NIRS technique have been used for the detection of regional cerebral oxygen saturation (rSO2), providing valuable insights into the balance between the cerebral oxygen supply and demand. Given their unique strengths, NIRS-based oximeters have been approved by the US Food and Drug Administration (FDA) for detecting cerebral and tissue oxygen saturation in numerous clinical applications, including cardiac surgery, anesthesia, neonatology, and sports, etc. Currently, several commercially available cerebral oximeters are utilized for the measurement of rSO2, including the FORE-SIGHT™ (CAS Medical Systems, Branford, CN, United States) system, the INVOS™ (Covidien, Inc., Boulder, CO, United States) system, NIRO-200NX (Hamamatsu Photonics, Hamamatsu City, Japan) system, etc. However, these systems typically consist of a control unit, several optodes, and associated fiber-optic cables or wires for data transmission. As a results, this kind of design is primarily suited for use as bedside monitors. There is still a lack of a wireless device that could expand cerebral oxygenation monitoring to tight spaces, such as emergency carts or an ambulance, or for use in sports science (16).

To further improve the applicability and expand new clinical applications, a NIRS-based cerebral oximeter, WORTH band, was designed (16). This innovative device offers noninvasive, cost-effective, and reproducible measurement of cerebral oxygen saturation. Its wireless and wearable design affords unique convenience for continuous monitoring of cerebral oxygen saturation in confined environments, such as emergency transport carts, ambulances, and hyperbaric oxygen chamber, as well as in the field of sports science, especially for high-altitude sports like expedition and cycling. The current findings in this study provide a substantial foundation for future research into investigating the cerebral hemodynamics at high altitudes in a variety of subjects, including common healthy subjects, well-trained athletes, and even patients suffering from cardiovascular, respiratory, and metabolic disorders.



5.2 Changes of physiological characteristics in high-altitude expedition

In this high-altitude expedition task, quantitative comparisons were made between different altitudes for physiological characteristics, specifically rSO2 and HR. Significant differences were observed in rSO2 values across four different altitudes (46, 2,780, 3,700, and 4,300 m). Notably, the rSO2 demonstrated a significant decrease with increasing altitude at the group level during the high-altitude expedition study. The rSO2 readings at higher altitudes (2,780, 3,700, and 4,300 m) were significantly lower than those recorded at sea level (46 m). Furthermore, a significant drop in rSO2 was observed at the highest altitude (4,300 m) compared to the moderate altitude (2,780 m). However, no significant differences in rSO2 were observed between the altitudes of 2,780 m and 3,700 m, potentially due to the acclimatization effects of chronic exposure. As for the HR, significant differences were observed only in the comparisons between the pairs of (4,300 m vs. 46 m) and (4,300 m vs. 2,780 m) at the group level. These findings suggested that the rSO2 is a more sensitive and effective indicator than HR for evaluating changes in physiological characteristics at high altitudes. This underscores the utility of rSO2 as a key measure for assessing cerebral oxygenation levels and the body’s adaptation to high-altitude environments.

Our results are in concordance with the previous studies. For example, Hadolt and colleagues measured the regional cerebral (rSO2) and peripheral (SpO2) oxygen saturation during a 22-day high-altitude trekking in the Nepal Himalayas (2,850–5,600 m) (7). They found that the there was a significant decrease in both rSO2 and SpO2 at high altitudes, with the decline in rSO2 being more pronounced at higher altitudes compared to SpO2. A previous study investigated the impact of ethnicity and acclimatization to high altitude (3,658 m) on physiological characteristics (19). The results revealed that after O2-inhalation, the arterial oxygen saturation (SaO2) changed from 88.8 ± 0.7% to 98.4 ± 0.2% for Tibetans with lifelong exposure to high altitude. For lowlanders with three-day exposure, SaO2 increased from 85.7 ± 0.9% to 98.6 ± 0.1%, and for lowlander with five-year exposure, SaO2 increased from 90.6 ± 0.3% to 98.7 ± 0.2%, respectively. The results indicate that Tibetans exhibit a unique cerebral hemodynamic regulatory pattern to maintain a high level of stability of oxygen delivery. Additionally, it was reported that both rSO2 and SpO2 were significantly lower, while the microvascular total vessel density (TVD) was higher in newborns born at high altitude (3,840 m) compared to those born at sea level. This phenomenon reflects a general adaptive mechanism that newborns employ to cope with the reduced oxygen availability in high-altitude environments (23).

It has been reported that the human body’s physiological adaptations to hypoxia mainly include cardiovascular, metabolic, respiratory, hemodynamic, and endocrine responses (1). Acute exposure to high altitude stimulates the adrenergic system, leading to decreased regional oxygen saturation, increased heart rate, and elevated cardiac output. Additionally, despite the maintenance of stable blood pressure, there is an increase in pulmonary artery pressure due to hypoxic pulmonary vasoconstriction. Since oxygen molecules diffuse across the alveolar-capillary membrane driven by a pressure gradient, and as the partial pressure of oxygen decreases with increasing altitude, the number of oxygen molecules traveling across the alveolar-capillary membrane is consequently affected by altitude (7). After several days of exposure to high altitudes, the autonomic nervous system undergoes adaptation, leading to a reduction in tachycardia and protecting the myocardium from excessive energy demand. However, permanent exposure to high-altitude areas could evoke erythropoiesis, which, if excessive, even result in chronic high-altitude illnesses (1). Acute exposure to high altitude can lead to adverse effects in patients with cardiovascular disease (1, 4). Nonetheless, intermittent and moderate hypoxia acclimatization May offer therapeutic benefits in the management of certain cardiovascular diseases, including coronary heart diseases and heart failure (1).

In a study simulating oxygen system failure during high-altitude (9,144 m) high-opening (HAHO) parachute jump (24), arterial oxygen saturation (SaO2) data were measured via blood gas analysis; Additionally, cerebral (rSO2), forearm tissue (StO2), and peripheral (SpO2) oxygen saturation values were acquired noninvasively. The quantitative results revealed that rSO2 correlates more closely with SaO2 and can serve as a valuable tool for the evaluation of hypoxemia or hypobaric chamber training. It has been reported that remote ischemic preconditioning (RIPC) can enhance aerobic performance during acute hypobaric hypoxia exposure by accelerating regional oxygenation and enhancing cardiac function, suggesting that RIPC May offer benefits for individuals undergoing acute hypobaric hypoxia exposure (9). These findings highlight the importance of acclimatization for individuals from lowland areas who are venturing into high-altitude environments.



5.3 Changes of physiological characteristics in high-altitude cycling of elderly subjects

Recently, there has been a progressive increase in the number of elderly people who travel to high-altitude regions (4). It was reported that approximately 10% of trekkers in Nepal were 50 years or older in 1989 (25). An epidemiologic study conducted in 2016 revealed a pronounced increase, with about 62% of 670 Himalayan trekkers being over 50 years of age (26). Given the potential for increased vulnerability to high-altitude illnesses and the physiological changes associated with aging, real-time monitoring of cerebral oxygenation is of particular importance for elderly individuals at high altitudes. This practice is crucial for ensuring their safety and well-being, allowing for timely interventions that can prevent acute mountain sickness (AMS) and other high-altitude-related complications.

Cerebral oxygenation is closely related to cerebral blood flow, oxygen consumption, and arterial oxygen content. Our wireless, wearable cerebral oximeter (WORTH band) holds the potential to become a useful tool for evaluating cerebrovascular acclimatization during incremental ascent to high altitude. In this study, the regional cerebral (rSO2), peripheral (SpO2) oxygen saturation, and heart rate (HR) of the elderly people were monitored simultaneously during a long-term (52 days) high altitude cycling (from 356 m to 4,658 m) in China. This study centered on exploring the effects of gradual high-altitude exposure on elderly individuals engaged in cycling activities. The research aim was to understand how the distinct physiological characteristics, adapts to and copes with the challenges of high-altitude environments. In this study, observations included a reduction in regional cerebral oxygen saturation (rSO2) and arterial oxygen saturation (SpO2), as accompanied by an increase in heart rate (HR) as altitude increased. Specifically, the rSO2 and SpO2 data were relatively stable at altitudes lower than 2,500 m. However, a dramatic decline in both rSO2 and SpO2 was noted at altitudes (above 2,500 m) when compared to the baseline level for the two subjects. Additionally, the heart rate values were observed to increase with rising altitudes. Notably, when compared to the rSO2 and SpO2 data, the heart rate values exhibited greater fluctuations and presented poorer stability, particularly in Subject 2. The possible explanation for this discrepancy May be attributed to the individual differences in ventilatory and other physiological responses to hypoxia among individuals, suggesting intersubject variability.

At high-altitude regions, the principal physiological systems impacted include the brain, heart, lungs, kidneys, and blood (8). Most physiological responses exhibit a dose–response relationship, with greater degrees of hypoxia triggers larger responses. For example, cerebral blood flow, heart rate, and ventilation typically increase within several minutes of exposure to increased altitude, while changes in plasma volume and serum erythropoietin concentration generally occur within 1–2 days (4). Despite similar patterns and temporal dynamics of the responses, the magnitude of the responses can vary considerably among different individuals. The findings from this study could further improve our understanding of the impact of high-altitude hypoxia on the cardiovascular system, and further enable the provision of better documented and evidence-based guidance for individuals with cardiovascular diseases who are considering traveling to high-altitude environments. Adequate preparation and awareness of the physiological changes that occur can help mitigate risks and ensure a safer experience at altitude for those with pre-existing heart conditions.



5.4 Limitations of this study

One of the limitations of this study is the limited sample size for the elderly participants engaged in high-altitude cycling. In subsequent research efforts, the findings of the current study should be further confirmed using data from multi-center studies with larger sample size. The second limitation pertains to the data collection, which was limited to rSO2, SpO2, and heart rate (HR)measurements. To conduct a more comprehensive investigation into the effects of altitude on the human body, future studies should include additional physiological parameters (such as respiratory rate, blood pressure, etc.) to provide a more comprehensive understanding of the body’s response to high altitudes.

Despite these limitations, this study presents a significant step in the exploration of physiological changes o in subjects with high-altitude exposure. Additionally, the current findings suggested that the NIRS-based wireless wearable oximeter (WORTH band), can serve as a valuable instrument for evaluating cerebral oxygenation and detecting potential brain damage at high altitudes, which in turn facilitates physiological monitor-guided, goal-directed management of cerebral oxygenation in high-altitude settings, thereby improving the safety and efficacy of high-altitude activities and medical interventions.
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Background: Mild cognitive impairment (MCI) is a growing concern among older adults, with limited effective pharmacological treatments available. Despite the potential of herbal medicine and acupuncture in managing MCI, there is a lack of research on their long-term effects on cognitive function and brain activity in clinical practice settings. This study aimed to address this gap by exploring the effects of a community-based program integrating herbal medicine and acupuncture on cognitive function and neural responses in older individuals with MCI.
Methods: Nineteen individuals were enrolled from a pool of 250 individuals registered in the 2021 Busan Dementia Prevention & Care Program. Participants with MCI received herbal medicine, acupuncture, and pharmacopuncture treatments over a 6-month period. The Montreal Cognitive Assessment (MoCA) was administered at baseline and after 3 and 6 months to evaluate cognitive function. Functional near-infrared spectroscopy (fNIRS) was used to measure prefrontal cortex activity during cognitive task performance, including verbal fluency, Stroop color and word, and digit span backward tests.
Results: Seventeen participants (13 female; mean age, 69.5 years) with MCI completed the study. Following the 6-month intervention, they exhibited a significant increase in the MoCA total score over time [F(2.32) =10.59, p < 0.0001]. Additionally, the deoxygenated hemoglobin beta coefficient in the left frontopolar prefrontal cortex significantly decreased during the Stroop task after the intervention.
Conclusion: The Dementia Prevention & Care Program, which integrates herbal medicine and acupuncture, may enhance cognitive function in individuals with MCI. Moreover, the observed changes in prefrontal cortex activity after completion of the program suggest a need for further investigation of the underlying mechanisms.
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acupuncture, cognitive dysfunction, community-based participatory research, herbal medicine, near-infrared spectroscopy


1 Introduction

Mild cognitive impairment (MCI) is characterized by complaints regarding cognitive function accompanied by an objectively observed cognitive decline that exceeds what is considered normal for one's age. Unlike those with dementia, individuals with MCI typically maintain their daily functioning (1). The prevalence of MCI rises with age, estimated at 6.7%−8.4% in individuals aged 60 years and older and increasing to 25.2% among those older than 80 years (2). For individuals with MCI aged 70 years and older, the annual progression rate to dementia is approximately 5%−6% (3). Despite its prevalence and potential progression to dementia, there is currently no consensus on effective pharmacological treatments for MCI (2).

Emerging research suggests that herbal medicine and acupuncture may hold promise in slowing the progression of MCI and enhancing cognitive function (4, 5). In Korea, these interventions are being incorporated into community-based strategies for dementia prevention and management. Since 2016, Busan has implemented the Korean Medicine Dementia Prevention & Care Program led by Busan Metropolitan City, the Busan Association of Korean Medicine, and 16 dementia care centers. This program provides complimentary herbal medicine and pharmacopuncture treatments for individuals aged 60 years and older who reside in Busan, with acupuncture treatment costs covered by the participants themselves (6). Previous studies have reported improvements in cognitive function following these programs, along with high participant satisfaction and willingness to re-engage (6, 7).

The potential mechanisms underlying these improvements have been explored using various neuroimaging techniques. Studies utilizing functional magnetic resonance imaging (fMRI) have shown that herbal medicine treatments for patients with MCI can lead to decreased activation in the dorsolateral prefrontal cortex (DLPFC) and parietal cortex and increased activation in medial prefrontal, parietal, and temporal cortices (8). In addition, acupuncture treatment have been found to modulate prefrontal activation in patients with MCI (9).

Another method to investigate these mechanisms is functional near-infrared spectroscopy (fNIRS) (10). fNIRS, a non-invasive optical method, utilizes near-infrared light to monitor changes in cerebral blood hemodynamics associated with neural activity by monitoring the levels of oxy and deoxygenated hemoglobin (HbO2 and HbR, respectively), which serve as indicators of changes in regional cerebral blood flow (11). Compared to other functional imaging techniques, fNIRS offers advantages such as portability, relative insensitivity to movement, and absence of the need for injection of radioactive compounds (12).

fNIRS is a suitable tool for evaluating hemodynamic changes during the performance of cognitive tasks in patients with MCI (13). Studies utilizing fNIRS have reported that cerebral blood flow is reduced in individuals with MCI and Alzheimer's disease (AD) compared with that in healthy aging, as demonstrated in single-photon emission computed tomography, positron emission tomography, and functional magnetic resonance imaging studies (14). Consistent with this, patients with MCI and AD have also shown reduced frontal oxygenation across various cognitive domains, including tasks involving word retrieval, memory, motor control, and visuospatial perception, as observed in fNIRS studies (13–15). In a study evaluating acupuncture treatment using fNIRS, the prefrontal activation was modulated after acupuncture treatment during 12 weeks and exhibited a strong HbO2 response, which is significantly similar to those of the healthy control's averaged response (16). However, there is a lack of research measuring brain activity in patients with MCI in the context of long-term herbal medicine and acupuncture treatments used in clinical practice setting.

This study aimed to address the gap in long-term, clinical practice-based research by investigating the effects of combined herbal medicine and acupuncture treatment on cognitive function and cerebral hemodynamic changes in patients with MCI. Specifically, we measured prefrontal cortex activity during cognitive task performance (verbal fluency, Stroop color and word, and digit span backward tests) using fNIRS before and after the 6-month intervention. By using fNIRS to measure prefrontal cortex activity during cognitive tasks before and after a 6-month intervention period, we aimed to provide insights into the neural mechanisms underlying potential cognitive improvements in patients with MCI.



2 Materials and methods


2.1 Study design

This retrospective observational study aimed to evaluate the effectiveness of Korean traditional medicine treatments in individuals with MCI and investigate the associated mechanisms, specifically focusing on prefrontal activation during cognitive tasks using fNIRS. Participants were recruited from among those registered in the 2021 Dementia Prevention & Care Program of the Busan Association of Korean Medicine. Written informed consent was obtained from all participants prior to registration. Participants registered in the 2021 Dementia Prevention & Care Program received a combination of Korean medicine interventions, including herbal medicine, acupuncture, and pharmacopuncture, over a 6-month period. The outcome assessment included the measurement of cognitive function; hemodynamic changes in the prefrontal cortex (PFC) during cognitive tasks were measured in participants who enrolled in this study. Individuals without cognitive decline, who served as healthy controls, were also enrolled. The study was conducted at two Korean medicine clinics in Busan, with enrollment occurring from January 13, 2021 to April 21, 2021, and a final follow-up on November 23, 2021. Ethical approval was obtained from the Institutional Review Board of the Korea Institute of Oriental Medicine (I-2307/007-001).



2.2 Participants

Nineteen patients with MCI were enrolled in two Korean medicine clinics. Participants of the 2021 Dementia Prevention & Care Program in Busan who expressed a willingness to undergo additional assessment using fNIRS were included in this study. The inclusion criteria for the 2021 Dementia Prevention & Care Program in Busan were as follows: participants who were over 60 years old; diagnosed with MCI based on cognitive assessments such as the Korea Dementia Screening Questionnaire (17), Cognitive Impairment Screening Test (CIST) (18), and Montreal Cognitive Assessment (MoCA) (19, 20) with a score below 23; willingness to receive herbal medicine, acupuncture, and pharmacopuncture treatment; able to visit the clinic twice a week; and provided voluntary informed consent. The exclusion criteria included current use of anti-dementia drugs, history of severe mental disorders, unresolved cancer diagnosis, and ineligibility for enrollment for other reasons.

Nine healthy controls with normal cognitive functions were enrolled in this study. The healthy controls were recruited from the same Korean medicine clinics. Participants without complaints of cognitive decline underwent MoCA screening, and those with MoCA scores > 22 were included as healthy controls.



2.3 Intervention

Participants with MCI underwent a 6-month treatment as part of the Dementia Prevention & Care Program in Busan, which included herbal medicine, acupuncture, and pharmacopuncture. The herbal medicine consisted of three individualized prescriptions: Kami Guibi-tang (17, 18), Yukmijihwang-tang (19), and Dangguijagyag-san (20, 21). These prescriptions were determined using the Korean medicine pattern identification system, which considers factors such as appetite, sleep, stool frequency and form, urine, sensitivity to fever or cold, exercise habits, and stress levels. The three prescriptions were finalized after application and modification processes in the Dementia Prevention & Care Program in Busan, which began in 2016. Initially, there were six patterns and corresponding prescriptions, including Bojungikgi-tang for qi deficiency, Palmijihwang-tang for yang deficiency, and Gyejibokryeong-hwan for blood stasis. However, Bojungikgi-tang and Palmijihwang-tang were often unsuitable for long-term use, and there were few patients with the blood stasis pattern. Consequently, the program was refined to three patterns and their corresponding prescriptions. Kami Guibi-tang was prescribed to patients with qi and blood deficiency patterns, Yukmijihwang-tang for yin deficiency patterns, and Dangguijagyag-san for blood deficiency patterns. Korean medicine doctors confirmed the appropriateness of the pattern identification and prescription based on each patient's condition. The participants took the herbal medicines twice daily for 6 months. The herbs in the three herbal medicine granules are listed in Table 1. The herbal medicine granules were manufactured by Kracie Pharma, Ltd. in accordance with Good Manufacturing Practice under the guidelines of the Ministry of Food and Drug Safety.


TABLE 1 Names and dosages of herbal ingredients for the three herbal formulas used in this study.

[image: A table showing herbal formulas with details on herbal names, source species, parts used, and dosages. It lists Kami Guibi-tang (7.5 g/day), Yukmijihwang-tang (6.0 g/day), and Dangguijagyag-san (6.0 g/day), including various herbs like Ginseng Radix from Panax ginseng, used parts such as roots or rhizomes, and dosages ranging from 0.5 g to 6.0 g.]

The participants also received acupuncture and pharmacopuncture treatments twice a week for 6 months. The acupuncture involved points on the head (EX-HN1), upper body (bilateral PC6, HT7, and PC8), and lower body (bilateral ST36). Stainless steel acupuncture needles (0.25 × 30 mm; SMC Co., Korea) were used, and each acupuncture session lasted 20 minutes. Pharmacopuncture was administered at six acupoints: GV16, GV14, and bilateral GB20 and GB21. A dosage of 0.1–0.2 cc of Hominis Placenta pharmacopuncture (22) was injected. The participants enrolled as healthy controls did not undergo any interventions for cognitive function.



2.4 Measurements

Demographic information (sex, age, education level, and occupational status), comorbid diseases, and MoCA scores (23, 24) were collected from both groups of participants. As a cognitive assessment tool, the MoCA was administered three times to participants with MCI (at baseline, after 3 months, and after 6 months) to track changes in cognitive function. For healthy controls, the MoCA was administered once at baseline to confirm their cognitive status. The MoCA evaluates seven cognitive domains, namely executive/visuospatial function, naming, attention, language, abstraction, recall, and orientation, with a maximum score of 30 (23, 24). A previous study suggested a cutoff score of 22/23 for screening MCI in older Korean outpatients (24).

In patients with MCI, the CIST (25) and Geriatric Depression Scale (GDepS) short form (26, 27) were administered twice, at baseline and after 6 months of treatment. The CIST was developed by the Ministry of Health and Welfare in Korea and consists of 13 items covering six cognitive domains (orientation, attention, visuospatial function, executive function, memory, and language). The scores range from 0 to 30, with higher scores indicating better cognitive function (25). GDepS assesses the severity of geriatric depression, with scores ranging from 0 to 15. A higher score indicated more severe depression (26). Additionally, the occurrence of adverse events was meticulously recorded. The participants were instructed to report any instances of nausea, vomiting, decreased appetite, diarrhea, constipation, headache, dizziness, abdominal pain, chest pain, fatigue, insomnia, swelling, weight loss, drowsiness, or other relevant symptoms.



2.5 fNIRS and cognitive tasks

PFC activity was measured using a portable fNIRS device (Supplementary Figure 1) during both the resting state and three consecutive cognitive tasks (Figure 1). Measurements were recorded three times in patients with MCI (at baseline, after 3 months, and after 6 months) and twice in healthy controls (at baseline and after 6 months).


[image: Flowchart showing the sequence of tasks in a study. The process includes a "Resting State" (180 seconds), followed by three blocks: "VFT" task (150 seconds) with Baseline, Control, and Phonemic blocks; "Stroop" task (180 seconds) with Baseline and Color-Word matching blocks; and "DSB" task (180 seconds) with Baseline and Digit blocks. Each phase is linked to a "Finish" box.]
FIGURE 1
 Procedure for the resting state and cognitive tasks. VFT, verbal fluency test; Stroop, Stroop color and word test; DSB, digit span backward test.



2.5.1 Cognitive tasks

The cognitive tasks included the verbal fluency test (VFT), Stroop color and word test (Stroop), and digit span backward test (DSB). Each cognitive task was comprised of low-difficulty (easy) and high-difficulty (hard) tasks. Cognitive tasks were administered via a touch monitor, and the software for these tasks was developed using a Python-based psychological experiment toolbox (Figure 2) (28).


[image: Diagram depicting three cognitive tasks: VFT, Stroop, and DSB. VFT shows words displayed in succession. Stroop involves color-word matching with congruent and incongruent conditions. DSB illustrates backward retrieval and encoding of sequences with three and four digits.]
FIGURE 2
 Protocols for VFT, Stroop color and word test, and DSB test.


In the VFT, participants are required to retrieve and articulate words corresponding to given cues within a limited timeframe. For the high-difficulty component, a phonemic VFT (29) was conducted, in which participants were asked to spontaneously report words beginning with each phonemic (three Korean consonant letters: /g/, /s/, and /d/) within 20 s for each letter. For the low-difficulty component, the participants were instructed to simply articulate vowels.

The Stroop test includes color–word matching (Stroop) and word–color matching (reverse Stroop) (30). There were 24 questions delivered in two sessions, with each question presenting two color names (red and green) displayed in matched or unmatched color ink on a black background. During the color–word matching phase (low-difficulty task; 60 s duration), participants were required to select the word button corresponding to the color of the word. Conversely, during the word–color matching phase (high-difficulty task), which also lasted for 60 s, the participants were instructed to select the color button corresponding to the meaning of the word.

The DSB test requires participants to memorize a series of numbers and then recall them in reverse order (31). The test included five tasks of memorizing three consecutive numbers (low-difficulty task) and four tasks of memorizing four consecutive numbers (high-difficulty task). The participants were instructed to enter the numbers within 7 s for each set of three consecutive numbers, and within 10 s for each set of four consecutive numbers.



2.5.2 fNIRS data acquisition and preprocessing

The fNIRS device (NIRSIT; OBELAB, Inc., Seoul, Korea) used in this study consisted of a standard configuration featuring 48 channels with a source-detector distance of 3 cm (Figure 3). It is designed to measure hemodynamic responses in the prefrontal brain regions, including the right and left dorsolateral prefrontal cortex (DLPFC; eight channels each), ventrolateral prefrontal cortex (VLPFC; three channels each), orbitofrontal cortex (OFC; five channels each), and frontopolar cortex (FPC; eight channels each). Near-infrared light beams at two wavelengths (780 and 850 nm) were emitted into these regions to assess variations in cerebral blood oxygen saturation by measuring HbO2 and HbR, respectively (32).


[image: Diagram depicting the positions of lasers and detectors on a grid, with numbers from 1 to 48. Below, the regions of the brain, including the dorsolateral, ventrolateral, frontopolar, and orbitofrontal prefrontal cortex, are labeled right and left, as relevant areas for placement.]
FIGURE 3
 Arrangement of sources and detectors and configuration of region-of-interest channels.


fNIRS data preprocessing and analysis were performed using MATLAB (version 2023b, MathWorks, United States). Data from 48 channels with a 3 cm source-detector distance were processed. Prior to analysis, task data were isolated to eliminate unnecessary time windows between tasks (33, 34). The preprocessing pipeline began with signal quality control. Negative intensity values due to saturation were replaced with neighboring non-negative values. Channels were then rejected based on established criteria (35, 36): median intensity below 20 A.U. (above which the observed cardiac pulsation becomes prominent), coefficient of variation exceeding 7.5% (36), consecutive values indicating saturation for more than 5% of the time series, extremely negative correlation (< -0.9) between HbO and HbR (35). The rejected channel values were substituted with the averages of the neighboring channels in the same Brodmann region. Next, data conversion and artifact correction were performed. Intensity data were converted to delta optical density (dOD) using the mean intensity of each channel wavelength as baseline (36). Detrending was applied to remove slow drift from dOD data. Motion artifact were then corrected using temporal derivative distribution repair (TDDR) algorithm (37). For concentration calculation, based on modified Beer-Lambert law (38, 39), dOD data were converted to Hb concentration changes (mM.mm) with molar extinction coefficients (40). Lastly, a 5th order Butterworth bandpass filter was applied, with a low pass cutoff frequency of 0.1 Hz and a high pass cutoff frequency of 0.01 Hz to remove potential physiological noise such as cardiac signal and measurement drift.



2.5.3 fNIRS signal analysis

fNIRS signal analysis was conducted using the general linear model (GLM) approach, employing beta estimation with the ordinary least squares solution. Task design regressors were constructed for each task and convolved with hemodynamic response functions to model task-induced HbO2 and HbR brain activation signals. A high HbO2 beta value indicated increased HbO2 concentration changes (indicating activation) by the task, whereas a high HbR beta value indicated decreased HbR concentration changes (also, indicating activation) by the task. The main regressors for each cognitive task included the high-difficulty task (hard), low-difficulty task (easy), and resting state. Contrasts for regressors of interest were established to compare hard and easy tasks, with the aim of identifying channels showing a differential response between the two task conditions. HbO2 and HbR beta coefficient in each channel were estimated using the GLM, and channel estimates were averaged to yield summary estimates by Brodmann regions, including the right and left DLPFC, VLFPC, OFC, and FPC.




2.6 Statistical analysis

The changes in variables over time within the MCI patient group were initially examined. For datasets with three time points (baseline, after 3 months, after 6 months), analysis was performed using Repeated Measures ANOVA or Friedman Rank Sum Test. Pairwise comparisons were conducted using paired t-tests or paired Wilcoxon tests, with Holm correction for multiple comparison. Results at 3 months and 6 months were compared to baseline, respectively. For datasets with two time points (baseline, after 6 months), paired t-tests or paired Wilcoxon tests were applied. Between-group comparisons (MCI patients vs. Healthy controls) were conducted by comparing the changes within each group (values at 6 months minus baseline). The Mann-Whitney U test was used to compare the changes from baseline in both groups. All statistical analyses were carried out using R 4.3.1 [R Core Team, (52)].




3 Results


3.1 Demographic and participant characteristics

A total of 19 participants with MCI were enrolled in this study. Out of the 19 participants with MCI, 2 participants dropped out due to declined consent, and 1 participant lacked fNIRS data at the 3-month follow up. The analysis for fNIRS data included the remaining 16 participants with complete data. Separately, for the healthy controls with normal cognitive function, 13 participants primarily with musculoskeletal diseases and without cognitive decline complaints were assessed for eligibility. Four participants with a MoCA score under 23 were excluded, and 9 participants were enrolled as healthy controls (Figure 4).


[image: Flowchart comparing participants with Mild Cognitive Impairment (MCI) and healthy controls. Left column details processes for MCI participants with informed consent, assessments, and follow-ups. Right column outlines procedures for healthy controls, including baseline and follow-up assessments. Arrows depict progression through each step.]
FIGURE 4
 Study flow diagram.


The demographic and baseline characteristics of the study participants are detailed in Table 2. The distribution of age, sex, education levels, and occupation demonstrated comparability between the Mild Cognitive Impairment (MCI) and healthy control groups, with 76.5% women in the MCI group and 66.7% in the healthy control group. However, the prevalence of comorbidities varied significantly between the two groups. Meanwhile, the baseline MoCA scores were markedly lower in the MCI group (19.9 ± 1.2) compared to the healthy control group (26.0 ± 2.5).


TABLE 2 Demographic and baseline characteristics of the study participants.

[image: Table comparing participants with mild cognitive impairment (MCI) and healthy controls. Key variables include age, sex, education level, occupation, comorbidities, and MoCA scores. Mean age for MCI is 69.5 and 71.4 for controls. Women constitute 76.5% of MCI and 66.7% of controls. MCI has higher unemployment. Major comorbidity differences include hypertension and musculoskeletal diseases. MoCA score averages are 19.9 for MCI and 26.0 for controls. P-values indicate significant differences in comorbidities and MoCA scores.]



3.2 Changes in MoCA, CIST, and GDepS score in participants with MCI

Table 3 presents the changes in MoCA, CIST, and GDepS score in participants with MCI over 6-month period. Following the herbal medicine, acupuncture, and pharmacopuncture treatment, the MoCA total score in participants with MCI exhibited a notable increase, rising by 3.24 points (95% CI, 1.87 to 4.60) compared to baseline after 6 months. Concurrently, the mean CIST score also increased, indicative of cognitive improvement, while the mean GDepS score decreased, suggesting a decline in depression symptoms. Additionally, one case of headache was reported as an adverse event following pharmacopuncture treatment. The severity of the headache was mild, and it resolved spontaneously. No other adverse events were reported.


TABLE 3 Changes in the MoCA, CIST, and GDepS scores in participants with MCI (n = 17).

[image: Table displaying cognitive and depression scores at baseline, three months, and six months for seventeen participants. MoCA scores increased from 19.9 to 23.1. CIST scores rose from 22.9 to 25.0, and GDepS scores decreased from 3.2 to 1.8. Repeated measures ANOVA shows significant F-value, p < 0.0001. Pairwise comparisons show significant changes between baseline and six months for MoCA and CIST, with p-values 0.0002 and 0.006, respectively.]



3.3 Changes in HbO2 and HbR concentration during cognitive tasks

Table 4 presents the observed changes in cognitive tasks (VFT, Stroop, and DSB) among patients with MCI. While a general trend toward improvement over time was noted, many of these changes did not attain statistical significance. Throughout the administration of the cognitive tasks, HbO2 and HbR signals were measured in each channel, and the differences in signal between the high- and low-difficulty cognitive tasks were computed. The HbO2 and HbR signals in PFC among participants with MCI and healthy controls over time are illustrated in Figures 5, 6, respectively. The color bar on the left side of each figure indicates normalized signal beta amplitude. Additionally, the HbO2 and HbR beta values for each prefrontal region at baseline and 6-month follow-up are presented in Tables 5, 6, respectively.


TABLE 4 Changes in cognitive task scores in participants with MCI (n = 16).

[image: Table displaying median and interquartile range (IQR) for cognitive tests at baseline, three months, and six months, including VFT, Stroop C-W, Stroop W-C, and DSB tests. The Friedman test and pairwise comparisons show statistical comparisons between time points with significance values provided.]


[image: Brain scan images compare participants with mild cognitive impairment (MCI) and healthy controls. The scans show different activation areas at baseline, three months, and six months follow-up. Color variations indicate levels of brain activity for VFT, Stroop, and DSB tasks. Color bars show activity from low (blue) to high (red).]
FIGURE 5
 Changes in the concentration of HbO2 in the prefrontal cortex during performance of cognitive tasks, comparing hard vs. easy tasks. The color bar indicates the beta coefficient of each hemoglobin concentration change, where the warmer colors indicate activation and the cooler colors indicate deactivation. Note that the warmer colors in the HbO2 beta amplitude map indicate activation in the region, meaning that the overall concentration change of HbO2 is increased. f/u, follow up.



[image: Brain activity maps showing changes in participants with mild cognitive impairment (MCI) and healthy controls over baseline, three-month, and six-month follow-up. Images illustrate VFT, Stroop, and DSB tasks with color-coded activity levels.]
FIGURE 6
 Changes in the concentration of HbR in the prefrontal cortex during performance of cognitive tasks, comparing hard vs. easy tasks. The color bar indicates the beta coefficient of each hemoglobin concentration change, where the warmer colors indicate activation and the cooler colors indicate deactivation. Note that the warmer colors in the HbR beta amplitude map indicate activation in the region, meaning that the overall concentration change of HbR is decreased.



TABLE 5 Changes in the beta value of oxygenated hemoglobin (HbO2) in the prefrontal cortex during cognitive tasks, comparing hard vs. easy tasks.

[image: Table comparing levels of various brain regions between participants with mild cognitive impairment (MCI) and healthy controls (HC) over six months. Sections include VFT, Stroop, and DSB, showing median, IQR, estimates, and p-values for each group and comparison type. Brain regions listed include DLPFC, VLPFC, OFC, and FPC, with left (L) and right (R) distinctions. Statistical analysis includes McI and HC comparisons.]


TABLE 6 Changes in the beta value of deoxygenated hemoglobin (HbR) in the prefrontal cortex during cognitive tasks, comparing hard vs. easy tasks.

[image: Table presenting statistical data on participants with Mild Cognitive Impairment (MCI) and healthy controls (HC) over baseline and 6-month periods. It includes median, interquartile range, estimates, and p-values for VFT, Stroop, and DSB. The table shows within-group comparisons for MCI and between-group comparisons between MCI and HC. Significant p-values are marked with asterisks indicating p less than 0.05 and p less than 0.01.]

As shown in Figure 5, the HbO2 signal beta amplitude in PFC tended to increase in VFT and decrease in Stroop task at the 6-month follow-up compared to that at baseline among the participants with MCI. No significant difference was observed when comparing the HbO2 beta coefficient between baseline and the 6-month follow-up. When comparing the changes from baseline in both groups, the observed prefrontal activity during the Stroop test at the 6-month follow-up was similar in both groups (Table 5).

As illustrated in Figure 6, the activation level measured by HbR beta coefficient tended to decrease over time during performance of the Stroop task. In the left DLPFC and FPC, the HbR beta significantly decreased (hence, overall HbR level being significantly increased) at the 6-month follow-up compared to those at baseline in participants with MCI. When comparing the changes from baseline in both groups, the changes in participants with MCI were greater than those in healthy controls in left and right FPC regions (Table 6).




4 Discussion


4.1 Summary of the main findings

This study aimed to investigate improvements in cognitive function and underlying mechanisms after application of a community-based dementia prevention program involving herbal medicine and acupuncture in older individuals with MCI who reside in Busan, Republic of Korea. To explore potential therapeutic mechanisms, fNIRS was utilized to measure changes in HbO2 and HbR beta coefficient in prefrontal regions during performance of cognitive tasks. The major findings indicate that the community-based dementia prevention program used in this study was effective in improving cognitive assessment scores, such as the MoCA and CIST, and performance in cognitive tasks, over the 6-month study period. Furthermore, the HbR beta values in the left DLPFC and left FPC during the Stroop task were lower than that at baseline at the 6-month follow-up in patients with MCI, and this difference was also significant compared to healthy controls.



4.2 Improvement in cognitive function after application of the community-based program

Community-based participatory research is a collaborative approach in which the community and academic partners collaborate to formulate research questions, implement research activities, and disseminate findings. This approach allows researchers to gain a deeper understanding of the strengths, challenges, and opportunities within the community, thereby shedding light on the social, physical, and policy factors that affect community health, which may enhance translation of the research findings into practice (41). Academic researchers thus remain committed to the community throughout the research process and beyond (42). In our earlier study, which was conducted as part of the Dementia Prevention & Care Program administered by the Busan Association of Korean Medicine, as community stakeholder, we observed cognitive benefits from herbal medication and acupuncture interventions in 229 elderly individuals diagnosed with MCI. After 6 months of program participation, we noted improvements in cognitive function among participants with MCI, and the satisfaction scores of the participants were predominantly high (6). These findings are consistent with those of the current research implemented by our academic researcher (6, 7).

Our decision to focus on MCI was influenced by the distinctive demographic profile of the Busan community, which is recognized as having the most rapidly aging population in the Republic of Korea (43). In this study, we used fNIRS to explore the therapeutic mechanisms underlying these favorable outcomes. Through our community-centered approach, we gained insights into the use of herbal medicine and acupuncture by older adults with MCI residing in Busan. By implementing effective interventions via the 2021 Dementia Prevention & Care Program, we strived to address cognitive impairment in the older population of the Busan community. These findings may serve as a foundation for future clinical applications.



4.3 Exploring potential therapeutic mechanisms via hemodynamic responses

Recently, neuroimaging studies investigating hemodynamic changes associated with cognitive impairment have reported blunted responses in the frontal cortex in dementia, whereas findings in MCI have been more varied, with some studies suggesting hyperactivated hemodynamic responses as a compensatory mechanism (44). Another study showed that in patients with MCI, the herbal medicine group showed improved memory measurements over time compared to the placebo group. Brain activation in drug groups with fMRI was decreased in DLPFC and increased in medial prefrontal, parietal, and temporal cortex (8). These conflicting results in MCI may stem from differences in the cognitive tasks and regions of interest (ROI). To date, clinical studies evaluating the efficacy and hemodynamic responses to traditional medicine including herbal medicines and acupuncture for MCI are limited. In this study, we aimed to investigate the therapeutic mechanisms underlying the effectiveness of herbal medicine plus acupuncture therapy in MCI by measuring changes in hemodynamic responses in the PFC using fNIRS during cognitive tasks. We expected that PFC activation during cognitive tasks in patients with MCI would vary according to ROI or task type over time after intervention. We observed stronger HbO2 beta coefficient in the PFC during the VFT in patients with MCI at the 3-month follow-up with intervention. While a trend toward increased HbO2 beta coefficient during the Stroop task was observed in the MCI group at the 3-month follow-up, this beta value decreased at the 6-month follow-up, resembling the average response of healthy controls at 6 months (Figure 5). Moreover, HbR beta coefficient during the Stroop task tended to decrease over time, especially the HbR beta in the left DLPFC and FPC significantly decreased at the 6-month follow-up compared to those at baseline in participants with MCI (Figure 6, Table 6). Therefore, PFC activation decreased during Stroop task after intervention in patients with MCI. This phenomenon, in which the hemodynamic response decreases with improvement in cognitive performance during follow-up visits, is consistent with a previous study on physically active individuals with MCI over a 1-year period, and they judged this tendency to be more efficient in cortical oxygenation (45).

With regard to DLPFC and FPC that showed statistically significant brain activity reduction in this study, the association can be found in previous studies. Consistent with our study, previous studies have demonstrated decreased activation of DLPFC in herbal medicine groups and increased in placebo groups in patients with MCI (8). Meanwhile, the FPC is known to correlate with insight loss, defined as a lack of awareness of mental symptoms due to frank denial or unconcern for their consequences, in frontotemporal dementia and Alzheimer's disease (46). Additionally, the Stroop task, known for the conflict adaptation effect, involves the FPC, as reported by Lee and Kim (47). The authors suggested that the FPC plays a critical role in conflict regulation through recruitment of higher cognitive control strategies, along with the anterior cingulate cortex and DLPFC. Another investigation into the functional mechanisms of Stroop interference and reverse-Stroop interference effects using functional magnetic resonance imaging (fMRI) suggested that the PFC and cingulate cortex exhibit greater sensitivity to reverse-Stroop tasks than to Stroop tasks (30). In our study, the Stroop task comprised hard and easy components corresponding to the reverse-Stroop and Stroop tasks, respectively. Notably, during the reverse-Stroop task, compared to the Stroop task, HbR beta coefficient in the left FPC and left DLPFC significantly decreased in MCI after 6 months of combination therapy. Additionally, HbR beta coefficient in the right OFC and FPC were significantly lower in the MCI group than in healthy controls. In previous studies, the FPC region has been identified to play a key role in higher-order and intricate cognitive processes (47–49). Based on these preliminary findings, we propose that herbal medicine and acupuncture may enhance cognitive function in MCI by improving efficient the FPC region.



4.4 Herbal medicines used in this community-based dementia prevention program

In the Dementia Prevention & Care Program in Busan, herbal medicine was used based on previous reports of cognitive improvement. Several studies have indicated that oral administration of certain herbal medicines for MCI may help prevent progression into dementia and improve cognitive function (5, 50). An observational study in Korea investigated the effectiveness of herbal medicines, including Yukmijihwang-tang, Samhwangsasim-tang, Palmul-tang, Banhasasim-tang, and Yukgunja-tang, against cognitive impairment, based on pattern identification diagnosis. These herbal medicines have the potential to improve cognitive function in patients with MCI, with Samhwangsasim-tang and Palmul-tang being frequently prescribed (51). In this study, the effectiveness of combined acupuncture and herbal medicines, including Kami Guibi-tang, Yukmijihwang-tang, and Dangguijagyag-san, was investigated in older individuals with MCI living in Busan in the Republic of Korea. KamiGuibi-tang, Yukmijihwang-tang, and Dangguijagyag-san were the most frequently used herbal medicines. A recent randomized controlled trial on the efficacy of Kami Guibi-tang for amnestic MCI showed that the scores on the Clinical Dementia Rating Scale-Sum of Boxes (CDR-SB) instrument improved significantly in the Kami Guibi-tang group compared with those in the placebo group (17). Additionally, Yukmijihwang-tang, which has been shown to improve cognitive impairment in observational studies (51), ameliorated hippocampal memory impairment in a chronic restraint stress mouse model (19).



4.5 Study limitations and future directions

Our study has some limitations. The most significant limitation is that since this was a retrospective observational study, an MCI control group without intervention was not included. This study was not conducted in a prospective, strict clinical trial setting; rather, it evaluated the overall effects of a community-based program in a real-world setting. While the clinicians voluntarily formulated the research questions and conducted the study during the implementation of the program, future research should include prospective randomized placebo-controlled trial-based studies with patient controls to rigorously explore the potential underlying mechanisms. Second, as various interventions, including herbal medicine, acupuncture, and pharmacopuncture, were used in the community-based Dementia Prevention & Care Program, it was not possible to determine the specific efficacy of each intervention. The combined effect of the program observed in this study reflects the real-world settings in which combined interventions are performed in clinics. Third, this was a preliminary study measured PFC hemodynamics using fNIRS in a small number of participants, with the healthy control group being about half the size of MCI group. The fNIRS measurement schedule differed between groups, primarily comparing hemodynamic responses after 6 months in both groups, with an additional 3-month measurement for the MCI group to observe longitudinal changes. Lastly, hemodynamic analysis using fNIRS was limited to the PFC. fNIRS allows measurements from a limited number of channels and only in the cortex. In the future, it will be necessary to observe the entire brain, including the subcortical areas, using neuroimaging techniques such as fMRI.




5 Conclusions

The present study provides preliminary evidence supporting the effectiveness of herbal medicine and acupuncture in improving cognitive function in patients diagnosed with MCI. Specifically, we observed significant decrease in the HbR beta coefficient in the left DLPFC and FPC, particularly during the Stroop task. This change in prefrontal activation may indicate more efficient cortical oxygenation, potentially reflecting an underlying mechanism of cognitive improvement. These findings hold promise for the development of community-based dementia prevention and management strategies for older adults experiencing cognitive impairment.
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Background: Repetitive transcranial magnetic stimulation (rTMS) and median nerve electrical stimulation (MNES) are two non-invasive neuromodulation techniques that have demonstrated potential in facilitating the recovery of consciousness in patients with impaired consciousness. However, existing studies on awakening interventions for patients with prolonged disorders of consciousness (pDoC) following intracerebral hemorrhage remains limited. In particular, systematic comparisons of the efficacy of rTMS versus MNES in this specific patient population are lacking.
Methods: This is a single-center randomized controlled trial in which 45 patients will be randomly assigned to the control group, rTMS group and MNES group. The intervention period will lasts 4 weeks. All patients underwent multimodal assessments before and at the end of treatment, which were used to comprehensively evaluate their recovery of consciousness and changes in brain function. The assessments includes the Coma Recovery Scale, electroencephalogram, event-related potentials (P300 and mismatched negative) and functional near-infrared spectroscopy.
Discussion: This study represents the first systematic comparison of the efficacy between rTMS and MNES in patients with pDoC following intracerebral hemorrhage. The objective is to employ multimodal assessment techniques to provide clinical references into the individualized application of these neuromodulation therapies.
Clinical trial registration: https://www.chictr.org.cn/, identifier ChiCTR2400082022.
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Introduction

Prolonged disorders of consciousness (pDoC) encompass a spectrum of conditions caused by severe brain injury, including unresponsive wakefulness syndrome and minimally conscious state (1). These patients are in a prolonged state of absent or severely limited consciousness, which seriously affects their quality of life (2). Due to their inability to live independently, they impose a huge medical and economic burden on society (3). Most of the existing studies have focused on traumatic brain injury or have not specified the etiology, while relatively few studies have addressed pDoC resulting from intracerebral hemorrhage (4). pDoC after intracerebral hemorrhage often carry a poor prognosis (5), and it highlights the need for research and treatment development for this specific etiology (6).

Non-invasive neuromodulation techniques have shown some potential in improving the prognosis of pDoC patients. Repetitive transcranial magnetic stimulation (rTMS) works by generating rapidly changing magnetic fields in specific regions of the cerebral cortex, which induce neuronal depolarization. This process modulates neuronal excitability and synaptic plasticity, aiming to promote arousal in patients with pDoC (7). Wan et al. (2) showed that the application of high-frequency rTMS significantly improved coma recovery scale-revised (CRS-R) scores, and provided further evidence through event-related potentials (ERPs). Bai et al. (8) confirmed that rTMS improved cortical excitability and cortical connectivity in pDoC patients by electroencephalogram (EEG) and TMS-EEG, explaining the potential mechanism of rTMS in pDoC wakefulness promotion.

Median nerve electrical stimulation (MNES) is a peripheral neuromodulation technique, which activates the ascending reticular activating system (ARAS) by enhancing sensory afferents through direct stimulation of the median nerve (9). In turn, it improves the neural activity and functional connectivity of the frontal lobe and other cortical areas related to consciousness, and promotes the recovery of consciousness (10). Most studies on MNES in promoting awakening have focused on coma patients (11). Xiong et al. (12) reported that MNES significantly enhanced the cortical brain activity with pDoC, and this effect was confirmed through the EEG. It suggests the potential value of MNES in boosting consciousness levels in pDoC.

Functional near-infrared spectroscopy (fNIRS) is a non-invasive brain imaging technique that has gained traction in recent years. Compared to other imaging techniques such as functional magnetic resonance imaging and positron emission tomography, fNIRS exhibits significant advantages in a number of ways. Its high temporal resolution allows for rapid acquisition of cortical oxygenation data (13). fNIRS is mobile and flexible enough to be used at the bedside or in dynamic environments. In addition, fNIRS is less affected by motion artifacts and still obtain more accurate brain data with patients’ slight movements (14). Si et al. (15) demonstrated that fNIRS was able to effectively differentiate changes in cortical blood oxygenation in different states of consciousness, validating the potential application of fNIRS in pDoC studies.

This study aims to systematically compare the efficacy of rTMS and MNES in pDoC patients after intracerebral hemorrhage by multimodal assessments. This research offers new perspectives on the distinct mechanisms of central and peripheral neuromodulation techniques and their clinical applications. The findings are expected to inform the optimization of future treatment plans and the development of personalized intervention strategies.



Methods


Study design

This study is a single-center, randomized controlled trial (Figure 1). The study complies with the Declaration of Helsinki and was approved by the Ethics Committee of the Fifth Affiliated Hospital of Zhengzhou University (Approval No. KY2023093).
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FIGURE 1
 The study design. rTMS repetitive transcranial magnetic stimulation; MNS, median nerve electrical stimulation; CRS-R, coma recovery scale-revised; ERPs, event-related potentials; FNIRS, functional near-infrared spectroscopy.




Participants

All patients will be recruited from the Department of Rehabilitation Medicine, The Fifth Affiliated Hospital of Zhengzhou University, China. The study lasts from December 2023 to December 2024.

Inclusion criteria: (1) Diagnosed with hemorrhagic stroke, and assessed as minimally conscious state (MCS) or unresponsive wakefulness syndrome (UWS) according to the CRS-R assessment (16); (2) Aged between 18 and 75 years; (3) Normal brainstem auditory evoked potentials on at least one side; (4) No history of craniotomy involving the left dorsolateral prefrontal cortex; (5) The guardian signed an informed consent.

Exclusion criteria: (1) Intracranial metal implants or large cranial defects; (2) Unstable vital signs; (3) Seizures within the past 4 weeks; (4) Concurrently receiving other neuromodulatory treatments; and (5) Participants who withdrew from the study midway.



Sample size

Sample size estimation was estimated using G-Power software. The CRS-R effect size was based on similar studies from the literature (17). The effect size was taken as 0.62, α = 0.05, and efficacy power (1-β) = 0.95. Considering a dropout rate of 20%, the total sample size was calculated to be 45 cases. The results of the sample size calculation provided a solid foundation to ensure that the effect of the intervention could be effectively detected in this study.



Randomization and blinding

The randomized sequence will be generated by SPSS 26.0 software. Patients will be divided into 3 groups according to the order of enrollment in a 1:1:1 manner: 15 cases in the conventional group, 15 cases in the rTMS group, and 15 cases in the MNES group. The results of the patient grouping will be sealed in opaque envelopes to ensure concealment of the allocation, and these envelopes will be kept by a special person and revealed only at the time of allocation. For objectivity of the study, patients, assessors and data analysts will all be blinded. It ensures that potential bias is avoided during evaluation and data processing.



Treatment

All participants will receive conventional wakefulness-promoting treatments recommended by specialized physicians, including medications, hyperbaric oxygen, Chinese acupuncture and exercise therapy. These conventional treatments aims to provide comprehensive support for patients, promote the recovery of neurological function, and establish a foundation for subsequent neuromodulation interventions. In addition, patients in the control group will receive sham rTMS and MNES interventions. Patients in the rTMS group will receive sham MNES interventions, and patients in the MNES group will receive sham rTMS interventions. In addition, the number of cases of adverse reactions such as seizures, scalp burns, and myogenic spasms in patients will be recorded during the experiment.



rTMS treatment

The target of rTMS stimulation is the left dorsolateral prefrontal cortex (L-dLPFC). The stimulation frequency is 10 Hz and the stimulation intensity is 90% of the resting motor threshold (RMT). Each session consistes of 1,000 pulses, delivered in 10 sets of 100 pulses each, with a 60-s interval between sets. The total stimulation time per session is 10 min and 40 s. Treatment is administered 6 times per week for 4 weeks.

rTMS treatment is administered using a magnetic stimulator (YRD-CCY-II, Yiruide, China) with a circular coil of 12.5 cm in diameter and a peak stimulation intensity of 3 T. RMT measurement is first performed. Patients are positioned in a supine posture, ensuring full-body relaxation. Recording electrodes are placed on the belly of the right abductor pollicis brevis muscle, with a reference electrode attached. TMS is applied near the left M1 region, and motor evoked potentials (MEPs) is recorded. Stimulation intensity is gradually increased from a low level until stable MEP is elicited. Then the intensity is gradually reduced until the minimum level at which at least 5 out of 10 consecutive stimulations produced MEP with an amplitude of ≥50 μV in the right abductor pollicis brevis. This value is defined as rMT. Following the 10–20 International EEG System, the coil center is positioned over the L-dLPFC (near F3), ensuring close contact with the scalp to guarantee effective stimulation transmission.



Sham rTMS treatment

The sham rTMS group uses the same device as the rTMS group, but with the coil positioned with its back facing the scalp. This setup does not generate an effective electromagnetic field to target the cortex, though the device still produces slight vibrations and sounds during operation. As the patients are unconscious, blinding is effectively maintained throughout the intervention. The frequency, intensity, pulse count, and duration of the sham rTMS matched those of the active rTMS group.



MNES treatment

A portable multiparameter monitor (X5-ER, Nuocheng Electric, China) is used for MNES treatment. The patient is placed in the supine position. The right forearm is placed flat to accurately localize the median nerve position. Before treatment, the skin is sterilized using alcohol cotton balls to ensure adequate contact between the electrode and the skin. The anodic electrode is placed 2 cm above the transverse carpal stripe on the palmar side of the right wrist joint, while the cathodic electrode is attached to the right interosseous muscle. The current amplitude is 20 mA, frequency 40 Hz, pulse width 300 μs. Each stimulation lasts 20 s, followed by a 40-s interval. 30 min of stimulation per time, twice a day, 6 d/w, for 4 weeks. The entire treatment process is monitored by a professional to ensure safety and maximize the therapeutic effect.



Sham MNES treatment

The sham MNES group uses the same equipment as the MNES group, but does not activate the electrical stimulation button. The patient still goes through the same electrode attachment and equipment preparation process, but does not feel the electrical stimulation.



Outcomes


CRS-R

The CRS-R is one of the most accurate and recommended behavioral scales for the evaluation of consciousness in pDoC. It assesses the state of consciousness from six different perspectives: auditory, visual, motor, verbal, communication, and arousal (18). CRS-R’s unique multi-dimensional design enables it to acutely reflect patients’ responses in different situations. In particular, it shows high sensitivity in distinguishing the difference in level of consciousness between MCS and UWS patients. The evaluator assesses the patient five times within 7 days and selects the highest score to be used for classification. Based on the scores, the patients’ level of consciousness can be categorized as UWS, MCS-, MCS+, and emergence from MCS (19).



EEG

Resting-state EEG is assessed using a 32-channel brain function monitor (Natus, USA). The leads are placed according to the 10–20 International EEG system to ensure coverage of the patient’s cortical areas. According to Hockaday’s grading criteria, EEG is categorized into grades I-V to differentiate between different degrees of cerebral functions (20). Grade I: Normal, regular alpha waves with few theta waves and reactivity; Grade II: Mildly abnormal, characterized predominantly theta waves; Grade III: Moderately abnormal, predominantly delta waves or spindle coma; Grade IV: Severely abnormal, showing burst-inhibition or alpha coma or delta coma or predominantly delta waves amplitude of <20 μV; Grade V: extremely abnormal, almost flat waves or no EEG activity (<2 μV).



P300

The P300 is recorded using the Oddball paradigm with a brain function monitor (Natus, USA). Patients receive auditory stimulation in a quiet environment. The experiment includes a total of 300 stimuli, consisting of 80% standard tones (1,000 Hz, 100 ms) and 20% target tones (1,500 Hz, 100 ms), with a tone interval of 1.5 s (21). The EEG signals are recorded through Cz electrodes with a sampling rate of 500 Hz. The filtering range is set to 0.1–30 Hz, and the reference electrodes are bilateral earlobes (A1 and A2).



Mismatch negativity (MMN)

MMN is recorded by differential auditory stimulation sequences using a Brain Function Monitor (Natus, USA). Patients lay flat on a hospital bed in a quiet environment without active responses. A total of 1,000 stimuli are provided during the experiment, 80% of which are standard tones (1,000 Hz, 100 ms) and 20% deviant tones (1,200 Hz, 100 ms), with a tone interval of 1.5 s (22). EEG signals are recorded through Fz electrodes. The sampling rate is 500 Hz, and the filtering range is 0.1–30 Hz. The reference electrodes are placed on the bilateral earlobes (A1, A2).



fNIRS

fNIRS data acquisition is performed using NirScan-6000A experiment (Danyang Huichuang Medical Equipment Co., Ltd., China). The sampling rate is 11 Hz and wavelengths are 730 nm, 808 nm and 850 nm. The experiment uses 24 light sources and 40 detectors to form 63 effective channels, the average distance between the source and the detector is 3 cm (range 2.7–3.3 cm), with reference to the international 10/20 system for positioning (Figure 2). Based on previous studies, the regions of interest (ROI) include DLPFC, pre-motor cortex (PMC), primary motor cortex (M1), primary somatosensory cortex (S1) and prefrontal cortex (PFC). The corresponding channels are L-DLPFC (channels 16, 17, 18, 40, 41), R-DLPFC (channels 11, 13, 15, 20, 21), L-PMC (channels 38, 39, 42, 43, 45), R-PMC (channels 23, 26, 27, 30, 31), L-M1 (channels 47, 49), R-M1 (channels 32, 33), L-S1 (channels 50, 53, 54), R-S1 (channels 25, 28, 29), L-PFC (channels 6, 7, 8, 9, 10, 16, 17, 18, 19, 40, 41, 44) and R-PFC (channels 1, 2, 3, 4, 5, 11, 12, 13, 15, 20, 21, 22).
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FIGURE 2
 FNIRS channel diagram. The red circles represent the light source, the blue circles represent the detectionse, and the gray parts are the formed channels. L-DLPFC: 16, 17, 18, 40, 41. R-DLPFC: 11, 13, 15, 20, 21. L-PMC: 38, 39, 42, 43, 45. R-PMC: 23, 26, 27, 30, 31. L-M1: 47, 49. R-M1: 32, 33. L-S1: 50, 53, 54. R-S1: 25, 28, 29. L-PFC: 6, 7, 8, 9, 10, 16, 17, 18, 19, 40, 41, 44. R-PFC: 1, 2, 3, 4, 5, 11, 12, 13, 15, 20, 21, 22.


Patients perform a command-driven “hands-on” motor imagery (MI) task. The experimental paradigm consists of an initial rest period (40 s) and five subsequent blocks. Each block consists of a reaction period (30 s) and a rest period (30 s). This task paradigm is particularly suitable for patients with DoC and has been validated for such use (23).

Data processing is performed using MATLAB2024a and HOMER2. First, raw optical density signals are converted into concentration changes of oxyhaemoglobin (HbO) and deoxyhemoglobin (HbR) based on the modified Beer–Lambert law (24). Then, the bandpass filter is 0.01–0.1 Hz and motion artifacts are corrected by spline interpolation (25).

Subsequently, baseline data for each channel is corrected. The average signal of the first 5 s of the response period is used as the baseline. The mean and slope value of the hemodynamic response during the MI task are collected. The mean of the hemodynamic response is extracted from 5 to 25 s after the start of the reaction period. The slope value is extracted from 2 to 7 s after the start of the reaction period (26). The HbO and HbR signals from the ROI are extracted, averaged across channels, used to assess the degree of activation of different brain regions during the MI task.




Statistical analysis

Data analysis is conducted using SPSS 26.0 software. Normality and homogeneity of variance tests are first performed on the measurement data. Normally distributed data are expressed as mean ± standard deviation. One-way analysis of variance is used for between-group comparisons, and paired t-tests are used for within-group comparisons. For data that do not conform to normal distribution, the median and interquartile range are expressed, and Kruskal-Wallis test is used for between-group comparison. Count data were analyzed for variability by chi-square test. For rank data, Mann–Whitney U test and Wilcoxon signed rank test are used. The confidence interval for all statistical results is 95%, with p < 0.05 as the criterion for statistically significant differences.




Discussion

Neuronal damage resulting from severe intracerebral hemorrhage is not confined to the directly affected area but extends to broader brain networks dysfunction, which leads to different degrees of decline in the level of consciousness (27). In recent years, both international and domestic studies have been conducted in the field of wakefulness promotion in pDoC, but only amantadine and transcranial direct current stimulation show level II evidence (28). In contrast, the application of rTMS and MNES to pDoC is still in the exploratory stage (29). Further investigation is needed to better understand the subgroup of pDoC after intracerebral hemorrhage and the differences efficacy differences of different treatments in this population. To the best of our knowledge, this study will be the first to report the clinical application of non-invasive neuromodulation techniques in pDoC after intracerebral hemorrhage.

Several studies have demonstrated that rTMS and MNES can improve the level of consciousness in patients with impaired consciousness (30). However, these clinical studies vary in terms of Stimulation parameters, etiology, disease course, and duration of intervention. It cannot yet fully explain their specific efficacy in patients with pDoC after intracerebral hemorrhage. Patients with prolonged impaired consciousness post intracerebral hemorrhage often face limitatins in using rTMS due to factors such as history of craniotomy or intracranial metal implantation. On the other hand, MNES has fewer contraindications and is expected to be an alternative therapy to rTMS. On this basis, this study attempted to explore the application of MNES in pDoC after international hemorrhage and to compare its efficacy with rTMS. On this basis, this study attempts to explore the application of MNES in pDoC after intracerebral hemorrhage and compare the efficacy with rTMS by means of multimodal assessment. It further reveals the differences and complementary roles in the mechanisms of central and peripheral neuromodulation techniques.

In this study, the stimulation target for high-frequency rTMS is L-dLPFC. High-frequency rTMS (≥5 Hz) primarily works by enhancing long-term potentiation, promoting neural plasticity in damaged networks and enhancing functional connectivity between brain regions (31). The L-dLPFC plays a key role in higher cognitive functions (32). Based on the midbrain circuit model, the activation or inhibition of prefrontal cortex is closely linked to the recovery of consciousness in pDoC patients (33). As L-dLPFC plays a central role in regulating consciousness and cognitive functions, its impaired functional network connectivity with thalamus, brainstem and other regions is one of the important mechanisms leading to pDoC (34). High-frequency rTMS not only directly activates neurons in the target cortex, but also has significant advantages in enhancing the function of remote brain regions. In addition, high-frequency rTMS improves synaptic plasticity by regulating the balance of glutamate (35) and gamma-aminobutyric acid (36) and increasing the expression of neurotrophic factors (37). It also regulates the inflammatory response in the brain to promote neural repair (38). This also has an irreplaceable role in alleviating brain damage caused by intracerebral hemorrhage.

The main reason for choosing the right median nerve for electrical stimulation is its functional association with the left cerebral hemisphere. Stimulating the right median nerve can maximally activate the left frontal and parietal regions. These regions are closely associated with consciousness and cognitive functions. Choosing the right side also avoids potential interference with the dominant hand and ensures that the patient’s motor function is not compromised during the rehabilitation process. The wakefulness promotion of MNES is achieved through multifaceted effects on the central nervous system. First, the MNES exerts its effects by strengthening synaptic connections between the median nerve and ARAS. The ARAS is a key neural complex that maintains wakefulness. MNES transmits excitatory signals to the ARAS and further to the inner nucleus of the thalamus layer (39). This process eventually promotes cortical activation. Norepinephrine released from the locus coeruleus in the ARAS further enhances cortical excitability and responsiveness. MNES also acts in enhancing neuroplasticity. It has been shown that MNES can improve the levels of brain-derived neurotrophic factors and orexins and they play an important role in nerve repair and synaptic restoration (12). This suggests that MNES has the potential to promote neural regeneration and functional reorganization. In addition, MNES promotes brain metabolism and functional recovery by increasing cerebral blood flow (39). The enhancement of intracerebral blood flow is crucial for the repair of damaged brain tissue during the long-term rehabilitation. MNES also demonstrates a significant role in improving electrophysiological activity. It can enhance neural cell activity and reduce the inhibitory state of the brain (40). This is reflected not only in electrophysiological indicators, but also in the patient’s behavioral responses and level of consciousness. Combined with the current scientific progress, MNES promotes the awakening and recovery of patients with DoC through multiple mechanisms, such as activating ARAS, regulating neurotrophic factors, increasing cerebral blood flow and improving electroencephalographic activity. Due to the extensive role of the median nerve in regulating the central nervous system, MNES has been referred to as the “gateway” from the peripheral nerves system to the central nervous system (30). The synergistic effect of these mechanisms provides a potentially effective way to promote awakening in patients with pDoC after cerebral hemorrhage, and shows a broad clinical prospect.

A key feature of this study is the use of multimodal neurofunctional assessments to comprehensively quantify and evaluate the effects of rTMS and MNES on promoting wakefulness in pDoC patients from intracerebral hemorrhage. Due to multidimensional approach, CRS-R is sensitive for detecting small changes in consciousness (41). In patients with pDoC, EEG shows increases in theta or delta slow waves and decreases in fast waves (42). The Hockaday’s grading is based on scoring the background activity and categorizing the EEG activity into different grades (43). It provide objective data on the state of the patient’s neurological activity and it is especially important in monitoring the recovery of neurological function. A studies suggested that higher EEG grades, like III, IV, and V, are typically associated with poorer prognosis, while I and II lower grades indicate a better potential (44). Wang et al. (45) showed the prognosis of pDoC patients by EEG grading and verified that the EEG grading was closely related to the long-term recovery. A study by Xiong et al. (12) used the EEG grading to assess the efficacy of rTMS in patients with pDoC, confirmed that the improvement in the consciousness level could be reflected by the EEG grading. In addition, EEG grading also had a close correlation with the CRS-R and the subscales.

P300 and MMN have important value in the diagnosis and prognosis of pDoC after intracerebral hemorrhage. P300 mainly reflects the brain’s ability to perceive external information and the degree of the processing of information. It can be used to assess the cognitive responsiveness of the external stimuli (21). Research suggests that the latency of P300 is a reflection of the speed of nerve conduction and the wave amplitude reflects the cognitive ability. Prolonged latency and reduced wave amplitude are usually linked to cognitive impairment in patients with pDoC. Li et al. (46) used the latency and wave amplitude of P300 for prognostic assessment of DoC, showing high sensitivity and specificity. This study also found that P300 correlates with CRS-R. On the other hand, MMN is able to reflect underlying conscious functioning by assessing a patient’s ability to perceive deviant stimuli in an automated manner. The presence and fluctuation of MMN correlate with altered states of consciousness in pDoC patients, and changes in amplitude of the wave precede changes in the level of clinical consciousness (47). Zhang et al. (48) found that the microstates of MMN wave amplitude characterization could distinguish and predict different levels of consciousness in pDoC. Both EEG and ERP (P300 and MMN) provided objective quantification of cortical activity, further validating the neurophysiological basis of behavioral changes.

Task-based fNIRS helps monitor real-time changes in blood oxygen levels of the cerebral cortex and differentiate the activation of different brain regions during a task. It provides a neurological reflection of the function from another perspective (49). The study employs the MI task paradigm to explore the relationship between cortical activation and levels of consciousness during MI. The MI task requires participants to imagine hand movements at rest, which triggers cortical activation similar to actual movement, especially in relevant regions such as M1. The task-based fNIRS can assess the level of residual consciousness in pDoC patients. Unlike the protocol of this study, the task used in the study by Si et al. (15) consisted of six questions, where participants were instructed to imagine playing badminton to respond.

Through multimodal assessment, this study provides an important basis for using rTMS and MNES in the individualized treatment of pDoC after intracerebral hemorrhage. Future studies should aim to validate the effects of these interventions in larger clinical trials, and further explore the differences in efficacy between different neuromodulation techniques and their potential for combined application. The exploration of individualized treatment strategies is also an important direction for future research. By optimizing therapeutic parameters, it is expected to provide a more precise and comprehensive intervention plan for patients with pDoC resulting from intracerebral hemorrhage.
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Background: Attention deficit hyperactivity disorder (ADHD) is a prevalent neurodevelopmental disorder characterized by inattention, impulsivity, and hyperactivity. With the continuous development of neuromodulation technology, Repetitive Transcranial Magnetic Stimulation (rTMS) has emerged as a potential non-invasive treatment for ADHD. However, there is a lack of research on the mechanism of rTMS for ADHD. Functional near infrared spectroscopy (fNIRS) is an optical imaging technique that reflects the brain function by measuring changes in blood oxygen concentration in brain tissue. Consequently, this research utilized fNIRS to examine the impact of rTMS on the core symptoms and prefrontal cortex activation in children with ADHD, which provides a reference for the clinical application of rTMS in the treatment of ADHD.
Methods: Forty children with ADHD were chosen as research subjects and randomly assigned to two groups: a treatment group (20 subjects) and a control group (20 subjects). The control group received non-pharmacological interventions, whereas the treatment group was administered rTMS in conjunction with non-pharmacological interventions. Clinical symptom improvement was evaluated using SNAP-IV scale scores both before and after treatment. Additionally, fNIRS was utilized to monitor alterations in the relative concentrations of oxyhemoglobin (HbO2) and deoxyhemoglobin (HbR) in the prefrontal cortex during resting state and during the Go/no-go task state, both pre- and post-treatment.
Results: In conclusion, the study comprised 17 participants in the treatment group and 18 in the control group. Initially, the SNAP-scale scores were comparable between the groups, with no significant differences observed (p > 0.05). Post-treatment, a notable reduction in SNAP-scale scores was evident (p < 0.05), with the treatment group exhibiting a more pronounced decrease (p < 0.05). Following the intervention, both groups demonstrated enhanced Resting-state functional connectivity (RSFC) in the prefrontal cortex, as indicated by a significant increase compared to pre-treatment levels (p < 0.05). Specifically, the treatment group showed superior RSFC in the left dorsolateral prefrontal cortex, right dorsolateral prefrontal cortex, left medial prefrontal cortex, and right medial prefrontal cortex compared to the control group (p < 0.05). However, no significant differences were noted in RSFC of the left and right temporal lobes between the two groups (p > 0.05). In the Go/no-go task, the treatment group recorded higher mean HbO2 concentrations in the aforementioned prefrontal cortical regions compared to the control group (p < 0.05). Conversely, no statistically significant disparities were observed in the left and right temporal lobes of both groups.
Conclusion: rTMS shows promise as a treatment for ADHD by modulating prefrontal cortical activation. fNIRS provides a valuable method for assessing these effects, offering insights into the neurobiological mechanisms underlying rTMS therapy.

Keywords
 attention-deficit/hyperactivity disorder; repetitive transcranial magnetic stimulation; near-infrared functional brain imaging; prefrontal cortex; cortical activation


1 Introduction

ADHD is a common chronic neurodevelopmental disorder in children and adolescents, characterized by attention deficits that are inconsistent with age, often accompanied by excessive activity, impulsivity, learning difficulties, and other symptoms, affecting 8 to 12% of children worldwide (1). ADHD not only affects the development of cognitive and learning functions in affected children but may also lead to behavioral problems, affecting the children’s daily activities and social interactions, and can even result in juvenile delinquency issues (2). If ADHD is not treated promptly, more than half of the patients’ clinical symptoms will persist into adolescence, and 30% of the patients will continue to exhibit clinical symptoms into adulthood (3). ADHD is thought to arise from a complex interplay of genetic, environmental, and neurobiological factors. The etiology of ADHD is multifaceted, with genetic factors being highly significant, as indicated by family studies and twin studies suggesting a heritability rate of around 80%. Neurotransmitter imbalances, particularly involving dopamine and norepinephrine, are also implicated in the disorder’s pathogenesis. Environmental factors, such as prenatal exposure to toxins, maternal smoking, et al., may also contribute to the development of ADHD (4). Furthermore, structural and functional brain imaging studies have revealed differences in the prefrontal cortex and other areas associated with cognitive control in individuals with ADHD (5). The latest neuroimaging studies suggest that the functional or structural network organization of the brains of children with ADHD is disrupted, and dysfunction in the organization of brain network tissue and in functional connectivity may be significant causes of ADHD (6). Recent studies have shown that children with ADHD exhibit significant changes in the topological organization of brain networks compared to typically developing individuals. These changes are characterized by a decrease in the overall efficiency of the brain network and an increase in local efficiency, which may be associated with the various clinical ratings or deficits in related cognitive functions typical of ADHD (7).

As neuromodulation technology continues to evolve, rTMS has increasingly been applied to improve the clinical symptoms of children with ADHD. rTMS is a non-invasive brain stimulation technique that has been increasingly investigated for its potential therapeutic effects on cognitive functions in individuals with ADHD. rTMS is a non-invasive neuromodulation method that delivers magnetic pulses to the head through a coil, generating an electric field in the cerebral cortex. This process promotes the development of synaptic connections and the transmission of neurotransmitters, thereby modulating the excitability of neural activity. The treatment involves delivering magnetic pulses to specific regions of the brain, with the aim of modulating neural activity and improving cognitive control. Studies have shown that low-frequency rTMS treatment applied to the left dorsolateral prefrontal cortex of ADHD patients, at a stimulation intensity of 90% of the resting motor threshold (RMT), can improve symptoms such as attention, hyperactivity, and impulsivity in children (8, 9). Recent research has shown that rTMS may have a positive impact on ADHD symptoms, particularly in enhancing sustained attention and processing speed. A Meta-analysis of randomized controlled trials (RCTs), which included a total of 189 participants, demonstrated that rTMS was more effective in improving sustained attention in patients with ADHD compared to control groups (SMD = 0.54, p = 0.001). Additionally, rTMS showed efficacy in improving processing speed (SMD = 0.59, p = 0.002), but not for enhancing memory or executive function. The therapeutic effects of rTMS is believed to be related to its ability to induce brain dopamine release and increase synaptic plasticity, which are crucial for the cognitive functions typically impaired in ADHD. Studies have also suggested that rTMS may be more effective when targeting the right prefrontal cortex (PFC) for improving inattention, which aligns with the observation of right hemisphere under-activation in individuals with ADHD (10). However, there is currently a lack of research on the mechanism of action of rTMS in the treatment of ADHD. fNIRS is an optical imaging technique that reflects brain function by measuring changes in blood oxygen concentration in brain tissue. Before conducting an fNIRS examination on a subject, sensors are placed on the subject’s head. Then, near-infrared light is shone onto the brain tissue, which absorbs and scatters the light. Detectors collect the blood oxygen levels within the brain tissue, thereby calculating the functional connectivity of brain regions (11). fNIRS has often been used to explore the neural bases associated with ADHD, such as response inhibition, working memory, cognitive flexibility, attention, and emotional regulation (12). Resting state is a natural imaging paradigm, and resting-state functional near-infrared spectroscopy (rs-fNIRS) imaging is convenient to operate and easy to perform in clinical practice, especially for pediatric patients. Studies have demonstrated the feasibility and reliability of rs-fNIRS in detecting brain functional connectivity and network topological properties (13). There is also a growing number of studies applying fNIRS to explore executive dysfunction in children with ADHD, using tasks that involve response inhibition (such as the Go/No-go test) to assess executive dysfunction in these children (14, 15).

In summary, ADHD is a complex neurodevelopmental disorder with a multifactorial etiology that involves genetic predisposition, neurotransmitter imbalances, and alterations in brain structure and function. rTMS represents a promising therapeutic approach that targets the underlying neurobiological mechanisms of ADHD, and fNIRS serves as a valuable tool for assessing and monitoring the effects of rTMS on cortical activation in children with ADHD. This study aims to investigate the effects of rTMS on prefrontal cortical activation in children with ADHD using fNIRS, providing a comprehensive understanding of the therapeutic potential of rTMS and its impact on the brain function.



2 Materials and methods


2.1 Participants

The Ethics Committee of Kunming Children’s Hospital gave its approval to all study protocols and research techniques (2022-03-307-K01), ensuring that they adhered to the World Medical Association’s Declaration of Helsinki regarding the use of humans in testing. All participating children’s parents gave their informed consent, and each participant gave their written consent before the experiment began.

A total of 40 children with ADHD were recruited from Kunming Children’s Hospital and randomly assigned to the treatment group (n = 20) and the control group (n = 20). All children with ADHD were diagnosed based on the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5, American Psychiatric Association, 2013) by a qualified child psychiatrists with experience in ADHD (16). During the research process, 5 children were lost to follow-up, resulting in a final selection of 35 cases. Among them, the treatment group consisted of 17 cases, with 12 males and 5 females, and an average age of (8.45 ± 1.53) years; the control group had 18 cases, with 11 males and 7 females, and an average age of (8.23 ± 1.42) years. Demographic information is shown in Table 1.



TABLE 1 Demographic information of participants.
[image: Table comparing treatment and control groups with mean and standard deviation for gender and age. Gender ratio for treatment is 12:5, control is 11:7. Mean age is 8.45 in treatment and 8.23 in control. Chi-squared and p-values are 0.349 with 0.55 significance, and 0.440 with 0.66 significance, respectively.]

The inclusion criteria are as follows: ① Diagnosed with ADHD according to the DSM-5; ② Age between 6 and 12 years old; ③ Children who can cooperate with doctors for rTMS treatment and fNIRS examination; ④ Have not received medication and non-pharmacological treatments; ⑤ An intelligence quotient (IQ) of ≥80 on the Chinese version of the Wechsler Intelligence Scale for Children-Revised (WISC-CR); ⑥ No chronic physical illnesses and psychiatric disorders; ⑦ Children who can cooperate with doctors for rTMS treatment and fNIRS examination. All parents of children with ADHD completed the Chinese version of the Swanson, Nolan, and Pelham Questionnaire (SNAP-IV, 9 items for attention deficit, 9 items for hyperactivity) (17).



2.2 Intervention


2.2.1 Control Group

Non-pharmacological interventions, include (18, 19): ① Behavioral Therapy: Step-by-step application of behavior modification and shaping techniques to intervene in problematic behaviors, including positive reinforcement, extinction, modeling, etc.; ② Applied Behavior Analysis: A structured therapeutic approach that combines cognitive strategies and behavioral techniques, aiming at correct cognitive deficits while employing behavior management techniques to improve emotional and behavioral issues, and establish new cognitive-behavioral patterns. ③ Attention Training: Mainly conducted from two aspects, visual and auditory. Visual training includes Schulte table test, dot-to-dot tracking, with the completion time of the training used as standard. Auditory training includes auditory comprehension and memory, with the correct response rate as the standard. By focusing on both visual and auditory aspects, the aim is to improve the attention levels of children with ADHD. The training principles follow an individualized, graded approach, progressing step by step. The aforementioned treatments are administered once every other day, three times a week, with a four-week period constituting one course of treatment, and the therapy continues for three consecutive courses. All non-pharmacological treatments are performed by a supervising therapist who is certified as a rehabilitation therapist and have been working for at least 5 years.



2.2.2 Treatment group

On the basis of non-pharmacological interventions, rTMS treatment is conducted: The Magneuro 60 transcranial magnetic stimulator, produced by Nanjing Weisi Medical Technology Co., Ltd., with an “8”-shaped stimulation coil, is used. Before treatment, the child sits in a proper position and wears the positioning cap to select the single-pulse mode to stimulate the left thumb motor cortex area (M1 area). By continuously fine-tuning the magnetic stimulation site and intensity, the minimum magnetic stimulation intensity that can induce a motor evoked potential (MEP) amplitude >50 μV in at least 5 out of 10 consecutive stimuli is determined as the child’s resting motor threshold (RMT) (20). During the formal treatment, the child sits and wears a positioning cap, with the dorsolateral prefrontal cortex (DLPFC) selected as the stimulation target. The stimulation frequency is 1 Hz, stimulation intensity is 80% RMT, each sequence of stimulation lasts for 10 s, with a 5 s interval after each sequence. The total magnetic pulse quantity is approximately 1,200 times, with each treatment session lasting 20 min. The aforementioned treatment is administered once every other day, three times a week, with a four-week period constituting one course of treatment, and the therapy continues for three consecutive courses (Figure 1). rTMS is performed by physicians who have received specialized training and have been working for at least 5 years.

[image: A child wearing a blue cap with electrodes is seated next to medical equipment. A person in a white coat stands beside, gently placing a hand on the child’s head. The child is dressed in a camouflage jacket with yellow accents and appears to be undergoing a medical procedure.]

FIGURE 1
 rTMS treatment.





2.3 Acquisition of fNIRS data


2.3.1 Resting-state data acquisition

Using the fNIRS device (NirScan, Danyang Huichuang Medical Equipment Co., Ltd., China) to detect spontaneous changes in Hb concentration in 48 channels under resting-state conditions, non-invasively measuring the concentrations of HbO2, HbR, and HbT through changes in light intensity. The device can be configured to a maximum of 48 effective channels, positioned according to the international 10–20 system, covering the frontal and temporal lobes (Figure 2). Based on the device’s coordinates, the 48 channels are divided into each brain region, thus allowing the selection of specific regions of interest (ROIs) in the study. The ROIs in this study include the left dorsolateral prefrontal cortex (channels CH32, 44–48), the right dorsolateral prefrontal cortex (channels CH24, 37, 38, 39, 41, 42), the left medial prefrontal cortex (channels CH9–12, 25, 27, 29–31), the right medial prefrontal cortex (channels CH4–8, 21–23, 26, 28, 40), the left temporal lobe (channels CH13, 15, 16, 33–36), and the right temporal lobe (channels CH1–3, 17–20). Before wearing, first determines the midpoint of the top of the head (Cz), which is the intersection of the line from the root of the nose to the occipital protuberance and the line connecting the bilateral external auditory meatus. After putting on the cap, adjust the probes to ensure that the position of the optode cap worn by all subjects is consistent, and start data collection after the signal is stable, scanning the brain continuously for 10 min in a resting state.

[image: Diagram shows a 3D brain model with colored markers and a corresponding electrode map. The brain displays blue and purple dots indicating electrode positions. The map lists electrodes labeled S1 to S15 and D1 to D16 in corresponding colors, placed in rows and columns.]

FIGURE 2
 48-channel arrangement (transmitting probes in blue, receiving probes in purple).




2.3.2 Go/no-go task state acquisition

Go/no-go task was generated by E-Prime2.0 and presented in a 17′′ tablet computer screen. The distance between the subject’s eyes and the screen was ∼50 cm. Including the Go task and the Go/no-go task. Each group consists of alternating go (baseline) and Go/no-go (target) blocks. They were repeated six times in the order of Go and Go/no-go. Each block contained instructions for 3 s at the beginning of the task, and each condition lasted for 24 s. In the Go task, two types of stimulus images (cats and dogs) will be presented on the tablet. During the Go task phase, both stimulus images are go stimuli, and a button press response is required for both, that is, “press for both cats and dogs”. In the no-go task, two types of stimulus images (chickens and ducks) will be presented on the tablet. During the Go/no-go task phase, one type of stimulus image serves as the go stimulus (chicken), and the other as the no-go stimulus (duck). A button press response is required as quickly as possible when the go stimulus (chicken) appears, whereas no button press is needed when the no-go stimulus (duck) appears, that is, “press for chicken, not for duck”. A total of 24 stimulus images were presented for each GO or no-go task, 12 for each stimulus image, in random order, and each stimulus image was presented at 1 s intervals. At the upper end of the plate, the first 0.9 s within 1 s is the stimulus picture, and the last 0.1 s is the key feedback. All subjects received one practice session before the treatment. The reaction time (reaction time, RT) and accuracy rate were recorded for each trial (accuracy rate = The number of right responses/The total number of responses).




2.4 Processing and analysis of the fNIRS data

Using the NirSpark (Danyang Huichuang Medical Equipment Co., Ltd., China) analysis software for fNIRS data processing, include: ① Quality Control: Detect motion artifacts, apply filtering, and exclude substandard data through the quality control module. The unqualified data typically characterized by severe motion artifacts, low signal-to-noise ratios, or non-compliance with requirements even after band filtering. The unsatisfactory time intervals containing sudden, obvious, and discontinuous noise were excluded. ② Preprocessing: The light intensity signals from each channel are converted into HbO2, HbR, and HbT concentration signals. Spline interpolation is a commonly used correction method that specifically addresses pre-identified artifacts. Therefore, we applied spline interpolation to correct motion artifacts in the fNIRS data. Motion artifacts manifest as high-amplitude or high-frequency spikes caused by shifts in the optodes and scalp. Signal changes exceeding 2 standard deviations across the entire time series are considered motion artifacts. We filtered physiological noise caused by heartbeat, respiration, and other factors using a bandpass filter in the range of 0.01 Hz to 0.2 Hz. ③ According to the modified Beer–Lambert law, the original optical density values are converted into concentration changes of HbO2 and HbR. ④ Brain functional connectivity strength calculation: Pearson correlation is used to compute the correlation between the fNIRS signals of each channel, obtaining the Pearson correlation coefficients between the channels to construct a functional connectivity matrix. The Pearson correlation coefficients of the oxyhemoglobin concentration time series between each channel pair are calculated and subjected to Fisher-Z transformation. The transformed values, Z-scores, are defined as the functional connectivity strength values among the channels. During the Go/no-go task, the calculation of HbO2 concentration involves computing the average difference in HbO2 concentration changes for each channel during the target period (4–27 s after the start of the block), selecting regions of interest (ROIs) to average the classified channels, and conducting functional connectivity network analysis using the dorsolateral prefrontal cortex as a seed point. The difference between HbO2 changes and baseline during the target period is extracted, and the average HbO2 concentration for each group of ROIs is calculated, which serves as the primary observation indicator.



2.5 Statistical analysis

To better compare numerical variables between the observation and control group, the chi-square (χ2) test was used to compare the clinical characteristics and the independent samples t-test to compare the behavioral performance, resting-state functional connectivity, and average HbO2 of the two groups of children. All statistical analyses were conducted using the SPSS statistical software package (version 26.0) with a statistical threshold p-value of <0.05.




3 Results


3.1 Clinical characteristics

The comparison of SNAP-IV Scale (Parent Version) Scores Before and After Treatment of each study participant are presented in Table 2. Before treatment, there was no difference in SNAP-IV scale (parent version) scores between the two groups of children in terms of attention deficit scoring, hyperactivity-impulsivity scoring, and oppositional defiance scoring (p > 0.05). After treatment, the scores of both groups significantly decreased compared to their own pre-treatment scores (p < 0.05), with the treatment group scoring significantly lower than the control group (p < 0.05).



TABLE 2 SNAP-IV of participants.
[image: Table comparing SNAP-IV subscale scores for treatment and control groups before and after treatment. Before treatment, scores for both groups are similar across SNAP-IV IA, IH, and ODD. After treatment, treatment group scores decrease significantly for all subscales. Significant p-values (p < 0.05) are observed after treatment for all subscales, indicating statistical significance.]



3.2 Behavioral performance

The average accuracy rates and RTs in each Go/no-go task for treatment group and control group are summarized in Table 3. The treatment group had a significantly higher accuracy rate in the no-go block than the control group (p < 0.05). There was no significant difference in RTs and accuracy rates in the Go block, and RTs in the no-go block between the treatment group and the control group (p > 0.05).



TABLE 3 Go/no-go task performance.
[image: Table comparing treatment and control groups' performance on accuracy and reaction time, before and after treatment. Contains means and standard deviations for accuracy in go and no-go trials, reaction times (RT), and t-test results with p-values. Significant differences are noted in the accuracy-no go trail post-treatment with p < 0.001.]



3.3 fNIRS results: resting-state functional connectivity

Prior to treatment, no significant differences in resting-state functional connectivity (RSFC) were observed between the two groups (p > 0.05). Following treatment, however, both groups exhibited a significant increase in RSFC compared to pre-treatment levels (p < 0.05). Specifically, the treatment group demonstrated a markedly elevated functional connectivity strength in the left and right dorsolateral prefrontal cortices, as well as in the left and right medial prefrontal cortices, when compared to the control group (p < 0.05). Conversely, no statistically significant differences were noted in the functional connectivity strength of the left and right temporal lobes between the two groups, as detailed in Table 4.



TABLE 4 Resting-state functional connectivity.
[image: A table compares treatment and control groups before and after treatment. It lists mean and standard deviation (SD) for LDLPFC, RDLPFC, LmPFC, RmPFC, LTL, RTL, and all channels. Before treatment, mean values are similar in both groups. After treatment, the treatment group shows increased mean values in all channels with significant \(t\) and \(p\) values, indicating statistical significance (\(p < 0.05\) and \(p < 0.001\)).]



3.4 fNIRS results: average HbO2 changes during the Go/no-go task

In the Go/no-go task, the average HbO2 in the left dorsolateral prefrontal cortex, right dorsolateral prefrontal cortex, left medial prefrontal cortex, and right medial prefrontal cortex of the treatment group was significantly higher than that of the control group (p < 0.05). There was no statistically significant difference in the average HbO2 between the two groups in the left temporal lobe and right temporal lobe, as shown in Table 5 and Figure 3.



TABLE 5 Average HbO2 changes during the Go/no-go task.
[image: Table comparing treatment and control groups before and after treatment for different brain regions. Measurements include mean, standard deviation, t-values, and p-values. Significant changes (p < 0.05) are noted after treatment in right and left medial prefrontal cortex and right medial prefrontal cortex.]

[image: Graphs A and B compare treatment and control groups across six metrics: LDLPFC, RDLPFC, LmPFC, RmPFC, LTL, and RTL. Each graph displays overlapping lines with a shaded background, indicating data fluctuations. The treatment group's graphs show more variability compared to the control group.]

FIGURE 3
 The HbO2 change curves of each brain region of subjects in the two groups during the Go/no-go task. (A) Before treatment. (B) After treatment. The red curve is the HbO2 change curves. LDLPFC, left dorsolateral prefrontal cortex; RDLPFC, right dorsolateral prefrontal cortex; LmPFC, left medial prefrontal cortex; RmPFC, right medial prefrontal cortex; LTL, left temporal lobe; RTL, right temporal Lobe.




3.5 Safety

No participants reported severe adverse events such as epileptic seizures or behavioral problems during the study session.




4 Discussion

This study applies fNIRS to investigate the impact of rTMS on the core symptoms and brain functional connectivity and activation in children with ADHD. Our findings provide valuable insights into the potential therapeutic benefits of rTMS in modulating the brain activity and alleviating ADHD symptoms. Our study results indicate that after treatment, the SNAP-IV scale scores of children in both groups decreased compared to before, with the treatment group scoring lower than the control group. This suggests that both rTMS in conjunction with non-pharmacological interventions and non-pharmacological interventions alone can improve the clinical symptoms of ADHD, with the combined treatment showing superior effects. This is essentially similar to the conclusion shown in related research (21) that the combination of non-pharmacological interventions with rTMS can enhance the therapeutic efficacy in children with ADHD. ADHD is a neurodevelopmental disorder characterized by core symptoms related to executive function deficits, including response inhibition and working memory. The incidence of ADHD is increasing year by year, but the causes and mechanisms of the disease are not yet clear, and there is a lack of targeted treatment plans. Currently, the diagnosis of ADHD mainly relies on the diagnostic criteria in DSM-V, which is completed based on the clinical manifestations and behavioral assessment scales of children, and there is a certain degree of subjectivity, lacking effective objective indicators. Early and accurate diagnosis is of great significance for children with ADHD to receive timely and effective treatment. At present, the clinical treatment for ADHD is mainly focused on non-pharmacological interventions, as a non-invasive, safe, and painless physical therapy method, sends pulsed magnetic fields to the head, where an electric field is generated in the cerebral cortex by the magnetic field, causing neurons to depolarize, generate action potentials, and improve motor, sensory, or cognitive functions (22). It plays an important role in regulating neural activity excitability, promoting neural synapse development, and neural transmission of neurotransmitters, and has been applied in the treatment of neurological diseases. Studies have found that rTMS can effectively improve the clinical symptoms of ADHD, which is consistent with our research findings (23).

fNIRS is an emerging optical neuroimaging technology used for non-invasive measurement of changes in blood oxygen concentration related to brain functional activity. According to the neurovascular coupling mechanism, when neurons are active, HbO2 increases and HbR decreases. fNIRS is simple to operate, has strong resistance to interference, and is highly compatible (24). Compared to fMRI, fNIRS also has high temporal resolution. With these advantages, there is growing interest in using fNIRS to study neuropsychiatric disorders. Resting-state is a natural imaging paradigm of fNIRS, which is convenient to operate and suitable for pediatric patients. Studies have shown that fNIRS resting-state detection can reveal changes in brain network during normal development and under psychopathological conditions, and can be used to identify brain network abnormalities in children with ADHD. In our study, we used fNIRS to collect the differences in blood oxygen concentration in the resting state of two groups of ADHD children and calculated the RSFC between the two groups. Post-intervention, both groups showed an increase in RSFC within the prefrontal cortex, with the treatment group exhibiting superior connectivity compared to the control group. This suggests that rTMS may enhance the functional integration of the prefrontal cortex, a region critical for executive functions such as attention, impulse control, and cognitive flexibility, which is often impaired in ADHD. The significant improvements in RSFC observed in the treatment group are consistent with the hypothesis that rTMS can modulate the neural networks behind these functions. The treatment group showed particularly pronounced RSFC in the left and right DLPFC and medial prefrontal cortex (mPFC), areas known to be involved in cognitive control and behavioral inhibition. This finding is significant because it suggests that rTMS may have targeted effects on neural circuits in ADHD. The absence of significant changes in the temporal lobes may indicate that rTMS exerts its primary effects on the prefrontal regions, which are more directly implicated in the pathophysiology of ADHD.

One of the core deficits of ADHD is the impairment of executive function response inhibition, and the executive dysfunction in children with ADHD is considered to be closely related to the prefrontal cortex. Response inhibition (such as the Go/no-go task) is one of the many tasks that distinguish ADHD patients from typically developing (TD) patients (25, 26). Therefore, many researchers have studied the response inhibition function of ADHD using the Go/no-go task paradigm. In our study, we used the fNIRS method to explore the differences in cortical brain function connectivity and activation between the two groups of children during the Go/no-go task. There were no significant differences in reaction time and accuracy in the Go block, and reaction time in the No-go block between the two groups of ADHD children. The treatment group had significantly lower accuracy in the Go/no-go block compared to the control (p < 0.05). During the Go/no-go task, the treatment group had higher HbO2 concentration and greater brain activation than the control, with more pronounced activation in the dorsolateral prefrontal cortex and medial prefrontal cortex, which is similar to the results reported in previous studies (27). During the Go/no-go task, the treatment group showed higher mean HbO2 concentrations in the prefrontal cortical regions, indicating increased neural activity and potentially better task performance. This is consistent with the observed improvements in RSFC and supports the idea that rTMS can enhance cognitive control and inhibitory processes, which is crucial for successful task performance in the Go/no-go paradigm.

rTMS offers a potential alternative or adjunctive treatment option for ADHD, particularly for those who do not respond well to or cannot tolerate pharmacological interventions. The non-invasive nature of rTMS and its potential to target specific cognitive deficits makes it a valuable area of research in the field of ADHD treatment. rTMS shows promise as a treatment for ADHD by modulating prefrontal cortical activation. fNIRS provides a valuable method for assessing these effects, offering insights into the neurobiological mechanisms underlying rTMS therapy. Future research should focus on optimizing rTMS protocols and exploring the durability of treatment effects. While these findings are promising, it is important to note that the therapeutic effects of rTMS may depend on the brain region targeted. Furthermore, the overall evidence for rTMS in ADHD treatment is still emerging, and more extensive clinical trials with larger sample sizes are needed to confirm these preliminary results and to explore the long-term efficacy and optimal treatment protocols for ADHD patients.

In conclusion, our study provides evidence that rTMS can significantly improve ADHD symptoms and enhance prefrontal cortical activation and connectivity in children with ADHD. These findings underscore the potential of rTMS as a non-invasive treatment option for ADHD and warrant further investigation into its therapeutic mechanisms and optimal treatment protocols.



5 Limitations

While our findings are promising, several limitations should be acknowledged. The relatively small sample size may limit the generalizability of our results, and a larger, more diverse sample would be necessary to confirm these findings. Additionally, the cross-sectional nature of this study does not allow for conclusions about the long-term effects of rTMS. Future research should employ longitudinal designs to assess the durability of treatment effects.

Moreover, the specific mechanisms by which rTMS exerts its effects on prefrontal cortical activation remain to be fully elucidated. Future studies should incorporate advanced neuroimaging techniques and explore potential biomarker to better understand the neurobiological changes associated with rTMS treatment.
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Sleep disorder is an important risk factor for postpartum depression. Although previous research has explored brain activity in postpartum depression, it has not fully revealed how insomnia affect mood by altering interactions between brain regions. This study aim to investigate the relationship between insomnia and depressive status in postpartum women, utilizing functional near-infrared spectroscopy (fNIRS) to explore brain network topological properties. Among 143 postpartum women, 40 were diagnosed with insomnia and 103 without. The results indicated that the Edinburgh Postnatal Depression Scale (EPDS) scores were significantly higher in the insomnia group compared to the control group. Compared with the control group, the insomnia group showed significantly increased connection strength of triangularis Broca's between middle and superior temporal gyrus and left between right dorsolateral prefrontal cortex (p < 0.001). Brain network topological analysis revealed that the small-world properties, clustering coefficient (p = 0.009), and local efficiency (p = 0.009) were significantly lower in the insomnia group compared to the control group. Notably, the local efficiency and clustering coefficient of the left temporal pole were significantly reduced and negatively correlated with EPDS scores. These findings elucidate how insomnia may exacerbate postpartum depression through changes in brain network properties. While the observed alterations in connectivity suggest a correlation, causation cannot be definitively established. Improving sleep quality remains a promising intervention, but further research is needed to clarify causal links and therapeutic targets.
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Introduction

Postpartum depression is a serious mental health issue that affects women after childbirth. Research indicates that ~10–15% of new mothers experience depressive symptoms following delivery, and sleep disturbances are considered one of the significant risk factors for postpartum depression (1, 2). The decline in sleep quality is strongly associated with the worsening of postpartum depressive symptoms, which not only affects the mother's emotional state but also has the potential to impact the quality of care provided to her family and newborn (3, 4). Although previous studies have acknowledged the crucial role of sleep problems in postpartum depression, the underlying neural mechanisms remain unclear. A deeper understanding of these mechanisms is essential for developing effective interventions.

Research has revealed the neural representations of postpartum depression and sleep disturbances, providing a biological foundation for understanding these complex psychological issues. Utilizing technologies such as electroencephalography (EEG), functional magnetic resonance imaging (fMRI), and functional near-infrared spectroscopy (fNIRS), studies have uncovered the neural activity patterns and underlying mechanisms of postpartum depression. Resting-state studies indicate that the default mode network (DMN) in postpartum depression patients exhibits abnormal activity, particularly with significantly weakened functional connectivity between the anterior cingulate cortex and the medial prefrontal cortex (5). Additionally, EEG studies have shown decreased alpha rhythms and increased beta rhythms in postpartum depressed women, indicating abnormal brain electrical activity during rest (6, 7). In task-based studies, the prefrontal cortex's functional connectivity shows significant abnormalities during emotion regulation tasks, further underscoring its critical role in emotional regulation and cognitive functions (8, 9). Similarly, studies on the neural representations of sleep disturbances have also revealed shared neural mechanisms associated with depression, particularly in the frontal cortex and brain network functions. fNIRS studies have found that sleep disturbances are closely related to changes in the oxygenation levels of the frontal cortex, with sleep deprivation leading to decreased oxyhemoglobin levels in the frontal cortex, consistent with declines in cognitive function and emotional regulation capabilities (10, 11). Like depression patients, those with sleep disturbances exhibit significantly reduced prefrontal cortex activation during tasks, such as in language generation and decision-making tasks (12). In task-based studies, EEG can capture rapid neural responses, such as event-related potential changes during emotional tasks (13), while fMRI can reveal abnormal functional connectivity between the prefrontal cortex and the amygdala (8, 9). For example, in verbal fluency tasks (VFT), studies have found that postpartum depression patients have significantly lower oxyhemoglobin levels in the prefrontal cortex compared to healthy controls, suggesting potential impairments in executive function and language generation (14). fNIRS has shown unique advantages in these task-based studies, such as portability and low sensitivity to motion artifacts (15). Additionally, research has indicated that the newborns of mothers with prenatal depression exhibit abnormal brain oxygenation levels and hemodynamic response disorders in the prefrontal cortex (PFC), which may affect their emotional and cognitive development (16).

Although substantial analyses have been conducted on brain region activity in postpartum depression, these studies have often focused solely on the activation of individual brain regions, neglecting the interactions between regions and their overall impact within the network structure. Particularly in research related to small-world properties associated with sleep disturbances, brain network analysis provides a more comprehensive approach to understanding the complexity of brain function. For instance, by analyzing the topological characteristics of brain networks, such as node degree, clustering coefficient, and small-worldness, researchers can identify brain regions and connectivity patterns that may play a critical role in patients with depression (17, 18). Studies have shown that the brain networks of individuals with depression often exhibit reduced small-worldness, indicating a decline in local efficiency of functional connectivity, along with a weakening of global connectivity (19, 20). These changes in network structure may underlie the neural basis for emotional regulation and cognitive dysfunction.

This study aims to investigate the neural representations of the frontal cortex using fNIRS technology to examine the relationship between depressive status and sleep disturbances in postpartum women. We hypothesize that sleep disorders may lead to abnormal functional connectivity in specific regions within the frontal cortex, such as the dorsolateral prefrontal cortex and the ventromedial prefrontal cortex, which have been implicated in emotional regulation and cognitive control according to prior studies (21, 22). By focusing on these regions, our research aims to provide a more robust foundation for understanding the neural mechanisms underlying postpartum depressive status and sleep disturbances, and to highlight key areas for future research.



Methods


Participant

A total of 201 postpartum women who underwent a physical examination 42 days after delivery at the Beijing Haidian Maternal and Child Health Hospital from June 2021 to January 2022 were initially included in the study. Their ages ranged from 22 to 43 years, with an average age of 30.06 ± 3.86 years.

Inclusion criteria: (1) Participants were included if they were 42 days post-delivery. The defined “postpartum” as the period starting immediately after childbirth and extending to 6 weeks after delivery. This period is consistent with the clinical definition of early postpartum. (2) Only women who had a singleton, live infant delivery were included in the study. (3) Participants were required to be permanent residents of Beijing, having lived in the city throughout pregnancy and within 1 year after childbirth. (4) All participants had to have clear consciousness and be capable of independently and accurately completing the questionnaires.

Exclusion criteria: (1) Participants with a history of psychiatric disorders (e.g., depression, anxiety, and bipolar disorder) were excluded to avoid confounding effects from pre-existing mental health conditions. (2) Women with any neurological diseases were excluded to ensure that the study focused on the mental health effects of postpartum conditions. (3) Complicated Pregnancies or Medical Conditions: Those with medical conditions that could contribute to postpartum depression or affect sleep patterns (e.g., pre-eclampsia, hypothyroidism) were excluded from the study. (4) Drug Abuse or Other Substance Use Disorders: Participants with a history of drug or alcohol abuse were excluded due to their potential influence on mental health outcomes. (5) Women who had experienced multiple pregnancies (e.g., twins, triplets) were excluded to control for the possible additional physical and emotional strain of caring for more than one infant. (6) Participants who failed to provide complete questionnaire responses were excluded from the final analysis.

All participants signed informed consent voluntarily before the study began, and the research was approved by the Ethics Committee of the Department of Psychological and Cognitive Sciences at Tsinghua University (Protocol Number: 60101).



Diagnostic criteria for sleep disorders

Insomnia is diagnosed by clinicians according to the criteria in the Chinese Guidelines for the Diagnosis and Treatment of Adult Insomnia (23), including: (1) The latency period of falling asleep is prolonged, and the sleep time is >30 min; (2) Sleep maintenance disorder, wake up more than twice during the night or wake up early; (3) Decreased sleep quality; (4) Reduced total sleep time, usually <6 h.



Diagnostic criteria for postpartum depression

The Chinese version of the Edinburgh Postnatal Depression Scale (EPDS) was used to screen for postpartum depressive status (24), which is a self-report questionnaire consisting of 10 items with a total score of 30 points. It has been proven to have sufficient reliability and validity (25) and is widely used in clinical and research settings within Chinese-speaking populations (26, 27). In this study, a total score of 10 points was chosen as the critical value for screening postpartum depression, with a sensitivity and specificity of 85 and 84% (28). The survey was conducted using the Wenjuanxing platform (wjx.cn) on mobile phones, ensuring the authenticity and effectiveness of the questionnaire results.



Verbal fluency task

The verbal fluency task (VFT) was applied to assess vocabulary, lexical access speed, and executive function (29). In this study, the Chinese version of VFT was used with three parts. During the first part (pre-task), participants started saying “one,” “two,” “three,” “four,” and “five” continuously for 30 s in Chinese. During the second parts (task period), participants were asked to list as many items as possible under the categories of the coloer or fruits in 60 s (Figure 1B). The total runtime was 145 s. Participants were introduced to the VFT to confirm their understanding of the instructions. It was ensured that participants could listen to voice prompts, could form Chinese words, and could articulate the results. During the assessments, participants were seated in a comfortable and natural position, facing away from the screen. Their hands were placed naturally on their knees or the chair's armrest.


[image: Diagram with two parts: A shows a top view of a brain model marked with numbered red dots representing data points, likely electrode placements for a study. B is a timeline divided into pre-task, task, and rest phases, spanning 145 seconds.]
FIGURE 1
 (A) The position of channels. (B) The verbal fluency test used for the functional near-infrared spectroscopy (fNIRS). Participants started saying “one,” “two,” “three,” “four,” and “five” continuously for 30 s in Chinese at pre-task. During the task period, participants were asked to list as many items as possible under the categories of the color or fruits in 60 s.




NIRS measurement

Hemoglobin concentration was measured using a 48-channel near-infrared optical imaging system (NirScan, Danyang Huichuang Medical Equipment Co., Ltd., China). The placement of channels was focused on the anterior part of the brain, particularly the frontal and temporal regions. This choice was based on previous research that highlights the significance of these areas in understanding the neural mechanisms underlying postpartum depression and sleep disorder (30, 31). The sampling frequency was 11 Hz, and the wavelengths were 730, 808, and 850–730 and 850 nm were the major wavelengths and 808 nm was used as the isotopic wavelength for correction. The FPz channel in the 10/20 international system was used as the central midline probe. A total of 31 source-detector (SD) probes were placed, including 15 sources and 16 detectors. The probes were fixed at 3 cm intervals, covering the PFC of each subject, with the lowest probe placed along the Fp1-Fp2 line (Figure 1A). The channels and their corresponding brain regions are detailed in Supplementary Table 1.



Data processing and analysis

The HOMER2 toolbox was employed, a graphical user interface program based on MATLAB 2013b (MathWorks, Inc.; Natick, US), for preprocessing the near-infrared spectroscopy data (32). Initially, a method based on motion standard deviation and spline interpolation was used to eliminate motion artifacts (33, 34). Motion artifacts were distinguished by identifying sliding window standard deviations that exceeded a certain threshold. Any signal changes in the data channels that exceeded the threshold (standard deviation, STD, and amplitude, AMP) were labeled as motion artifacts (hmr Motion Artifact By Channel; input parameters: tMotion = 0.5, tMask = 1, STD thresh = 30, AMPthresh = 0.5). Spline interpolation was applied to remove the artifacts (utilizing the hmr Motion Correct Spline function with input parameter P = 0.99). Subsequently, a second-order Butterworth bandpass filter with a cutoff frequency of 0.01–0.1 Hz was employed to remove physiological noise caused by heartbeats (1 Hz), respiration (~0.2–0.5 Hz), and high-frequency noise (35, 36). Finally, the filtered optical data was transformed into HbO and HbR concentrations using the modified Beer-Lambert law (37). This study focused on the HbO signal due to its ability to better reflect cortical activity (38). A 60-s task period was utilized as the time window for analyzing changes in oxygenated hemoglobin.



Brain functional network construction and graph theory analysis

In this study, our objective is to analyze the brain functional network properties by extracting the time series of interest from all channels using photodetectors. Subsequently, Pearson correlation analysis was performed on these time series to obtain the correlation coefficient r between each pair of brain regions, generating the corresponding correlation coefficient matrix Rij. A specific threshold was then applied to the correlation matrix to binarize it, yielding the binarized connectivity matrix Rij of the brain functional network. Since network parameters vary with the level of network sparsity and there is currently no standardized threshold for selecting the optimal sparsity level, we selected a set of sparsity thresholds with a step size of 0.01, ranging from a minimum of 0.1 to a maximum of 0.40 (0.1 < S < 0.40), based on previous experience (39). This resulted in a series of brain functional network sets with gradually increasing sparsity levels for each subject.

The brain functional properties calculated include the clustering coefficient, characteristic path length, global efficiency, and local efficiency, which were quantitatively measured using graph theory methods (40). The specific calculation formulas are as follows:

	(1) The average of the shortest paths between all the two points in the network is defined as the average shortest path, which can usually be used to measure the integration of the network.

[image: Formula for average path length \( L \). It is expressed as \( L = \frac{1}{n} \sum_{i \in N} L_i = \frac{1}{n} \sum_{i \in N} \frac{\sum_{j \in N, j \neq i} d_{ij}^{-1}}{n-1} \).]

	where Li is the average distance between a node and other nodes, dij represents the shortest path of a node.
	(2) The clustering coefficient describes the clustering degree of nodes in a network, which measures the local information transmission ability of the network and the grouping degree of the network and also reflects the clustering characteristics of a network in a specific case.

[image: Equation for clustering coefficient in a network. \( Cc = \frac{1}{n} \sum_{i \in N} C_i = \frac{1}{n} \sum_{i \in N} \frac{\sum_{j, h \in N} a_{ij} a_{ih} a_{jh}}{k_i (k_i - 1)} \).]

where Ci is the clustering coefficient of a node, aij represents the connection between nodes i and j, and ki is the degree of a node.

	(3) The global efficiency of the network is defined as the average of the reciprocal shortest paths of all nodes in the network, which is an important indicator to measure the speed of information transmission in the network, namely:

[image: Mathematical formula for global efficiency. E subscript global is equal to one divided by n times the sum of E subscript i, equating to one divided by n times the sum over j in set N, j not equal to i, of d subscript ij to the power of negative one, divided by n minus one.]

	where Ei is the efficiency of a node and dij represents the shortest path of the node.
	(4) The local efficiency of a network represents the efficiency of information exchange between network nodes and sub-networks and can represent the working efficiency of the measured range. It is defined as:

[image: Mathematical equation for local efficiency: \( E_{\text{local}} = \frac{1}{n} \sum_{i \in N} E_{\text{loc},i} = \frac{1}{n} \sum_{i \in N} \frac{\sum_{j \in N, j \neq i} q_{ij} q_{ih} [d_{jh} (N_i)]^{-1}}{k_i (k_i - 1)} \).]

where Eloc,i is the local efficiency of a node i and djh(Ni) is the shortest path length among all paths of node j and h passing through node i.

	(5) Normalizing the topological parameters of a real network is often necessary to evaluate small-world characteristics. A common method is to reference matched random networks, comparing the topological parameters of the real network with those of the corresponding random networks. In this study, we employed the network randomization method proposed by Maslov and Sneppen in 2002. We constructed 100 random networks with the same number of nodes, edges, and degree distribution as the real network. We calculated the average values of the topological parameters (Cp_rand and Lp_rand) for these 100 random networks. Normalized small-world topological indices were obtained by computing the ratio of the real network's topological parameters to the average values of the corresponding random network's topological parameters.

If a real network's normalized topological indices meet the criteria [image: Gamma equals C subscript p superscript m divided by C subscript p equals C subscript p underscore real divided by C subscript p underscore zero. C subscript p underscore zero is greater than one.] and [image: Lambda equals L subscript p superscript norm equals L subscript p comma real divided by L subscript p comma rand approximately equal to one.], it is considered to exhibit small-world topological organization. Additionally, a comprehensive measure of small-world network characteristics, denoted as σ = γ/λ > 1, can be defined.



Statistical analyses

Statistical analysis was conducted using SPSS 20.0 (IBM Corp., NY, USA). Graphs were generated using the NirsKit package and GraphPad Prism 8 software. The Shapiro-Wilk test was applied to assess the normality of the data. Continuous variables were expressed as means ± standard deviations, and categorical variables were expressed as numbers (percentages). Demographic data were analyzed using independent sample t-tests. Functional connectivity was examined by Pearson correlation analysis of the time series of each channel pair. Brain network topological properties, including small-world attributes, clustering coefficient, global efficiency, local efficiency, and characteristic path length, were compared between groups using independent sample t-tests or Mann-Whitney tests. The relationship between postpartum women's sleep status and EPDS scores was evaluated using Spearman's correlation. Statistical significance was set at p < 0.05; all p-values were two-tailed. False discovery rate FDR correction was applied to results from multiple comparisons across channels.




Results


Demographic and clinical characteristics

Out of the initial screening, a total of 58 participants were excluded for the following reasons: six due to pre-existing medical conditions, seven due to pre-existing psychiatric conditions, 14 due to multiple pregnancies, and 31 due to incomplete data. As a result, 143 postpartum women were included in the final analysis. The sleep status of 143 postpartum women was assessed by clinicians. Forty of them were included in the insomnia group with a positivity rate of 27.97 % (mean age = 33.63 years; SD = 3.43), while 103 without insomnia were included in the control group (mean age = 31.20 years; SD = 3.40). The depression status of 143 postpartum women was also assessed using EPDS ≥10 points as a threshold. The EPDS scores were significantly higher in the insomnia group than in the control group (Mann-Whitney test: Z = 2.71, p = 0.007). Of the 40 postpartum women with insomnia, eight had an EPDS score ≥ 10. Among the 103 postpartum women without insomnia, six had an EPDS score ≥ 10.



Brain functional connectivity of PFC

We examined the functional connectivity strength of the whole PFC based on HbO signals. Two 48 × 48 connectivity coefficient matrix of the functional brain network for insomnia and control group were calculated (Figure 2). The results showed that the 22–33 [HbO: (0.53 ± 0.31 vs. 0.28 ± 0.32), t(141) = −4.20, p < 0.001, 95% CL (0.13–0.37)] and the 40–45 [HbO: (0.70 ± 0.18 vs. 0.53 ± 0.25), t(141) = −3.97, p < 0.001, 95% CL (0.09–0.26)] channel pairs connection were significantly higher in the insomnia group than in the control group, which passed the FDR correction. The differences in brain network connectivity are shown in Figure 2. Channel 22 represents pars triangularis Broca's area, and 33 represents Middle and Superior Temporal gyrus; Channels 40 and 45 represent the left and right dorsolateral prefrontal cortex (dlPFC), respectively (Supplementary Table 1).


[image: Two heatmaps display brain connectivity patterns for different age groups. Below, two violin plots compare the Hedges' g effect size between insomnia and control groups, one showing a significant difference. A brain diagram illustrates electrode placements with connectors.]
FIGURE 2
 Characteristics and differences of brain functional connectivity between insomnia group and control group based on HbO. ***p < 0.001.




Network topological properties

As depicted in Figure 3, small-world topology properties, quantified by the σ metric, were >1 in both groups across a wide range of sparsity thresholds (0.1 < S < 0.4). However, lower small-world topology metrics were observed in the insomnia group compared to the healthy group. Significant differences were observed in the sparsity thresholds of 0.17, 0.18, 0.19, and 0.20. Consequently, small-world topology metrics were analyzed within the sparsity range with significant differences between the insomnia group and the control group.


[image: A figure comprises multiple graphs comparing metrics between insomnia and control groups. The top graph shows a line plot of sigma against sparsity with two distinct lines. The bottom row contains four box plots comparing global efficiency, local efficiency, characteristic path length, and clustering coefficient between the groups. The control group typically shows higher measures in efficiency, with significance indicated in some graphs.]
FIGURE 3
 Network metrics in a range of sparsity threshold. *p < 0.05; **p < 0.01.


Compared with the control group, the insomnia group had a significantly lower clustering coefficient (p = 0.009, mean difference = 0.030) and local efficiency (p = 0.020, mean difference = 0.025) of brain functional networks, whereas no significant difference was found in global efficiency (p = 0.13, mean difference = 0.017) and characteristic path length (p = 0.12, mean difference = 0.125). Next, the network topology properties are computed for each node. Results revealed that only node 12 (left temporal pole) exhibited significantly reduced local efficiency (p < 0.000, mean difference = 0.259) and clustering coefficient (p < 0.000, mean difference = 0.225) compared to the control group. Differential p-values for brain regions are presented in Figure 3.



Correlation analysis result

To further confirm the association between changes in network topology properties of the temporal pole area induced by insomnia and postpartum depression, the Spearman correlation analysis was conducted to analysis between the local efficiency and clustering coefficient of the left temporal pole and EPDS score. The results revealed a negative correlation between the local efficiency of the temporal pole area and EPDS scores in the postpartum woman (r = −0.19, p = 0.03). Also, the characteristic path length of the temporal pole area exhibited a negative correlation with EPDS scores (r = −0.2, p = 0.02; Figure 4).


[image: Two brain illustrations highlight the left temporal pole region in yellow. Below, a scatter plot shows the relationship between EPDS scores and two metrics: clustering coefficient (blue dots with a downward trend line) and characteristic path length (orange triangles with a downward trend line). The y-axis is labeled R, ranging from 0 to 1.5, and the x-axis is labeled EPDS, ranging from 0 to 20.]
FIGURE 4
 Correlation between EPDS and functional connectivity coefficient of brain.





Discussion

This study investigated the relationship between insomnia and depressive symptoms in postpartum women, with a focus on examining whether changes in brain functional network properties within the frontal lobe could serve as a potential mechanism linking sleep issues to depression. Using fNIRS technology, we analyzed brain functional connectivity and topological features in postpartum women. The results showed significantly increased functional connectivity between the right and left dorsolateral prefrontal cortex in the insomnia group. Additionally, increased connectivity was found between the right Broca's area and the left middle temporal gyrus. Further analyses demonstrated that postpartum women with insomnia exhibited reduced local efficiency and clustering coefficient of brain networks, particularly in the temporal pole region. Notably, the local efficiency and clustering coefficient reductions in this region were significantly associated with higher EPDS scores, indicating a relationship with depressive symptoms. These findings suggest that alterations in brain network properties, particularly in the temporal pole, may play a role in the development of depressive symptoms associated with insomnia in the postpartum period.


Brain functional network characteristics

Our study results reveal the EPDS scores of insomnia group were significantly higher than those in the control group, indicating a close association between insomnia and postpartum depressive states. This finding is consistent with previous research, supporting the link between sleep disorders and postpartum depression (41, 42).

The brain is considered to be a dynamic and interconnected functional network. Sleep is crucial in maintaining normal brain function, and global or local dysfunction may lead to insomnia. The PFC is involved in maintaining the quiescent state of the brain, integrating internal and external environmental information, emotion regulation, and episodic memory retrieval (43). Researchers have used different brain imaging techniques, such as fMRI, EEG, and fNIRS, to explore the PFC function in patients with chronic insomnia disorder. The fMRI study by Altena et al. (44) revealed low activation of medial and inferior frontal cortex regions in insomnia patients, highlighting the importance of the PFC in sleep. An EEG study by Perrier et al. (45) found a lower power spectrum of β1 in the prefrontal cortex in patients with primary insomnia. The fNIRS study by Gong et al. (46) showed a significant reduction in prefrontal mean channel functional connectivity in patients with insomnia.

The connectivity between the left and right dlPFC was enhanced in the insomnia group compared with the control group. The dlPFC is a region closely associated with cognitive functions such as emotion regulation, cognitive control, and attention (47). The enhanced connectivity between the dlPFC may reflect an increased information transfer and functional coordination between these brain regions in postpartum women with insomnia. Women in the postpartum period experience dramatic changes in their lives, including the care of a newborn and changes in life patterns. These factors may have led to decreased sleep quality and triggered enhanced prefrontal activity in emotional and cognitive control in response to these challenges (41, 48). This alteration of the functional brain network may be intended to stabilize cognitive functioning during sleep-disordered states.

The female brain undergoes dynamic neural plasticity during pregnancy and the postpartum period, with notable gray matter volume reductions in various brain regions, such as the hippocampus, cingulate cortex, medial orbital frontal cortex, and insula (49, 50). These changes have been shown to play critical roles in social processes (51), emotion regulation (52), and their relevance to the development of depression (53). The increased connectivity in the dorsolateral prefrontal cortex, a region crucial for emotion regulation and cognitive control, may signify adaptive alterations in postpartum women with sleep disorders in handling emotional and attention aspects. While these adaptations are believed to prepare new mothers for their roles, they cannot rule out the potential contributions to the occurrence of psychiatric disorders (54), given the concurrent nature of structural brain changes and postpartum mental health issues. Significantly higher EPDS scores in the sleep-disordered group further support this point.

The results also revealed enhanced connectivity between the right Broca's area and the left superior temporal gyrus, regions closely associated with cognitive functions such as language processing and semantic comprehension. This study involved activating brain areas related to language processing during the VFT. Thus, the increased connectivity in postpartum women with insomnia may reflect intensified information transmission and functional coordination between different brain hemispheres. Borragán et al. (55) found that in normal individuals staying awake for a short period, the right PFC exhibited increased activity, while the left PFC showed reduced activity. Furthermore, Honma et al. (56) demonstrated that in alertness tests for healthy subjects, increased activation in the right prefrontal cortex was positively correlated with alertness. This suggests that activating the right prefrontal cortex may assist healthy individuals or short-term insomniacs overcome drowsiness and provide sufficient activity to meet the demands of more cognitively challenging tasks.

In short, insomnia have a notable impact on the PFC in postpartum women. Postpartum women may adapt to effects by altering connectivity between brain regions to maintain stable cognitive and emotional functions. This additional enhancement of functional connectivity might serve as a compensatory mechanism to address potential deficiencies in other brain regions. The intensified connectivity could be a natural physiological response, but it may also have implications for sleep problems and the risk of depression. However, further research is needed to gain a deeper understanding of these intricate relationships, determining whether enhanced prefrontal cortex activity plays a positive or negative role and how it influences sleep and depressive states.



The topology properties of the brain functional network

The topological properties of prefrontal brain networks were analyzed based on graph theory to understand the mechanisms underlying the adjustment of functional brain networks between the insomnia group and the control group. Small-world attributes are crucial indicators describing network connectivity and information transmission efficiency in brain networks. Small-world networks exhibit a balance of high clustering and short path lengths, meaning that nodes in the network tend to form tight clusters and are interconnected through relatively short pathways (57). In the postpartum insomnia group, the brain functional network maintains a small-world topology similar to healthy participants, suggesting a balance between local specialization and global integration in information processing remains (58). However, the small-world topology indices in postpartum women with sleep disorders were lower than in the healthy control group. The reduced small-world attributes might reflect abnormalities in functional connectivity and integration in the prefrontal cortex region (58). This implies that information transmission and integration in the prefrontal cortex region could be disrupted in the context of sleep disorders, showing significant differences in the network's sparsity range from 0.17 to 0.20.

Further analysis revealed that in postpartum women with sleep disorders, local efficiency and clustering coefficient were significantly reduced, while network global efficiency and characteristic path length did not exhibit significant reductions. Local efficiency is an indicator describing the efficiency of information transmission between nodes in a network, with higher local efficiency indicating that nodes in the network are more efficient in information transmission and integration (59). The clustering coefficient measures the degree to which nodes in the network cluster together, representing the tendency of nodes in the network to form tightly-knit clusters (59). Local efficiency and clustering coefficient reflect the local information processing capability of nodes in the network and the degree of close connections between nodes.

The reduction in local efficiency and clustering coefficient may suggest that in postpartum women with sleep disorders, there is a decrease in the brain's ability to transmit and process local information efficiently. Further analysis of the local efficiency and clustering coefficient for each node showed a significant decrease in these measures in the temporal pole region of the insomnia group. The temporal pole is closely associated with various functions, including memory, emotions, language, and spatial cognition (60). The reduction in local efficiency and clustering coefficient may imply a functional decline in the temporal pole region of postpartum women with sleep disorders, which could decrease their ability to process and regulate information, affecting aspects such as memory, emotions, and language capabilities. The reduction in local efficiency and clustering coefficient may also reflect a decrease in the connectivity and integration capabilities between the temporal pole region and other brain areas. Impaired information transmission and coordination between the temporal pole region and other areas of the brain could lead to isolation and disrupted information transfer in certain functional areas of the network, thereby affecting overall information processing and functional integration. The reduced local efficiency and clustering coefficient of the temporal pole nodes were negatively correlated with depressive symptoms, and previous research has already shown the crucial role of the temporal pole in emotion regulation and cognitive function (61). Functional abnormalities in the temporal pole region may lead to difficulties in emotion regulation and cognitive processing in postpartum women, associated with the onset and persistence of depressive symptoms. While our results suggest a potential link between functional brain network alterations in the temporal pole area and EPDS scores, these findings remain exploratory due to the relatively small sample size. Future research with larger cohorts is essential to validate these associations and establish stronger evidence for the role of functional connectivity changes in postpartum depression and sleep disorders.

Future studies should address the limitations identified in our current analysis by employing a more granular approach to patient classification. Specifically, increasing sample sizes and conducting detailed subgroup analyses—differentiating between patients with sleep disorders and depression, those with sleep disorders without depression, patients with depression without sleep disorders, and those with neither condition—will allow researchers to better isolate the independent and combined effects of sleep disturbances and depression on brain connectivity. This refined methodology is expected to enhance the robustness of findings and lead to more specific conclusions, ultimately improving the generalizability of results to a broader population of postpartum patients. Moreover, incorporating longitudinal designs could provide valuable insights into how these relationships evolve over time, thereby deepening our understanding of the interplay between sleep and mental health in postpartum contexts. To further strengthen future research, we recommend including a detailed assessment of support systems, such as caregiving duties, the presence of family or spouses, and the use of external childcare. This will help to elucidate additional factors that may influence the mental health and sleep quality of postpartum individuals. This study did not include NIRS measurements both pre- and post-partum. While the inclusion of such measurements could provide valuable insights into the neural changes associated with postpartum depression, the constraints of this design limited our ability to implement them. Future research should consider incorporating pre- and post-partum comparisons to enhance understanding of brain activity changes during this critical period. Future studies could incorporate neuroimaging techniques like MRI to examine potential volumetric differences alongside functional assessments, offering a more comprehensive view of the neurobiological mechanisms involved in postpartum sleep disorders.




Conclusion

This study highlights a potential link between insomnia and depressive symptoms in postpartum women, with initial findings suggesting that alterations in brain network properties may play a role in this relationship. Specifically, changes in local efficiency and clustering coefficients were observed in areas associated with emotional regulation. However, it is important to note that these findings are preliminary, and definitive conclusions about the mechanisms by which sleep disturbances influence depressive symptoms cannot be made at this stage. Further research is needed to clarify these relationships and to explore the role of additional neural networks in postpartum depression.
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Objective: After anterior cruciate ligament reconstruction (ACLR), patients undergo specific changes in body and specific brain functions, which stem from neuroplasticity. In this study, we employed functional near-infrared spectroscopy (fNIRS) to investigate the characteristics of brain activation in patients after ACLR during a repetitive upstairs task, and compared them with healthy individuals. We aimed to provide a new theoretical basis for the changes in brain function after ACLR and neurorehabilitation of sports injuries.
Methods: A total of 27 patients who undergoing right ACLR and 27 healthy controls participated in the study. We utilized fNIRS to collect hemodynamic data from the frontal and parietal cortices of both groups during a repetitive upstairs task. The Lysholm scale assessment was conducted prior to the commencement of the task. Compare the functional characteristics of the brain in post-operative patients and healthy subjects during upstairs tasks, and examine the functional differences between the two groups.
Results: (1) Patients undergoing ACLR demonstrated a significant negative change in β-value for Channel 25 (t = 4.0461, p = 0.0067) during the repetitive upstairs task. (2) In contrast, the healthy control group exhibited a significant increase in β-value across Channel 6 (t = −3.0489, p = 0.0066), Channel 7 (t = −4.5723, p = 0.0002), Channel 8 (t = −3.0089, p = 0.0072), Channel 13 (t = −2.8789, p = 0.0096), Channel 20 (t = −3.4200, p = 0.0029), and Channel 33 (t = −2.6974, p = 0.0143) during the task. (3) When compared to the healthy control group, ACLR patients exhibited a significant negative change in β-value for Channel 25 (t = 2.7583, p = 0.0089), and Channel 33 (t = 3.0618, p = 0.0040).
Conclusion: Patients with ACLR exhibited a significant negative activation in a specific brain region during upward stair movements. In contrast, healthy individuals demonstrated activation in two particular brain areas during the same task. Interventions targeting these brain regions may represent a novel rehabilitation approach. This provides a theoretical basis for incorporating fNIRS into the rehabilitation assessment of patients undergoing ACLR. In conclusion, this study provides a theoretical framework for potential interventions and assessments of brain regions following ACLR.
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1 Introduction

Anterior cruciate ligament (ACL) injuries are a common condition with a rising incidence in American professional football (1). Likewise, the incidence of ACL injuries in individual’s daily lives is also increasing annually. These injuries can significantly impact athletic ability and long-term health (2).

Previous studies have documented early successful recovery following ACL reconstruction (ACLR). However, recent studies indicate that conservative treatment can also be viable after ACL injury. While most patients resume cutting motions after ACLR, the rates of ipsilateral reinjury and contralateral ACL injuries continue to rise (3). From a medical perspective, subsequent knee damage or the need for further knee surgery represents a relatively unsuccessful treatment approach (4). In addition, although most male professional athletes undergoing ACLR can return to athletic participation within 1 year postoperatively, their long-term participation rates remain unknown (5).

Current research on the mechanisms of non-contact knee injuries primarily focuses on the investigation of biomechanical and neuromuscular characteristics (6). However, recent studies have indicated concomitant changes in brain function among patients who have undergone ACLR.

Neuroplasticity refers to the ability of the central nervous system (CNS) to adapt to external (environmental) and internal (anatomical) factors. These adaptations may include changes in the overall cognitive strategies, recruitment of different neural circuits, or amplification or reduction in the involvement of certain connections or brain regions (7). The utilization of electroencephalography (EEG) for knee position matching and force matching tasks has revealed altered neurocognitive processing related to sensory integration and attentional modulation in patients with ACL reconstruction (8, 9). Functional magnetic resonance imaging (fMRI) studies have demonstrated reduced activation in several sensory-motor regions and increased activation patterns in the visual and cortical motor centers of patients with ACLR (10, 11), along with increased activity within the contralateral motor cortex and supplementary motor areas. Monitoring studies of ACLR athletes who returned to play have indicated consistent changes in their brain activity (8). This suggests that patients undergoing ACLR experience more specific changes in brain function, implying that optimizing brain function post-ACLR can be a rehabilitation goal.

To accurately specify the brain regions that undergo functional changes after ACLR, clinicians need to detect functional brain changes in patients undergoing ACLR during more realistic and natural tasks. Numerous studies have confirmed that the use of fNIRS technology effectively assesses and quantifies the hemodynamic responses across different brain regions during motor tasks (12, 13). FNIRS lie in its non-invasive nature and its ability to measure brain responses during natural movements, making it an ideal tool for investigating neural responses in motor tasks. In contrast, traditional neuroimaging techniques, such as fMRI and EEG are often constrained by technical limitations that hinder effective measurement during movement, while fNIRS overcomes this limitation.

Going upstairs is an unavoidable and challenging daily requirement in modern life. At the same time, walking up stairs is an important rehabilitation exercise after ACLR, as it can increase muscle strength and endurance, improve joint range of motion and flexibility, promote the recovery of knee function, and enhance balance and coordination, cardiorespiratory fitness, as well as increase self-confidence and independence. However, few previous studies have investigated brain function during upstairs tasks in patients with ACLR. Therefore, this study aims to utilize fNIRS to monitor the activation characteristics of brain function in patients with ACL injuries while performing repetitive upstairs tasks. Additionally, the study seeks to observe differences in brain activity between these patients and healthy individuals. The findings are intended to provide new evidence regarding changes in brain function following ACLR and to offer a theoretical basis for neural rehabilitation in this context.



2 Methods


2.1 Participants

With the approval of the Ethics Committee of the Binzhou Medical University Hospital (under the Ethical Approval Number KYLL-2022-112), we included 27 patients (24 males, 3 females; mean age: 25.6 years) undergoing right ACLR and 27 healthy individuals (23 males, 4 females; mean age: 25.8 years) in this study (detail in Table 1), and all patients signed an informed consent form.



TABLE 1 Participant demographics.
[image: Table comparing parameters between ACLR and healthy control groups. Parameters include age (ACLR: 25.6±2.3, Control: 25.8±2.8, p=0.672), gender (ACLR: 24M/3F, Control: 23M/4F, p=0.685), BMI (ACLR: 25.1±3.5, Control: 24.9±2.8, p=0.462), limb dominance (ACLR: 26R/1L, Control: 26R/1L), and time from surgery (ACLR: 4.6±1.4). Data represent means and standard deviations. ACLR refers to anterior cruciate ligament reconstruction.]

All patients met the following inclusion criteria: (1) age 18–45 years; (2) arthroscopically complete ACL rupture; (3) preoperative examination confirming the absence of significant osteoporosis or joint degeneration; and (4) simple ACL injuries with no or only first-degree cartilage damage and no meniscus damage. Exclusion criteria were as follows: (1) arthroscopically confirmed ACL injury; (2) conscious patients; (3) complications of serious cardiac, pulmonary, hepatic, renal dysfunction, or other serious physical diseases; (4) presence of obvious osteoporosis or other diseases; (5) presence of more than 2 degrees of the cartilage damage or meniscus; (6) presence of implanted metal devices in the body, such as a cardiac pacemaker or a cranial metal; and (7) individuals with severe cervical spine pathology, including severe cervical cone stenosis and cervical spine instability.



2.2 Clinical scale assessment

The Lysholm scale is a widely utilized questionnaire for assessing the functional status of the knee, particularly in the context of rehabilitation following sports injuries and surgical interventions. This scale comprises eight items that evaluate various aspects, including pain, knee stability, swelling, locking sensations, the ability to ascend and descend stairs, squatting ability, the need for support, and limitations in general activities. Before the patient undertook the upstairs task, a series of assessments utilizing Lysholm score were conducted. Additionally, the patient’s Lysholm score prior to the injury was meticulously documented.



2.3 Study design and settings

All participants were asked to stand naturally with both upper limbs relaxed and naturally positioned at the sides of the body upon entering a quiet and light-avoiding stairwell (Stair height 16 cm, width 29.7 cm). Ambient light and noise levels were reduced.

We performed task prompts with computerized voice prompts to minimize distractions such as movement and sound that may affect brain activity. Before the actual experiment began, participants were briefly introduced to the experimental protocol (Figure 1A). A standardized motor task was that after an initial rest of 1 min to stabilize the baseline, the patient started the repetitive upstairs task. Participants are instructed to ascend the stairs at their normal walking pace, maintaining a uniform rate of ascent. No assistance was allowed during the task, and an experimenter followed the patient closely to prevent them from falling down. They continued to go up the stairs for 15 s. Then, after a rest of 20 s, the upstairs task was repeated for 15 s; a total of 4 sets were done. We measured the change in OxyHb throughout the task duration in real time after standing still for 1 min.

[image: Diagram (a) depicts three phases: Baseline (60 seconds), Execution (15 seconds) with a figure climbing stairs, and Rest (20 seconds). Diagram (b) shows a brain with sources in pink, detectors in blue, and channels connecting them.]

FIGURE 1
 Experimental design. (A) Experimental procedure for the repetitive upstairs task. (B) The arrangement of optodes and channels.




2.4 fNIRS measurement and preprocessing

In this experiment, NirSmartII-3000A equipment (Danyang Huichuang Medical Equipment Co., Ltd., China) was utilized to acquire hemodynamic information from the cortices of the participants. In total, 17 light-source probes and 11 detectors were arranged to form 33 measurement channels, and the channel distance of 3 cm spacing was adopted. Referring to the EEG International 10–20 system for positioning, the frontal and parietal cortex were covered (Figure 1B).

Preprocessing was conducted using MATLAB 2016 (MathWorks, Inc., Natick, MA, United States). A spline interpolation method was employed to detect and eliminate motion artifacts with a selected standard deviation threshold of six and a peak threshold of 0.5. Subsequently, physiological noise from heartbeat, respiration, and low-frequency machine noise were filtered using a Butterworth band-pass filter of 4th order 0.01–0.2 Hz. Finally, the path difference factor was set to [6 6], and the relative concentration of oxygenated hemoglobin (HbO) was calculated according to the modified Beer–Lambert law. Only the evoked response of HbO was analyzed in this study because of its high signal-to-noise ratio. A general linear model (GLM) was employed to compute the β-values associated with the repetitive upstairs tasks, with the β-value serving as a measure of activation in the corresponding channel region.



2.5 Statistics

In this study, we utilized SPSS 26.0 statistical software for data analysis. For continuous variables that conformed to a normal distribution, a paired-samples t-test was used to compare the β-values of the repetitive upstairs task with the null hypothesis that the population mean was zero (resting state) as well as to compare the patients’ pre- and post-injury Lysholm knee scores. In addition, the differences in β-values between the patient group and the control group during the task were analysed using an independent-samples t-test. This comparison aims to ascertain the presence of significant activation pathways in patients with ACLR during the repetitive upstairs task. Conversely, for continuous data that do not conform to a normal distribution, the Wilcoxon signed-rank test was employed. According to the Bonferroni correction method, when simultaneously testing independent hypotheses on the same dataset, the statistical significance level for each hypothesis should be adjusted to 1/n of the significance level used for testing a single hypothesis. Since the primary focus is on comparing the β-values among three groups: ACLR group (exercise vs. rest), control group (exercise vs. rest), and ACLR group (exercise vs. control), a p-value less than 0.0167 (0.05/3) is considered statistically significant. For categorical data, the chi-squared test was employed, while general statistical analysis was performed with a significance threshold set at p < 0.05. Furthermore, Pearson correlation analysis was used to assess the relationship between β-values and the Lysholm Knee Scale scores, with p < 0.05 indicating statistical significance.




3 Results

In the ACLR group, β-values in channel 25 (corresponding to the pre-motor and supplementary motor cortex) (t = 4.0461, p = 0.0067) demonstrated a significant negative change during the repetitive upstairs task (Figure 2A) (t-values and p-values for each channel are shown in Table 2). Conversely, in the healthy control group, significant increases in β-values were observed in frontal polar regions corresponding to Channel 6 (t = −3.0489, p = 0.0066), Channel 7 (t = −4.5723, p = 0.0002), Channel 8 (t = −3.0089, p = 0.0072), Channel 13 (t = −2.8789, p = 0.0096), as well as in the primary somatosensory cortex represented by Channel 20 (t = −3.4200, p = 0.0029) and Channel 33 (t = −2.6974, p = 0.0143) (Figure 2B) (t-values and p-values for each channel are shown in Table 3). When comparing the two groups, the ACLR group exhibited significantly lower β-values in Channel 25 (t = 2.7583, p = 0.0089) during the task, while the healthy control group showed significantly higher β-values in Channel 33 (t = 3.0618, p = 0.0040) (Figure 3) (t-values and p-values for each channel are shown in Table 4).

[image: 3D brain models in two panels (a) and (b) show regions of interest. Panel (a) highlights one area in turquoise. Panel (b) displays multiple colored regions, with a color bar indicating p-values from blue to red.]

FIGURE 2
 fNIRS channel activation map. (A) Channel activation in patients with ACLR under the repetitive upstairs task. (B) Channel activation in healthy subjects under the repetitive upstairs task.




TABLE 2 Comparison of β-values in different brain regions and corresponding channels in ACLR group repeating the upstairs task.
[image: Table listing data on cerebral areas with columns for Channel, Mean ± S.D., t-value, and p-value. The areas include orbitofrontal, frontopolar, pre-motor, supplementary motor cortex, primary somatosensory cortex, and primary motor cortex. Specific channels and their corresponding statistics are provided, showing variations in mean values, standard deviations, t-values, and significance levels. Notably, a double asterisk indicates a significant p-value less than 0.0167 for channel 25 in the pre-motor and supplementary motor cortex area.]



TABLE 3 Comparison of β-values in different brain regions and corresponding channels in healthy control group repeating the upstairs task.
[image: Table showing data across different cerebral areas including Orbitofrontal, Frontopolar, Pre-motor, Primary somatosensory, and Primary motor cortex. Columns list Channel, Means ± S.D., \( t \), and \( p \). Notable \( p \) values marked with asterisks indicate significance at less than 0.0167.]

[image: Brain activity visualizations show comparisons between ACLR and HC groups using 3D brain models. Color maps indicate beta and p values, with brighter colors representing higher activity. Statistical map highlights significant areas.]

FIGURE 3
 Differences in channel activation between the ACLR group and healthy controls under the repetitive upstairs task. ACLR, anterior cruciate ligament reconstruction; HC, healthy control.




TABLE 4 Comparison of β-values in various brain regions and corresponding channels between the ACLR group and the healthy control group repeating the upstairs task.
[image: Table displaying statistical results for different cerebral areas: orbitofrontal, frontopolar, pre-motor, supplementary motor cortex, primary somatosensory cortex, and primary motor cortex. Columns include channel numbers, t-values, and p-values. Significant p-values (p < 0.0167) are highlighted with asterisks. Comparison with a healthy control group for anterior cruciate ligament reconstruction.]

Correlation analysis between the β-values in channel 25 on the right side and Lysholm knee scores in the ACLR group revealed no significant association during the repetitive upstairs task. In addition, the Lysholm scores of patients with ACLR showed a significant reduction compared to their pre-injury scores (72.5 ± 6.86 vs. 99.8 ± 0.48, p < 0.001).



4 Discussion

This study investigated the brain activation characteristics of patients following ACLR during a repetitive upstairs task using fNIRS and compared the results with a healthy control group. Research findings indicate that patients with right ACLR exhibit significant negative activation in the ipsilateral pre-motor cortex, supplementary motor cortex, as well as the primary somatosensory cortex, a characteristic not observed in healthy individuals. Furthermore, we compared the Lysholm scores of patients before and after their injuries and found that there was a marked functional impairment in the knee following the injury. This evidence supports that the alterations in motor capability and brain function observed in these patients are attributable to the ACL injury itself, rather than other underlying factors.

Pre-motor and supplementary motor cortex are located in front of the primary motor cortex and are responsible for controlling certain aspects of movement. These include preparation for movement, sensory orientation during movement, spatial orientation, intrinsic planning of movement, organization of movement sequences before and after executive, and coordination between the two sides of the body. The primary somatosensory cortex is integral to processing sensory feedback from the entire body during movement. It aids the brain in refining and coordinating motor actions, thereby ensuring precise execution of movements and maintaining postural balance and stability. After an ACLR, the CNS may rely more on other sensory sources, such as visual feedback and spatial awareness (14). Changes in the degree of cortical activation may represent an adaptive modification that plays a crucial role in the successful coordination of dynamic tasks (15).

During knee motion in patients undergoing ACLR, the reduced activation in motor execution and planning areas on the injured side may be attributed to extensive unilateral therapy targeting the injured knee joint (16). Given the characteristics of brain control mechanisms, the brain regulates the movement of the contralateral lower limb; however, injury or rehabilitation interventions may lead to functional reorganization within motor areas, aiding movement on the injured side and reducing activation during movement on the healthy side. The observed significant deactivation in motor-related brain regions may also be attributed to altered motor regulation of the knee joint post-ACLR (17).

It is noteworthy that the negative activations observed in the pre-motor and supplementary motor areas in ACLR patients could potentially be associated with underlying callosal inhibitory mechanisms (18). The corpus callosum, which connects the left and right hemispheres, plays a crucial role in the transmission and integration of information. In the context of motor functions, callosal inhibition is essential for the coordinated movement of bilateral limbs. For ACLR patients, the physiological and motor function alterations resulting from ligament injury and subsequent surgery necessitate the involvement of callosal inhibition to ensure the coordinated function of the limbs during activities such as ascending stairs. This involvement, in turn, suppresses the normal activation of ipsilateral motor control regions (19).

In ACLR patients, the specific manifestations of this brain regions mentioned above reflect the phenomenon wherein damage to peripheral tissues induces alterations in the CNS, and conversely, the effects are reciprocal. Recovery of ankle motor function after stroke is influenced by changes in the strength of intra- and interhemispheric functional connectivity (FC) in motor-related regions of the brain, an EEG study shows (20). Research has shown that brain function undergoes alterations following musculoskeletal injuries, such as ACL injuries. Grooms et al. (21) used fMRI to investigate changes in brain function following ACLR. They observed that patients who had undergone ACLR exhibited altered brain activation patterns during knee flexion-extension movements, indicating a shift toward visuomotor strategies. Another study (22) employing EEG examined the neuroplasticity associated with postural control in patients post-ACLR. This study explored theta (4–8 Hz) and alpha-2 (10–12 Hz) oscillatory bands in motor-related brain areas, revealing greater neural inhibition in the ipsilateral pre-motor and supplementary motor cortex of the ACLR group compared to healthy controls during task execution. Our findings align with these results, suggesting that peripheral joint injuries, even after surgical repair, may induce neuroadaptive changes in the central nervous system (11).

In a study utilizing fNIRS (23), researchers compared brain activation patterns in individuals with chronic lateral ankle instability (CLAI) and healthy controls during cognitive-motor dual-task performance. They found significant differences in activation patterns of the pre-frontal cortex and supplementary motor area between CLAI patients and healthy controls when performing the tasks. The observed differences in brain area activation in this study, consistent with our findings, might reflect neural central functional changes due to impaired proprioceptive input following limb injuries, leading to adaptive modulation in the brain. Kluzik et al. (24) discovered that after musculoskeletal injuries, adaptive changes occur within central processing systems, where diminished functional areas are compensated by other regions; this may be one of the reasons for alterations in lower limb kinematics.

In addition, the frontal lobe and bilateral primary somatosensory cortex in the healthy control group also exhibit activation during stair climbing. The prefrontal area plays a critical role in advanced motor planning and execution, while the primary somatosensory cortex is essential for processing proprioceptive and peripheral sensory information. The increased activation of these regions may indicate more efficient motor control strategies and sensory feedback mechanisms in healthy individuals performing repetitive complex motor tasks. Our findings reveal that multiple brain regions are significantly activated during the stair climbing process in healthy individuals, whereas fewer brain regions show significant activation in patients. This suggests that patients exhibit a unique activation pattern during motor tasks and rely more heavily on brain regions associated with motor control and planning to accomplish the stair climbing task.

Following ACLR, residual central and peripheral functional alterations often persist, and traditional rehabilitation approaches may not fully restore normal motor function in all patients. Despite rehabilitation, prolonged deficits in neuromuscular control remain evident (14). Recent studies have highlighted that neuromuscular biophysical enhancement techniques, such as transcranial magnetic stimulation (TMS) and transcranial electrical stimulation (tES), can significantly improve human motor performance. Therefore, applying external interventions like TMS or tES to specific brain regions may be beneficial.

Moreover, the attentional and environmental components of neuromuscular function are largely unaddressed in the current ACL rehabilitation programs. Therefore, during rehabilitation, greater emphasis should be placed on integrating sensory-visual-motor control factors, including reaction time, information processing, attention focus, visual-motor control, and complex task-environment interactions (25).

Finally, based on the distinctive brain area manifestations observed during the repetitive upstairs tasks in ACLR patients, the changes in peripheral functions among these patients are consistently accompanied by corresponding changes of the central nervous system (26). FNIRS can serve as a personalized tool for assessing rehabilitation outcomes following ACLR, enabling the development of individualized rehabilitation exercise programs for patients. Additionally, it provides a theoretical foundation for the application of neurobiomechanical enhancement technologies in rehabilitation. By incorporating neurorehabilitation techniques into the rehabilitation program for ACLR patients, we aim to enhance the rehabilitation process and improve treatment efficacy.



5 Summary

In this study, we observed that peripheral changes in limb function induced functional changes in central brain regions, suggesting a potential functional connectivity between these brain regions. In this context, we underscore the importance of neurorehabilitation. In healthy individuals, heightened engagement in various forms of physical activity is associated with greater brain volume, gray matter density, and cortical thickness. Even small increments in additional exercise have been shown to benefit brain health (27). This notion holds particular relevance for the rehabilitation exercises patients undergo following ACLR. fNIRS can serve as a valuable tool for assessing the changes in brain function and the efficacy of rehabilitation following ACL injury.

However, the application of fNIRS to sports injuries is limited. While this study demonstrates the feasibility of fNIRS in exploring the changes in brain function after sports injuries, several challenges remain, including the small sample size, incomplete coverage of brain regions, and the absence of a standardized fNIRS signal processing protocol. Therefore, we anticipate more future fNIRS studies on sports injuries to offer novel approaches to cerebral rehabilitation for patients.
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Restoration of independent walking ability is the primary objective of stroke rehabilitation; however, not all patients achieve this goal due to diverse impairments in the paretic lower limb and compensatory mechanisms that lead to an asymmetrical and mechanically inefficient gait. This investigation aimed to examine alterations in cortical activation in post-stroke patients while walking with a wearable two-channel functional electrical stimulation (FES) in comparison to walking without FES. This observational study was conducted to discern distinct activation patterns in 19 stroke patients during sessions with and without FES, while using functional near-infrared spectroscopy (fNIRS) to monitor changes in blood oxygen levels. Our findings revealed only a significant reduction in ΔOxy-Hb in the contralesional pre-motor cortex (z = −2.803, p = 0.005) during the FES-on walking sessions compared to the FES-off sessions. Furthermore, all regions in the FES-on session exhibited lower ΔOxy-Hb. Conversely, no significant differences were observed in ΔDeoxy-Hb. Moreover, a significant correlation was found between decrease in cPMC and the reduced cost time of walking under FES-on condition. The fNIRS analysis revealed diminished activation in the contralesional pre-motor cortex when walking with FES, implying that FES may facilitate a more automatic gait pattern while reducing a patient’s reliance on contralesional cortical resources. The findings of this study lay the groundwork for long-term neural rehabilitation.

Keywords
 functional electrical stimulation; fNIRS; stroke; walk; cortical activation


1 Introduction

Regaining independent walking ability is one of the important goals of stroke rehabilitation. However, not all stroke patients successfully regain this ability. Reports show that among inpatients undergoing rehabilitation treatment, only 39, 69, and 74% could walk independently at 3, 6, and 12 months after stroke, respectively (1). Various impairments in the affected lower limb, such as pes equinovarus, knee instability, and foot drop, contribute to the restricted walking ability (2). When effective and timely interventions are not provided, patients with stroke often resort to compensatory strategies involving the trunk and the unaffected lower limb, leading to an asymmetric and mechanically inefficient gait (3). This can result in limited mobility, an increased risk of falling, and compromised independence (4).

Promising interventions, including fitness training, high-intensity therapy, and repetitive-task training, have been identified to aid patients with stroke in recovering from an asymmetric and unstable gait (5). Among these treatments, functional electrical stimulation (FES) has been shown in previous studies to be effective in improving the clinical outcomes of patients with stroke (6–8). FES is a rehabilitation approach that involves synchronizing electrical stimulation with motor and sensory nerve fibers during functional motor tasks (9). In contrast to isolated electrical stimulation, FES utilizes rhythmic electrical stimulation targeted at specific muscles to induce functional movements that mimic voluntary contractions, thereby restoring lost functionalities (10). Recent studies utilizing neuroimaging and noninvasive brain stimulation techniques have explored the impact of FES on corticomotor function. During prolonged use of FES in rehabilitation activities, a shift in brain activity from the contralesional to the ipsilesional sensorimotor cortex has been observed when executing motor tasks involving the paretic limb (11–13). Gandolla et al. (14) reported that the combination of FES with voluntary dorsiflexion selectively heightened the sensitivity of the primary somatosensory cortex to projections from the primary motor cortex. Even a single session can lead to changes in the activation of brain areas (9, 15). Cumulatively, these studies offer compelling support for the potential efficacy of FES in fostering positive neuroplasticity.

The main goal of rehabilitation is to enhance neuroplasticity and restore motor skills to their pre-stroke levels (16). Neuroplasticity encompasses an intricate blend of both spontaneous and learning-dependent motor processes, such as restitution, substitution, and compensation (17). Research indicates that recovery from stroke heavily relies on adopting adaptive learning strategies, especially those that facilitate the reorganization of the remaining neural circuits and enable access through alternative pathways (18). Additionally, practicing task-specific training in familiar environments can boost the patient’s acquisition of similar behaviors through transferability (17, 19, 20). However, few studies have focused on specific cortical activations during FES walking, which could reveal the instantaneous effects of FES on neuroplasticity. Understanding the neural mechanisms underlying FES and observing key neuron markers could facilitate the search for a more effective way to promote recovery in patients with stroke before the onset of rehabilitation.

Among the current available neuroimaging tools, functional near-infrared spectroscopy (fNIRS) has emerged as the most suitable technique for evaluating trials involving extensive locomotion. fNIRS employs wavelengths of red light between 700 and 900 nm, capable of detecting oxyhemoglobin (Oxy-Hb) and deoxyhemoglobin (Deoxy-Hb) (21). The occurrence of heightened cortical activation, concomitant with the spontaneous elevation in blood flow within the cortices, is referred to as neurovascular coupling (22). Consequently, fNIRS can be employed to evaluate the activation level of the cerebral cortex by measuring these two parameters. Compared to functional magnetic resonance imaging (fMRI) and electroencephalography (EEG), fNIRS is less susceptible to motion artifacts and is employed for more intricate motor activities, such as walking, playing cards, among others (23). In this study, we chose Oxy-Hb and Deoxy-Hb values as the indicator to assess cortical activity.

This study aimed to investigate the changes in cortical activation of post-stroke patients during walking with wearable two-channel FES in comparison to walking without FES. Previous research has suggested that FES is primarily used for upper limb training. For example, one study reported that after 5 months of upper limb FES training, the activation of the unaffected hemisphere was significantly reduced during FES training, while the activation of the affected hemisphere was significantly increased (24). A similar effect has been observed in lower limb training, where a wearable hip-assist robot was used to produce more automatic and symmetrical gait patterns, resulting in a reduction in cortical resource costs (25). Thus, we hypothesized that patients would exhibit decreased activation of the contralesional cortex when walking with FES.



2 Methods


2.1 Participants

We recruited 19 post-stroke patients (18 male patients; mean age, 54.579 ± 11.885) in Changzhou Dean Hospital from April 11 to 28, 2023. The inclusion criteria were as follows:

	1. Individuals aged 30–80 years at their first-ever hemispheric stroke.
	2. The post-stroke time between 2 weeks and 12 months.
	3. Brunnstrom stage of the affected lower extremity between III and V.
	4. Individuals that were capable of adhering to instructions.
	5. The level of the Functional Ambulation Category scale (FAC): ≥3.
	6. Participants who could provide written informed consent.

The exclusion criteria were as follows:

1. Individuals suffering from progressive cerebral infarction or malignant progressive hypertension, severe visceral system diseases, malignant tumors, etc.

2. History of organic brain disease, mental disorders, and epilepsy.

3. Local skin damage, inflammation, or hyperalgesia at the site of irritation.

4. Modified Ashworth scale score of the lower extremity on the affected side: ≥3.

5. The simultaneous presence of other conditions that could influence the sensation and mobility of the lower limbs.

Body mass index, post-stroke time, stroke type, affected side, Fugl-Meyer assessment of lower extremity motor scale (FMA-LE), FAC, Berg balance scale (BBS), and 10-meter time cost (own speed with FES-on and FES-off) were collected before the experiment. The experimental protocol was approved by the Human Ethics Committee of Changzhou Dean Hospital, Changzhou, Jiangsu, China (CZDALL-2023-004) and was registered on ClinicalTrials.gov (ChiCTR2300070417). Table 1 shows the demographic information and clinical characteristics of the participants.



TABLE 1 Population characteristics.
[image: Table displaying participant characteristics with mean and standard deviation. Includes age (54.579 ± 11.885 years), gender ratio (18/1), BMI (23.716 ± 2.596 kg/m²), onset days (98.632 ± 80.747), stroke type (ischemic/hemorrhagic 15/4), hemiplegic side (9 left/10 right), Fugl-Meyer score (26.579 ± 6.122), FAC level (4.053 ± 0.848), FES-off and FES-on 10 m time cost, Berg balance scale score (48.105 ± 4.653), quadriceps and tibialis anterior measurements. Definitions for BMI, LE, FAC, and BBS are included.]



2.2 Experimental design

This study utilized a cross-over design wherein each participant needed to complete two different sessions of measurements. We recorded fNIRS signals simultaneously during the task. Figure 1 illustrates the schematic diagram of this trial.

[image: Illustration showing a person wearing a functional near-infrared spectroscopy (fNIRS) device and functional electrical stimulation (FES) on the knee. Two brain diagrams depict contralesional and ipsilesional primary motor cortex (PMC) during FES-on and FES-off states. The left brain shows FES-on with a yellow labeled PMC, and the right brain shows FES-off with an orange labeled PMC.]

FIGURE 1
 The schematic diagram of the study.




2.3 Experiment procedures

We used a block design (Figure 2) to record the changes in blood oxygen level during walking with and without FES. Notably, in the session without FES, the participants also needed to wear the device even though the equipment was powered off. The order of the two sessions was coin-random. If the coin lands heads up, data collection will start with the FES-on condition; if tails, it will start with the FES-off condition. There was a 10-min rest interval between the two sessions. All participants needed to complete both sessions. Before the onset of the experiment, the participants were equipped with the FES and fNIRS devices. A researcher adjusted the parameters to ensure they were suitable for each participant. All the participants stood upright naturally at the beginning of the experiment. After hearing the instruction “go,” the participants started to walk at their own speed and were not mandated to keep the original posture until they were told to “rest” and wait for the next trial. A total of three trials were conducted in each session. The duration of each block of walking was 40 s, with 50 s for rest. Prior to the experiment, each participant was allocated 5 min to learn and adapt to the procedures, ensuring their familiarity with the entire process. During the whole process, another researcher accompanied the participants to prevent sudden falls.

[image: Diagram showing alternating "go" and "rest" periods in a sequence. "Go" lasts 50 seconds and is marked in white, while "rest" lasts 40 seconds and is marked in black. Arrows indicate transitions between states.]

FIGURE 2
 Block design diagram.




2.4 FES device

We used a portable FES device (YSL02P, Yasi Company, Chang Zhou, China) with electrodes that were placed at the muscle bellies of the quadriceps and tibialis anterior muscles. To ensure adequate therapeutic intensity, we selected the minimum electrical strength required to elicit visible functional and tolerated muscle contractions (Table 1) (9). We gradually increased the stimulation intensity after setting up the FES device for patients. Once visible muscle contractions occurred, we required them whether they felt the muscle contraction and if there was any discomfort. The parameters were set at a frequency of 34.5 Hz and a pulse width of 200 μs. The gait mode was designed to switch the activation order of different muscles based on a foot pressure sensor. During the stance phase, the quadriceps were activated when the sensor was pressure-activated, while during the swing phase, the switch of the tibialis anterior was turned on for the rest of the gait cycle. Due to muscle contractions induced by FES-on, blinding cannot be applied to the participants.



2.5 fNIRS measurement

The NirSmart fNIRS device (Danyang Huichuang Medical Equipment Co., Ltd., Zhenjiang, China) was used in this study. Near-infrared light (730 and 850 nm) was used to measure hemodynamic signals in the prefrontal, temporal, and parietal lobes while walking. The sampling frequency was set at 11 Hz. We positioned 45 channels (19 source optodes and 16 detector optodes) to cover the cortex. The spatial information of these optodes was based on a brain template obtained using an electromagnetic 3D digitizer device (Patriot, Polhemus, Colchester, VT, United States) (26). Channels were registered to the Montreal Neurological Institute (MNI) space and then projected to the MNI brain template. Channels were then classified according to the percentage of coverage of various Brodmann’s areas, and only channels with the highest percentage were considered representatives of functional areas. The distance between each adjacent optode was 3 cm. Given that participants with either right or left hemispheric strokes were included in the study, left hemisphere-affected participants were flipped to the right side. Thus, the right side was defined as the ipsilesional hemisphere, and the left side was defined as the contralesional hemisphere. Further details regarding channel position and the division of regions of interest (ROIs) are provided in Figure 3.

[image: Diagram of an optode layout on a circular head model showing brain regions with channels marked as R (right) and L (left). The layout includes dashed lines in three colors representing different brain regions: red (PFC), blue (PMC), and green (SMC). Some channels are indicated as dropped, marked in gray. The positions are labeled with numbers and coordinates, surrounded by Oz and Pz labels.]

FIGURE 3
 Channel attrition of fNIRS. PFC, pre-frontal cortex; PMC, pre-motor cortex; SMC, sensorimotor cortex.




2.6 fNIRS data processing

We analyzed fNIRS data using the NirSpark software (HuiChuang, Zhenjiang, China) and implemented a series of preprocessing steps. Initially, the optical density signal was transformed from raw signals. Subsequently, a cubic spline interpolation algorithm (STDEV threshold = 6.0, AMP threshold = 0.5) was used to correct motion artifacts. A bandpass filter of 0.01–0.1 Hz was applied to attenuate low-frequency fluctuations and high-frequency noise, while the task-specific frequency band of the neural signals was preserved (27). Lastly, we used the modified Beer–Lambert law (path length factor = 6) to convert the filtered optical density signal to blood oxygen concentration (28). ΔOxy-Hb was chosen as the primary indicator in our analysis due to its generally superior signal-to-noise ratio compared to Deoxy-Hb (29). The “walk” marker was set as 0 s. We computed the average for the duration “0–40 s” as a block representing the hemodynamic response to the walking task, while “−2 to 0 s” served as the baseline state. We then calculated the average of the mean ΔOxy-Hb values (10−1 mmol/L*mm) from three repetitions to obtain an average response. The values of the channels in the regions of interest were further averaged to represent the activation of each brain region.



2.7 Statistical analysis

The fNIRS data were analyzed using the NirSpark software (HuiChuang, Zhenjiang, China). After obtaining the value of concentration changes, we used SPSS version 23.0 (IBM Corp., Armonk, NY, United States) for further analysis. Initially, the Shapiro–Wilk test was conducted to assess for conformity to a normal distribution. We used the Wilcoxon paired test to detect statistical significance for most of the data that did not obey the normal distribution. We also did a Spearman correlation of changes in ROIs with a significant difference (FES-on abstract FES-off) with changes in 10-meter gait speed (FES-on abstract FES-off). The significance level of the Spearman correlation is 0.05. In the result of multi-comparison, p values were adjusted through family-wise error correction. Because of 6 ROIs, significance levels were established at 0.008.




3 Results

The results of the study are presented in Figure 4. All participants completed the experiment without experiencing any adverse events. The ΔOxy-Hb in the contralesional pre-motor cortex cPMC (z = −2.803, p = 0.005) was found to be significantly lower during FES-on walking sessions compared to during FES-off sessions. However, no significant difference was observed in the other regions of interest (ROI). At the same time, ΔDeoxy-Hb showed no significant difference in any ROIs. Furthermore, there is a strong correlation between changes in cPMC and changes in gait speed (ρ = 0.509, p = 0.026).

[image: Brain activity visualization showing changes in oxygenated (ΔOxy-Hb) and deoxygenated hemoglobin (ΔDeoxy-Hb) levels in brain regions during "Fes-on" and "Fes-off" conditions. The top row illustrates ΔOxy-Hb with varied colors indicating intensity, while the bottom row shows ΔDeoxy-Hb. Labeled regions include cPFC, iPFC, cPMC, iPMC, cSMC, and iSMC. Color gradients range from red, yellow, and blue, corresponding to the scale on the right.]

FIGURE 4
 The mean ΔOxy-Hb and ΔDeoxy-Hb (10−1 mmol/L*mm) of each ROIs during two conditions.




4 Discussion

The objective of this study was to explore the impact of a wearable two-channel FES device on brain activation in patients with stroke during walking. Our results showed a significant decrease in ΔOxy-Hb in cPMC during FES-on walking sessions compared to those of FES-off walking sessions, suggesting that the use of FES may lead to a more automatic and symmetric gait pattern in patients with stroke. However, we did not observe any significant differences in the other ROIs. These findings provide evidence for the potential benefits of FES in stroke rehabilitation by modulating brain activation patterns during walking.


4.1 Explanation of decreased cortical activation

The application of FES led to a decrease in oxyhemoglobin (Oxy-Hb) change in the contralesional PMC during walking in patients with subacute or chronic stroke. This phenomenon may suggest that the use of the FES device requires fewer cortical resources for walking. The PMC comprises the primary motor area (PMA) and the supplementary motor area (SMA). Patients with frontal lobe dysfunction, including the PMA and SMA, often experience gait freezing due to their crucial roles in gait initiation (30). Motor programs for voluntary movements, including postural adjustment, are controlled by these regions (31). The activation of the SMA may facilitate anticipatory postural control (31, 32), while the PMA may be involved in sequencing movements activated by external stimuli (33). In a study involving bipedally walking monkeys, the injection of muscimol into the trunk/leg regions of the bilateral SMA disrupted postural control during walking, even though motor paralysis was not observed (34). On the other hand, the injection of muscimol into the dorsal PMA resulted in an inability to initiate walking following sensory guidance; interestingly, spontaneous walking remained unaffected. This suggests that the SMA may play a role in postural control, while the dorsal PMA may be specifically involved in the initiation of walking guided by sensory input.

Due to the spatial resolution limitations of fNIRS, we were unable to further divide PMC into the PMA and SMA regions. Therefore, we could only use the reduced activation of the PMC area to further explain our results. Our FES device stimulates the quadriceps femoris and tibialis anterior muscles during the gait cycle. The sequential stimulation of different muscles mimics the normal gait. When standing on the affected leg, the quadriceps femoris is activated to maintain a steady stance. During the swing phase, the tibialis anterior muscle is activated to ensure foot clearance. With the assistance of FES, the affected limb can be utilized to a greater extent during walking, thereby reducing dependence on the unaffected side. Several studies have demonstrated that long-term FES training reduces dependence on the unaffected side (12, 13, 35). Therefore, reduced dependence on the unaffected side may also be observed in cortical activation; furthermore, FES appears to play a role in postural control. Conversely, refraining from using one extremity and heavily relying on the unaffected extremity leads to significant imbalances in cortical excitation and inhibition (36, 37). In the upper extremity, a consistent observation is the reduction in corticomotor activity in the ipsilesional hemisphere paired with heightened activity in the contralesional hemisphere; moreover, several studies on the lower limb also support this fact (24, 38–40). In our study, we also found a strong association between the reduction in cPMC activation induced by FES-on and the decrease in time cost of walking triggered by FES-on. From the perspective of walking speed, this indirectly suggests that the assistance of FES could reduces the cost of resources in cPMC. However, this conclusion remains tentative, as the measurements of fNIRS and walking speed were not conducted simultaneously, which weakened the strength of this evidence. Therefore, we hypothesized that FES facilitation and less dependence on the unaffected limb could contribute to the reduced activation of the contralesional PMC.

Another noticeable phenomenon is the decreased tendency observed on both sides of every cortical region, despite the absence of significant differences between the two states. Impairments within the brain might exacerbate compensatory prefrontal recruitment for controlling walking. Existing literature indicates that the over-recruitment of the prefrontal cortex (PFC) can be attributed to various neural mechanisms, including inefficient processing, poor specificity in recruiting specialized networks, reactive recruitment in response to poor task performance, and compensatory recruitment proactively elicited to support task performance in the absence of efficient recruitment of primary brain regions or networks (41). The primary motor cortex (M1) in the sensorimotor cortex (SMC) region is known as the executor of actions. A previous investigation on monkeys demonstrated that injections of muscimol into the leg region of M1 led to localized paresis of the contralateral leg (42), indicating that PFC and SMC are involved in the entire walking process. Although few studies have investigated the neural mechanisms underlying the treatment of lower extremity functional electrical stimulation (FES) training, some studies have reported results that are similar to ours. In a study by Lee et al. (25), a group of 20 patients with chronic stroke engaged in treadmill walking at a self-selected speed while utilizing a wearable hip-assist robot, which they divided into early and late phases. Since their walking block was set at 60 s, the summary of these two phases appeared to be more comparable to those of our study. Therefore, a tendency toward decreased activation in the contralesional premotor area (PMA) during walking with the hip-assist robot was observed. The diminished activation of the SMC and supplementary motor area (SMA) may also signify more symmetric and coordinated gait patterns facilitated by rhythmic hip flexion and extension movements assisted by the robot. This pattern of reduced cortical resources in gait indicated that the robot contributed to automatic and symmetric gait patterns. As a result, with the assistance of the FES device, the activation of the PFC, PMC, and SMC showed a declining tendency. Additionally, we did not find any significant differences in Deoxy-Hb. A previous study (43) has indicated that Oxy-Hb may be more sensitive than Deoxy-Hb in detecting walking activities. This finding further supports the advantage of using Oxy-Hb to explore differences during walking.



4.2 The neural activation pattern of stroke gait

To better understand the results of our study, it is important to examine the activation patterns in the cortex of patients with stroke while walking or using assistive devices.

After a stroke, the cerebral cortex of patients with stroke shows increased activation of the PFC, PMA, SMA, and SMC during steady unassisted walking compared to standing; among them, most studies have shown that the PFC, PMA, and SMA are activated on both sides (41, 44–47). However, several studies have also suggested that only the contralesional PMA and SMA were significantly activated during walking (48, 49). In contrast, some studies showed that the contralesional SMC is mainly activated, with less activation on the affected side (45, 48–50). Another study (51) subdivided the walking phase and found that the contralesional PFC showed more significant activation during the entire walking process in patients with stroke; furthermore, bilateral SMC activation was increased at the beginning and acceleration phases of walking.

However, there were large discrepancies in the reports of different studies with regard to the activation pattern during assisted walking. One study showed that the activation of the PMA, SMA, and SMC in patients without the assistance of hip joint robots was lower than that observed while walking with assistance (25). Another study of exoskeleton robots pointed out that PFC activation increased when patients were assisted during walking (44). A similar study also pointed out that the activation of the bilateral SMC and the parietal central lobe of the affected side in patients with stroke was increased when robot-assisted walking was compared to weight-reducing walking; however, similar conclusions were also found in the healthy group (52). This point needs further discussion. The use of a variety of assistive devices can alter the difficulty of walking, which will lead to variations in cortical activation. In theory, facilitating the automation of walking will reduce cortical activation (41).

After relevant rehabilitation training, the PFC, PMA, SMA, and SMC have also been confirmed to have certain neural plasticity. Similar findings were found after lower limb training. A study of treadmill training found that patients showed increased activation of the ipsilesional SMC and PMC after 2 months of training (53). In another similar study, patients were divided into two groups with better and poorer walking abilities. After training, patients with better walking ability showed a trend of decreased PFC activation on the unaffected side, while patients with poorer walking ability showed a decrease in PFC activation on the affected side (54). In a 2-month weight-reduced walking training program, patients showed a significant improvement in gait after walking, which was significantly related to an increase in SMC symmetry and an increase in ipsilesional PMC.

Overall, similar to reports on the upper limb theory, several studies on the lower limb still point to the fact that recovery after a stroke often begins with compensation on the unaffected side. However, after long-term training, there will be an increase in the activation of the affected side and a gradual restoration of symmetry. This is applicable to patients with better functional recovery; however, in patients with severely impaired function, the compensation of the uninjured side is still dominant (24, 38–40).




5 Limitations

This study has some limitations. First, due to the limitations of fNIRS technology, we were only able to detect changes in the cortex. In the future, neuroimaging monitoring of the entire brain during naturalistic tasks is required. Second, the inability to differentiate between the PMA and SMA made our speculations uncertain, as they serve different functions, as previously mentioned. Furthermore, the low spatial resolution of our fNIRS device made it difficult to discern this difference. Although a navigation system could be a more effective tool to overcome this weakness, it is not applicable to all fNIRS devices. Third, while a previous study demonstrated the effectiveness of a two-channel FES device, it remains unclear whether more channels could have a greater impact on neuroplasticity. We hope future studies will use FES devices with more channels to investigate synchronous cortical changes during walking. Moreover, the neural control of walking is primarily governed by lower levels of the neuroaxis. Due to the limited penetration of infrared light, fNIRS can only detect cortical Oxy-Hb changes. Therefore, we are unable to observe activation changes in subcortical structures. This is a problem that current brain imaging technologies are unable to address. Disruptions in these subcortical structures can lead to compensatory recruitment of cortical resources, especially in the contralesional hemisphere (39–41). Therefore, real-time monitoring of cortical changes could help us better understand the neural mechanisms of compensation during walking. Finally, the small number of participants in our study may limit the generalization of the conclusion. At the same time, it also remains unclear whether there is a difference between the pattern in patients with subacute stroke and those with chronic stroke. Future studies could investigate this further to reveal more neural mechanisms during the stroke gait.



6 Conclusion

Using fNIRS technology, we designed a trial to observe synchronous cortical activation during walking with and without a wearable two-channel FES device to explore the effects of FES on neuroplasticity after stroke. Our results revealed a significant decrease in the activation of the contralesional PMC during walking with FES. Furthermore, there was a tendency toward less activation of other contralesional ROIs. These findings indicate that FES could facilitate a more automatic and symmetric gait pattern with less cortical resource cost on the contralesional side. These synchronous changes provide the basis for long-term neural rehabilitation.
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Perinatal depression (PD) is a highly prevalent psychological disorder that has a detrimental effect on infant and maternal physical and mental health, but effective and objective assessment of PD is still insufficient. In recent years, the functional near-infrared spectroscopy (fNIRS) has been acknowledged as an effective non-invasive tool for clinical assessment of depression. This study proposed a free association semantic task (FAST) paradigm for fNIRS-based assessment of PD. To better address the emotion characteristics of PD, the participants are required to generate a dynamic concept chain based on positive, negative or neutral seed words, while 48-channel fNIRS recordings over frontal and bilateral temporal regions. Results from twenty-two late-pregnant women revealed that, the oxyhemoglobin (oxy-Hb) changes during the FAST with the positive and negative seed words over the frontal region were correlated with PD severity, which was different from the correlation patterns in the FAST with neutral seed word and the classical verbal fluency test (VFT). Furthermore, distinct correlation patterns were also observed in the FAST with the positive and negative seed words, manifested in fNIRS channels corresponding to the right dorsolateral prefrontal cortex (DLPFC) and right inferior frontal gyrus (IFG), respectively. Moreover, regression analyses showed that the FAST with positive and negative seed words can well explain the severity of PD. Our findings suggest the proposed FAST paradigm as a promising approach for PD assessment.
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1 Introduction

Perinatal depression (PD) is defined as a major depressive episode that occurs from the time of pregnancy until four 4 weeks after delivery (1). It is estimated that the prevalence of PD ranges from 11 to 20% (2–4), with a rate of about 16.3% in China (5). PD has detrimental effects on both physical and mental health, leading to an increased risk of pre-eclampsia, gestational diabetes, and preterm birth, as well as low mood, loss of interest, insomnia (6–8). It could also have a critical influence on the development of the newborns, potentially increasing their risk of having cognitive, emotional and behavioral issues (9–12). As the gold standard for perinatal mental health screening (13), the Edinburgh Postnatal Depression Scale (EPDS) has been widely recommended and used in clinical settings for its validity, brevity, and user-friendly features (14). The use of the EPDS in perinatal populations has been instrumental in identifying individuals who may require further assessment for depression and subsequent intervention (14, 15).

With the development of cognitive neuroscience over the past decade, biomarkers and pathological mechanisms of depression have been recognized as the key to improving diagnostic accuracy and treatment effectiveness (16, 17). Functional Near Infrared Spectroscopy (fNIRS) could be a promising tool for assessing perinatal depression. fNIRS utilizes the scattering of 650–1,000 nm near-infrared light by the principal components of blood to quantify alterations in cerebral hemoglobin concentration via the neurovascular coupling mechanism (18, 19). Compared to other neuroimaging techniques such as electroencephalography (EEG) and functional magnetic resonance imaging (fMRI), fNIRS offers several advantages, including low operating cost, insensitivity to the subject’s body movement related noise and environmental electromagnetic noise, high portability and thus high deployment flexibility, etc. (20, 21). These benefits make it particularly suitable for use in challenging clinical settings such as routine outpatient examinations for pregnant women (20). Although the use of fNIRS for PD assessment is still limited, it has been widely applied for the assessment of depression in the general population (22–24).

The verbal fluency test (VFT) is currently the most widely used paradigm for fNIRS-based depression assessment. The participants are instructed to verbally generate as many words as possible within a specified category (e.g., a phoneme or a word) in a given time period (25–27). The depressed people have been shown to generate fewer words and have a relatively smaller increase in oxyhemoglobin (oxy-Hb) in the frontal and temporal regions compared to healthy controls (HCs) (24, 28–31). More importantly, correlation analysis also indicated that the VFT-based fNIRS activities over the fNIRS channels corresponding to the dorsolateral prefrontal cortex (DLPFC), frontopolar cortex (FPC), inferior frontal gyrus (IFG), temporopolar area, and pre-motor area, have been linked to the severity of depression (22, 32–36). The VFT is known to assess depression primarily by measuring individuals’ cognitive abilities and executive functioning (29, 37). However, given that depression is an affective disorder characterized by core symptoms such as low mood, feelings of worthlessness, and rumination (1), the VFT may not comprehensively capture the essence of depression. This limitation could potentially reduce its effectiveness in targeted clinical applications.

The recently developed Free Association Semantic Task (FAST) paradigm could be a suitable candidate to extend the VFT paradigm, for an enhanced specificity for depression assessment. The structure of the FAST paradigm is similar to that of the VFT, requiring participants to generate a dynamic concept chain following a given seed word. However, unlike the VFT, the seed words of FAST could be emotion-related, and its paradigm requires participants to produce the next word based on the immediately preceding word in the sequence, rather than always revolving around the seed word. This design is advantageous for better capturing the dynamic process of cognitive arise, unfold and transition over time and facilitating the exploration of the underlying neural mechanisms of word generation and retrieval (38, 39). The potential utility of FAST in characterizing depression is underscored by recent findings that highlight its sensitivity to ruminative tendencies: using emotion-related words as seed words, individuals prone to high levels of rumination exhibit a propensity to shift from positive to negative associations, a behavior that is indicative of depressive symptomatology (38). Furthermore, chains of negative associations, as elicited by the FAST paradigm, have been identified as robust predictors of repetitive negative thinking and the manifestation of negative emotional traits (40). In the meanwhile, an fMRI study has identified specific brain patterns linked to the emotional valences of word chains generated by the participants, including the dorsomedial prefrontal cortex (DMPFC), ventromedial prefrontal cortex (VMPFC), orbitofrontal cortex (OFC), and hippocampus (39). In these studies, emotional words have been used as the seed word to elicit the word chain and its effectiveness for reflecting depression has been demonstrated. Nevertheless, to our knowledge, the FAST paradigm has not been used for clinical samples and no fNIRS studies have been reported.

The present study aimed to investigate the feasibility of the Free Association Semantic Task paradigm for fNIRS-based perinatal depression assessment. fNIRS recordings over the frontal and temporal regions were employed to have a comprehensive coverage over the related brain areas (29, 41). In order to better target the characteristics of depression, three emotional seed words of positive, negative or neutral valences were selected as seed words (38, 39). Considering the context of possible clinical application (31, 35), correlation and regression analyses for quantitatively assessing the severity of perinatal depression were conducted, rather than classifying individuals as depressed or not depressed. Late-pregnant women were recruited for the present study, for the following reasons: (1) the late-pregnant period is a time when expectant mothers may begin to experience increased depressive symptoms due to the anticipation of childbirth and the changes that come with motherhood (42, 43); and (2) identifying depression during the late-pregnant period allows for early intervention and support that would potentially reduce the risk of postpartum depression (44). Meanwhile, the classical VFT paradigm was employed as a comparison condition to explore the potential unique features and benefits of FAST. Referring to related studies on fNIRS for depression in general (22–24) and the fMRI study with FAST paradigm (39), we hypothesize that the fNIRS activities during FAST execution would reflect the severity of PD and the involved brain regions might be more focused over the prefrontal regions as compared to VFT. Moreover, the FAST-related brain regions may differ based on the valence of the seed words (45, 46) and it would be practically important to know which seed word(s) were more effective. The findings of this study are expected to deepen the understanding of the neural mechanisms of PD, and contribute to the implementation of the clinical quantitative assessment of PD.



2 Methods


2.1 Participants

A total of 24 women in late pregnancy (after 28 weeks of gestation) were recruited for this study. The age range was between 24 and 42 years (mean age ± standard deviation [SD]: 33.29 ± 4.40 years). Participants were excluded if they had any of the following conditions: (1) current major physical illness or other mental disorder, (2) history of alcohol or drug abuse, or (3) multiple gestations. Two of the participants only completed the VFT and did not complete the FAST due to scheduling conflicts. The study was approved by the Ethics Committee of Peking Union Medical College Hospital and written informed consent was obtained from all participants (Ethics number: I-22PJ122).



2.2 fNIRS measurement

In this study, a 48-channel NirSmart-6000A device (Danyang Huichuang Medical Equipment Co., Ltd., China) was employed to continuously measure and record cerebral blood flow in brain oxygenated hemoglobin (Oxy-Hb) and deoxyhemoglobin (HbR) concentrations at two wavelengths (730 nm and 850 nm) in the near-infrared light. The system employs a light-emitting diode (LED) as the near-infrared light source and an avalanche photodiode (APD) as the detector, with the source-detector distance of 3 cm. The sampling rate was set at 11 Hz.

This study utilized a total of 15 light sources and 16 detectors, covering frontal and bilateral temporal regions (Figure 1). The detector 3 (D3) was set at Fpz, and the source 1 and 6 (S1 and S6) were placed as T4 and T3, according to the international 10–20 system. For the probabilistic registration of all fNIRS channels onto the cortical surface, the topography data of cranial landmarks were projected into a 3D reference frame (MNI-space, Montreal Neurological Institute) (47, 48) based on NIRS_SPM (49). Spatial registration information could thus be provided for each channel, with standard deviations ranging from 4.7 to 7.0 mm (48). The relevant anatomical labels and the percentage of overlap for each channel were presented in Supplementary Table 1.
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FIGURE 1
 Description of fNIRS channel location. Relationship between source (S)–detector (D) and corresponding channel location map.




2.3 Procedure

The participants participated in the study when they paid their regular visit to the hospital for their pregnancy check-ups. During the study, participants were required to maintain a comfortable seated position in order to minimize possible body and head movement. Upon task initiation, the participants first engaged in a resting-state phase. They were asked to close their eyes, relax their bodies, remain as still as possible, and try not to think about anything in particular for 2 min. This allowed them to settle into the task state and relax. After that, a pre-task counting stage was followed, serving as a baseline for the subsequent verbal task. During this phase, participants were simply instructed to count the number “1, 2, 3, 4, 5” repeatedly for 30-s. Following this, three consecutive trials of VFT were executed, with a 70-s post-task counting stage immediately ensuing to return blood oxygen levels to the baseline. Given the potential confounding factors induced by emotional tasks, the FAST was performed at the end of the procedure in three trials, with each trial followed by a rest period to ensure recovery of blood oxygen levels to baseline. See the subsequent sections and Figure 2 for more details of VFT and FAST.
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FIGURE 2
 Experimental flow diagram.


After completing the entire task procedure, the Edinburgh Postnatal Depression Scale (EPDS) was employed to assess participants’ level of depression. The scale is a clinically validated and widely utilized self-report questionnaire comprising 10 items, with a score range of 0–30. A higher score indicates a more severe depressive tendency (50, 51). A score of 10 was used as the cut-off point for identifying the presence of depressive tendencies, which has been shown to have good sensitivity and specificity in late pregnancy (52). In addition, basic demographic information was also collected for each participant, including age, gestational weeks, ethnicity, education level, annual household income, sleep quality, and both their own and family’s medical history.


2.3.1 Verbal fluency test

During the classical VFT phase, participants were required to generate as many words as possible that belonged to the corresponding category, beginning with fruits, vegetables, and animals in sequence. The three trials were performed consecutively for 20-s each, for a total task duration of 60-s. To ensure that participants were clear about the task requirements, they were asked to complete a 20-s exercise in the “city” category ahead of the formal task. The number of words generated by the subject in each category, excluding repeated words, was used to quantify task performance (26, 31, 53).



2.3.2 Free association semantic task

Before the start of each trial, there was a 2-s preparation period in which participants were prompted to prepare for the seed word. Immediately afterwards, a “seed word” was presented in black font in the center of a white screen for 2-s, and then for the following 30-s, the participants were asked to generate a dynamic chain of concepts containing a series of words based on the seed word. A 10-s rest period was implemented between trials to allow oxygen to return to baseline levels. The task comprised three trials, with the seed words being “sadness” (negative valence), “calmness” (neutral valence), and “happiness” (positive valence). The neutral seed word trial was positioned in the middle to act as a buffer between the negative and positive seed word trials. Furthermore, to eliminate order effects, the negative and positive seed word trials were counterbalanced between subjects. Prior to the formal task, the non-emotional seed word “thirst” was employed in a practice phase to guarantee that participants had a comprehensive understanding of the task requirements. It is notable that the task required participants to generate concepts each time that were related only to the preceding word in the chain, rather than the seed words. For example, in a trial with the seed word “sadness,” participants may form a word chain such as the string: sadness-crying-painful-destruction-rebirth-peaceful. Thus, the participants’ dynamic thought processes could be quantified in terms of the unfolding of the word chain (38).

All of the above task programs were designed using E-prime 3.0 (Psychology Software Tools Inc., United States).




2.4 fNIRS data processing

First, channels were trimmed based on signal strength and standard deviation using the “hmrR_PruneChannels” function (SNRthresh = 2; SDrange = [0, 45]). Then, the raw light intensity was converted to optical density for subsequent analysis. For baseline shifts and spikes in the signal, spline interpolation and Savitzky–Golay filtering were used for correction, respectively (54). And the bandpass filter was set to 0.01–0.5 Hz to remove noise, such as heartbeat and breathing. After that, the data were segmented into trials and corrected for each trial using the last 5 s of the pre-task phase as the baseline. Finally, the optical density data were converted to delta hemoglobin concentration (DC) for later statistical analysis. During the pre-processing, the PHOEBE algorithm (55) and the correlation between Oxy-Hb and HbR was employed to eliminate channels with extreme values. Additionally, the maximum proportion of saturating and flooring points was set at >10% to effectively exclude channels of poor quality (41). The retention rate after data scrubbing was 97.6%. In subsequent analyses, only changes in Oxy-Hb were statistically analyzed, as it has been demonstrated to be more sensitive than HbR concentration in reflecting task-induced changes in local cerebral blood flow (31, 56).

The Homer3 and FieldTrip toolboxes of Matlab R2023b (MathWorks Inc., United States) were used to process the fNIRS data.



2.5 Statistical analysis

For the behavioral data, the number of words generated in the two tasks was calculated. Subsequently, the word vectors of category words in VFT, seed words in FAST, and each word generated by participants were calculated using the HanLP package (57). Then, the cosine distance between each category/seed word vector and every word vector in each chain was calculated separately and took 5-s as the unit for average. Through this, an analysis was conducted comparing the distance dynamic trend based on the matching and non-matching of seed words and word chains. Additionally, in the VFT, the classification accuracy for each category was assessed by comparing the distance of each word to the three category words. The category with the minimum distance was identified as the correct classification.

For the pre-processed fNIRS data, the continuous oxy-Hb change of each channel under each task and participant was averaged. And the task activation indicator was defined as the mean oxy-Hb value of the task minus the baseline (pre-task counting period) in order to eliminate the potential for interference from the pure speech process. Given our primary interest in the quantitative assessment of depression, the Pearson correlation analysis was employed to calculate the fNIRS activities during FAST execution in relation to the EPDS (Figure 3). This allowed us to examine the differential characteristics of brain representations during tasks with different emotional seed word. A high correlation value would indicate that the channel has a more sensitive oxy-Hb response as depression levels changes.

[image: Flowchart illustrating the process of analyzing pre-processed fNIRS signals. It begins with calculating the mean of pre-processed signals, proceeds to subtract task and baseline means, and involves statistical analysis to relate EPDS scores to task activation. A correlation analysis graph depicts task activation against EPDS scores, showing a trend line through data points.]

FIGURE 3
 FNIRS statistical analysis flowchart. Note: mM·mm represents “m mol/L * mm” of hemoglobin concentration.


Based on this, the same method was used to compare and analyze the fNIRS activities during VFT execution. Meanwhile, to explore whether there were differences between the two tasks in the quantitative assessment of depression, the significant channels under different tasks were extracted for correlation analysis.

Overall, in order to evaluate the explanatory power of each task on depression severity, the significant channels of correlation analysis under each task were selected and a linear regression analysis was performed. A greater determination coefficient (R2) would reflect a heightened explanatory validity of the model for depression severity.

For all of the above analyses, a level of significance of p < 0.05 was set. The permutation test (5,000 iterations) was used to validate the reliability of the data, followed by correction for multiple comparisons using the false discovery rate (FDR, p < 0.05) (58).

Behavioral data were analyzed using Python 3.11.9 (Python Software Foundation, United States), the fNIRS data were conducted in Matlab R2023b (MathWorks Inc., United States) and visualized using the EasyTopo toolbox (59).




3 Results


3.1 Participant demographic and behavioral outcomes

According to the EPDS score, with a cut-off point of 10 (52), seven participants could be classified as depressed and the other 17 as mentally healthy, suggesting a good diversity of the participants. Neither the participants nor their families reported the presence of other serious mental disorders.

In word chain analysis, the FAST revealed a gradual increase in the dynamic tendency of cosine distances between matched positive and negative seed words and word chains. In contrast, the distance between mismatched items displayed no such trend, exhibiting a stable range of 0.7–0.8 (Figure 4A). While in the VFT task, a distinction can be observed in the cosine distance between matching and unmatching items, with the matching conditions consistently maintained at a relatively minimal distance (Figure 4B). Classification results showed that the accuracy was 98.34% (fruit), 100.00% (vegetable) and 96.53% (animal).

[image: Line graphs showing average distance over time periods for two tasks: FAST and VFT. (A) FAST graphs display negative, neutral, and positive chains. Negative chains increase in distance, while neutral and positive fluctuate. (B) VFT graphs illustrate fruit, vegetable, and animal chains, with fruit and vegetable maintaining stable distances, while animal chains show changes across time periods.]

FIGURE 4
 Dynamic analysis of word chains in FAST and VFT. (A,B) represent trend graphs of the cosine distance between the seed word and generated words by each subject over time in the FAST and VFT, respectively (averaged in windows of 5-s).




3.2 FAST response associated with EPDS

In the FAST with positive seed word, significant negative correlations were observed between EPDS and the mean oxy-Hb levels in channels 38 (dorsolateral prefrontal cortex, DLPFC) and 20 (pre-motor and supplementary motor cortex, PM & SMC; ch 38, r = −0.493, p = 0.023; ch 20, r = −0.560, p = 0.008). As for the negative seed word FAST, the mean Oxy-Hb levels in channels 5 (inferior frontal gyrus, IFG) and 36 (PM & SMC) also showed a significant negative correlation with the EPDS (ch 5, r = −0.452, p = 0.035; ch 36, r = −0.478, p = 0.033; Figures 5A,C).

[image: Three panels (A, B, C) show brain activation and correlation graphs. Panel A for positive words shows activation in the DLPFC. Panel B for neutral words highlights PM, SMC, and MTG. Panel C for negative words marks PM, SMC, and IFG. Adjacent scatter plots show negative or positive correlations between EPDS scores and FAST activation, with correlation coefficients and p-values for channels 20, 38, 15, 36, and 5. Activation maps are color-coded, ranging from blue to red.]

FIGURE 5
 Significant responses of depression-related brain regions in FAST. (A–C) represent brain regions and scatter plots corresponding to significant depression-related fNIRS channels in the FAST with positive, neutral, and negative seed words, respectively.


Besides, the EPDS was correlated with mean Oxy-Hb levels in channels 15 (middle temporal gyrus, MTG) and 36 (PM & SMC) during the neutral seed word FAST (ch 15, r = 0.468, p = 0.032; ch 36, r = −0.498, p = 0.025; Figure 5B).



3.3 Comparison between FAST and VFT

Compared to FAST, VFT has notable similarities with neutral seed word FAST. The mean Oxy-Hb levels in channels 15, 16 (MTG) and 20 (PM & SMC) correlated significantly with EPDS (ch 15, r = 0.464, p = 0.026; ch 16, r = 0.562, p = 0.008, ch 20, r = −0.620, p = 0.002). Moreover, there was also a significant negative correlation between EPDS and the mean Oxy-Hb level in channel 8 (frontopolar area, FPC; r = −0.423, p = 0.039; Figure 6).

[image: Three brain images show activation areas with color gradients from red to blue, representing varying VFT activations. The left view highlights the MTG, the front view the FPC, and the right view the PM & SMC. Below are scatter plots for channels 8, 16, and 20, showing correlations between VFT activation (mM mm) and EPDS scores, with correlation coefficients and p-values noted. Plots indicate negative and positive correlations with fitted trend lines.]

FIGURE 6
 Significant responses of depression-related brain regions in VFT.


To identify possible distinct patterns of depression-related oxy-Hb activation elicited by different tasks, the degree of correlation between the significant channels of each task were calculated. The results indicated the correlations between task-specific channels were mostly insignificant, suggesting that each task exhibited relatively independent pattern of channel representation. In particular, channel 38 in FAST with positive seed word exhibited a relatively low correlation with channel 5 in FAST with negative seed word (r = −0.046, p > 0.05). Similarly, the valence-specific FAST channels also displayed mostly non-significant correlations with those of VFT and FAST with neutral seed word, see Table 1.



TABLE 1 Correlation matrix of depression-related task activated channels.
[image: Correlation matrix table displaying relationships between variables VFT (8, 15, 16, 20) and FAST (5, 36, 15, 36, 20, 38) across negative, neutral, and positive conditions. Significant correlations are indicated at levels p < 0.05, p < 0.01, and p < 0.001.]

Moreover, in order to clarify the efficacy of each task in identifying depression severity, multiple linear regression analyses were used to calculate the interpretability of significant channels to EPDS under each task. The results showed that each task explained 35.5% (VFT, VFT-fruits 40.9%, VFT-vegetables 31.1%, and VFT-animals 38.8%, respectively), 29.7% (FAST-positive), 28.5% (FAST-negative) and 21.2% (FAST-neural) of the EPDS variance, respectively (Table 2).



TABLE 2 Regression analysis of activated channels on the EPDS for each task.
[image: Table comparing different models: FAST1, FAST2, FAST3, and VFT, along with VFT subcategories (fruits, vegetables, animals). Each model's degrees of freedom (df), R-squared (R²), adjusted R-squared, and p-values are listed. Notably, models FAST1, FAST3, VFT, VFT (fruits), and VFT (animals) have significant p-values below 0.05.]




4 Discussion

The present study investigated the feasibility of the free association semantic task, a novel paradigm based on emotional seed words, as a tool for fNIRS-based assessment of perinatal depression. Our study revealed significant correlations between FAST-related oxy-Hb changes over the frontal brain regions and the Edinburgh Postnatal Depression Scale score. The correlation patterns were distinct for FAST with different seed words. The FAST-related fNIRS activities by both positive and negative seed words were substantially different from those by the neutral seed word, as well as those by the classical VFT paradigm.

The behavioral results suggested a valid execution of the FAST paradigm by the participants, as shown in Figure 4. In contrast to the VFT paradigm in which the participants were required to generate words belonged to a given category, the participants were asked to generate words only related to the concept of the preceding word in the FAST. As expected, the VFT word chains showed a consistently close distance to the target seed words, while maintaining a large and stable distance to the non-target seed words. The FAST word chains, however, showed a gradual deviation from the target seed words over time, indicating an effective execution of the task. Hereby, the FAST paradigm in the present study might offer a better reflection of the dynamic development process of individual thought flows (38, 39) as compared to VFT.

The correlation patterns between EPDS and the fNIRS activities in the FAST with positive and negative seed words could reflect a distinct mechanism as compared to the classical VFT and FAST with neutral seed word. In particular, the correlation patterns in the FAST with positive and negative seed words were predominantly observed in the fNIRS channels corresponding to the brain regions such as DLPFC and IFG; the VFT was associated with other parts such as the MTG and FPC. While the VFT findings were consistent with previous studies for executive control processing (60–62), the frontal-oriented FAST findings could imply the involvement of emotion generation and regulation (63). More specifically, the frontal part has been suggested to be related to depression (64) and previous studies using emotion-related tasks have reported depression-specific functional relevance for IFG and DLPFC (65–67). The emotion specificity of the FAST results was further supported by the observation that our FAST results with the neutral seed word were more similar to the VFT results without much frontal involvement. In addition, the correlation analyses among the channel sets of interest from different tasks (Table 1) suggested relatively independent response patterns in these tasks. Taken together, the distinct patterns observed in the FAST with emotional seed words may therefore provide a unique window into the neural underpinnings of emotional dysfunction in PD.

Furthermore, the FAST with positive and negative seed words were associated with different brain regions for representing PD severities. Specifically, as PD score increased, the positive-seed-word FAST was reflected by decreased activation of the fNIRS channels corresponding to DLPFC, whereas the negative-seed-word FAST was mainly reflected by decreased activation of the fNIRS channels corresponding to IFG. The DLPFC is linked not only to individuals’ cognitive and executive functions (68, 69), but also to the voluntary or effortful regulation of an individual’s emotional state (70, 71). Abnormally low activation of DLPFC has been widely reported in patients with depression (72, 73), which is characterized by an inability to regulate the affective processing system (74, 75). Accordingly, we speculate that individuals with a higher level of depression have a reduced capacity to mobilize positive memory experiences in free association with positive seed word, which is reflected in the weaker activation of DLPFC in neural representation. On the other hand, a negative correlation was observed between depression severities and oxy-Hb alterations in the fNIRS channels corresponding to IFG during the FAST with negative seed word. The IFG is frequently activated in response to negative emotional cues (76, 77) and plays a pivotal role in emotion recognition and evaluation, empathy, and executive function (78–81). Prior studies have revealed the role of IFG as an indicator of successful inhibition of emotional distraction, and this function was impaired in patients with depression (82, 83). Meanwhile, consistent evidence has been indicating that the IFG was hypoactive in women with subthreshold or postpartum depression, which is considered as a sensitive indicator preceding the clinical onset (84, 85). In accordance with the cognitive model of depression, deficiencies in the inhibition of negative emotional responses may engender negative biases in attention and memory, thereby resulting in symptoms such as rumination (86). Our findings align with previous studies, indicating that in the FAST induced by negative seed word, a higher depression tendency was associated with insufficient IFG activation in pregnancy. This might reflect weakened emotional inhibition control, thereby increasing the risk of individuals indulging in negative thinking during the association process. Additionally, the correlation between FAST-specific channels with positive and negative seed words was also statistically insignificant, thereby allowing complementary role of the two types of FAST for a more complete assessment of PD.

Finally, regression analyses using the fNIRS activities in each FAST session revealed significant overall regression models for FAST with the positive and the negative seed words, as well as marginally significant regression for FAST with the neutral seed word. The better model fittings for FAST with positive and negative seed words further suggest the efficacy of using FAST with emotional words. Moreover, the magnitude of R2 in this study is comparable to that of previous studies (45), indicating that the initial predictive efficacy of the current model is promising. Although the present study did not include fNIRS data from both positive and negative FAST, and those from VFT for a more integrated model due to the limited sample size in the present study, it is expected to see improved performance by combining these tasks together, as these tasks were associated with distinct fNIRS channels with non-significant correlations. Further studies with increased sample size are necessary to investigate how to integrate these paradigms toward more efficient and effective assessment of PD. Nevertheless, the present findings have suggested the FAST paradigm as a promising approach for PD assessment. The combination of the user-friendly nature of the FAST paradigm, characterized by its simplicity and ease of execution, with the high efficiency of being completed within tens of seconds, and the convenience of fNIRS devices for deployment in clinical settings, holds the potential to rapidly transition into clinical practice once refined (37, 87, 88).

There are also several limitations to be noted. First, the present study focused only on the late pregnancy stage. Given the sustained fluctuations in both the physical and mental states of perinatal individuals (89–91), future studies should undertake a more comprehensive assessment on participants throughout the entire perinatal process. Secondly, the behavioral data could be more extensively exploited. It could be expected that the generated word chain might be informative about the participant’s mental health state as well, especially with a larger sample size and advanced natural language processing techniques. Third, the proposed FAST paradigm could be in general applicable for depression and other types of mood disorders, but fNIRS-based studies using FAST is still limited. More extensive studies for fNIRS-based assessment using FAST is necessary for more clinical populations.
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Background: It has been well established that psychiatric disorders are often accompanied by cognitive dysfunction. Previous studies have investigated the verbal fluency task (VFT) for detecting executive function impairment in different psychiatric disorders, but the sensitivity and specificity of this task in different psychiatric disorders have not been explored. Furthermore, clarifying the mechanisms underlying variations in executive function impairments across multiple psychiatric disorders will enhance our comprehension of brain activity alternations among these disorders. Therefore, this study combined the VFT and the functional near-infrared spectroscopy (fNIRS) to investigate the neural mechanisms underlying the impairment of executive function across psychiatric disorders including anxiety disorder (AD), sleep disorder (SD) and major depressive disorder (MDD).
Methods: Two hundred and eight participants were enrolled including 52 AD, 52 SD, 52 MDD and 52 healthy controls (HCs). All participants completed the VFT while being monitored using fNIRS to measure changes in brain oxygenated hemoglobin (Oxy-Hb).
Results: Our results demonstrated that MDD, AD and SD exhibited decreased overall connectivity strength, as well as reduced connected networks involving the frontal and temporal regions during the VFT comparing to HC. Furthermore, the MDD group showed a reduction in connected networks, specifically in the left superior temporal gyrus and precentral gyrus, compared to the AD group.
Conclusion: Our study offers neural evidence that the VFT combined with fNIRS could effectively detect executive function impairment in different psychiatric disorders.
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1 Introduction

Psychiatric disorders, such as major depressive disorder (MDD), anxiety disorder (AD), and sleep disorder (SD), are highly prevalent and have a significant impact on daily function and quality of life (1–3). These three psychiatric disorders are often co-occurred and accompanied by cognitive dysfunction (4). By investigating MDD/AD/SD together, it will shed new insight on the shared and distinguished disease mechanisms, leading to more effective treatment. Moreover, growing evidence suggests that structural and functional abnormalities in the prefrontal cortex (PFC), which is closely related to cognitive function, and its connected regions are characteristic of various psychiatric disorders (5–8). For example, failure to inhibit the posterior cingulate cortex (PCC) and ventromedial PFC during a task in MDD patients were significantly associated with depression severity and hopelessness (9). Decreased cortical activity in the left frontal eye field (lFEF) and right dorsolateral prefrontal cortex (rDLPFC) could be neural markers for anxiety symptoms after controlling depressive symptoms (10). Besides, reduced gray matter volumes (GMVs) in the right superior frontal area (SFG) and left supplementary motor area (SMA) have been observed in SD (11).

Neuropsychological measurements combined with brain imaging techniques can provide a real-time perspective on the state of brain function during cognitive process. fNIRS is a non-invasive neuroimaging optical technique used to measure the concentrations of oxyhemoglobin and deoxyhemoglobin (O2Hb and HHb, respectively) changes induced by cognitive stimulation (12–14). Owing to its low cost and ease of application in an ecologically valid setting, fNIRS is gaining popularity in the field of psychiatry (5, 15). For example, fNIRS measurements during emotion- or cognition-related tasks have been suggested as an adjunct test to support the diagnosis of MDD (16–18). Additionally, it has been shown that fNIRS could be used as a measure of the severity of psychotic symptoms (19).

There are many tasks that can be used to detect cognitive impairment in patients with psychiatric disorders. The VFT is a commonly used in neuropsychological test (20), which consists in generating as many nouns as possible that start with a given letter or belong to a semantic category. The VFT relies on executive processes, requiring the retrieval of items from long-term memory storage, the retention of generated words (working memory), the maintenance of cognitive effort, and the inhibition of inappropriate responses. Moreover, the low sensitivity to speech-related motion artifacts and the possibility of replicating VFT commonly used in traditional neuropsychological assessments in natural experimental settings make fNIRS a more suitable method for the study of speech production (21). The combination of fNIRS and VFT has been used in psychiatric research for many years (15, 22–24). On the whole, the common finding is that many psychiatric disorders, including MDD and generalized anxiety disorder (GAD), are related to reduced activity in the frontal or temporal regions during VFT (5, 25–32). For instance, Akiyama et al. (25) found that MDD showed significant deactivation in bilateral fronto-temporal regions compared with controls although there was no significant difference in VFT performance. Besides, a previous study demonstrated that during VFT, the GAD group showed significantly reduced activation of the medial PFC and left ventrolateral PFC compared with the HC group (30).

However, it is still unclear what changes occur in executive function mechanisms among different psychiatric groups with the same cognitive dysfunction. To bridge this gap, our study utilized fNIRS and VFT to examine the neural mechanisms through which these three psychiatric disorders contribute to impairment in individual executive function (Figure 1).
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FIGURE 1
 Experimental procedure, task illustrations and data analysis. (A) Diagrammatic representation of the experimental procedure. (B) Overview of fNIRS data acquisition and analytical pipeline. (C) The verbal fluency task protocol.




2 Materials and methods


2.1 Participants

To estimate the proper sample size, we did the calculation using the G*Power software. To achieve a statistical power of 0.85, 204 subjects were needed at least. Therefore, 208 subjects (4 groups, 52 subjects for each group) were enrolled in our study. Fifty-two healthy controls (HCs) were recruited through advertisements, all of whom were required to have intact social functioning and full behavioral and legal responsibility. Participants with the following criterions were excluded: (1) history of neurological or psychiatric illness; (2) family history of psychiatric disorders within two generations; (3) organic brain diseases or severe physical illnesses; (4) female participants who had been in the perinatal period within the past year. The same number of MDD, SD and AD patients matched with HCs in terms of age and gender were recruited from the Hangzhou Seventh People’s Hospital. All patients, recruited from both outpatient and inpatient settings at Hangzhou Seventh People’s Hospital between March 17, 2021, and September 4, 2022, were diagnosed by certified physicians in accordance with the DSM-5 criteria established by the American Psychiatric Association. The demographic information and scale assessment were shown in Table 1. The Chinese version of the Pittsburgh Sleep Quality Index (PSQI) (33, 34) was used to evaluate the patient’s sleep quality in the past month, including seven factors: sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbance, use of sleeping medications, and daytime dysfunction. The Chinese version of the Patient Health Questionnaire (PHQ-9) (35, 36) was used to measure the severity of depression in the subjects. The Chinese version of the Generalized Anxiety Disorders Scale (GAD-7) (37, 38) was utilized to screen for generalized anxiety and to assess the severity of its symptoms. The Chinese version of the Epworth Sleepiness Scale (ESS) (39, 40) was used to assess excessive daytime sleepiness, with a total score of 24 points. The Chinese version of the Insomnia Severity Index (ISI) (41, 42) was employed as a tool for insomnia screening, assessing the nature and severity of sleep disturbances in participants. For all scales, higher total scores indicate more severe symptoms.



TABLE 1 Demographic and scale data (M ± SD).
[image: A table comparing demographics and scale data for groups labeled AD, MDD, SD, and HC. The demographics section lists average age and gender distribution. Scale data includes PSQI, ISI, ESS, PHQ9, and GAD7 scores with corresponding p-values and post hoc test results, showing significant differences between groups.]

The study procedure was conducted in accordance with the Declaration of Helsinki and approved by the ethics committee of local hospital. All participants provided their written informed consent prior to the study.



2.2 Verbal fluency task

The VFT consists of three parts: pre-task rest, word formation task, and post-task rest. The pre-task rest phase lasts 30 s, with the voice prompt “Please repeat the numbers 12345,” and the subject repeats “1, 2, 3, 4, 5” according to the prompt. The task word formation phase lasts 60 s, including a three-character word formation task, such as “白”(white), “电”(electricity), and “大”(big). When the Chinese character prompt appears, the participant needs to try his best to form a word with the specified Chinese characters and say it out. The word formation task and the order of Chinese characters are the same for all subjects. The post-task rest phase lasts 55 s, with the voice prompt “Please repeat the numbers 12345,” and the subject repeats “1, 2, 3, 4, 5” according to the prompt. The subject sits in a chair with his back to the screen in a natural and comfortable posture, and tries to maintain the posture throughout the process.



2.3 NIRS measurement

fNIRS data was collected by a multi-channel functional near-infrared spectroscopy imaging system (NirScan-6000C, Huichuang, China), which was equipped with 15 transmitting probes and 16 receiving probes, with a total of 48 measurement channels, covering the frontal lobe and bilateral temporal lobes. The distance between the signal source and the detector was about 3 cm. The absorption of near-infrared light at three wavelengths (730 nm, 808 nm, and 850 nm) was recorded at a sampling rate of 11 Hz.



2.4 Data preprocessing and analysis

The collected near-infrared data were preprocessed using the MATLAB function package NIRS-KIT (43). The time derivative distribution repair (TDDR) method was used for motion correction to remove motion tails such as head movement and eye movement (44). A low-pass filter of 0.1 Hz was used to remove system noise and non-task-related physiological tails such as breathing and heartbeat. The optical data were converted into oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR) data according to the modified Beer–Lambert law. The preprocessed clean signals were subsequently analyzed. The task period conditions were convolved with the standard canonical hemodynamic response function (HRF) in the general linear model (GLM) to form the corresponding regressor. This study focused on changes in oxygenated (Oxy-Hb) concentration, because the Oxy-Hb is the most sensitive indicator of regional cerebral blood flow in fNIRS measurement (45, 46).

Based on the above preprocessed data, the data from the word formation phase of the VFT were selected for subsequent functional connectivity analysis using FC-NIRS.1 Pearson’s correlation analysis was performed on the word formation phase of data.



2.5 Statistical analysis

The differences in the scores of the four groups in PSQI, PHQ9, GAD7, ESS and ISI were analyzed by the one-way ANOVA using SPSS 25.0 (IBM Corp., NY, United States). The one-way ANOVA was used to analyze the brain activation among the four groups. Type I error due to multiple comparisons across voxels was controlled by false discovery rate. Statistical significance was set at p < 0.05. Similarly, one-way ANOVA was used to analyze the differences in functional connectivity among the four groups.

The network-based statistic (NBS) (47, 48) was performed to identify networks of brain regions that showed significant between-group differences in inter-regional functional connectivity. Particularly, a one-way ANOVA was used to test between-group differences in correlation coefficients at each of the (48 × 47)/2 = 1,128 unique region pairings. Pairs of regions with a F-statistic (absolute value) exceeding an uncorrected threshold of 3.5 (p < 0.001) were systematically searched for any interconnected networks, known in graph theory as connected components, that might serve as evidence of differences between the groups. A familywise error (FWE)-corrected p-value was then attributed to each network using permutation testing. For each permutation, participants were randomly swapped between the AD, SD, MDD and HC groups. The NBS was then applied to the randomized data, and the size of the largest network (connected component) was recorded. A total of 5,000 permutations were generated in this way to produce an empirical null distribution for the largest network size. Finally, a corrected p-value for a network of size k in the original data was calculated by comparing it to the largest network in permuted datasets. This proportion of permutations where the largest network equals or exceeds k offers weak control of the FWE (49, 50).

To visualize the results, the GraphPad Prism 8 and BrainNet Viewer (51) were used to generate figures.




3 Results


3.1 Demographic and clinical characteristics

The demographic characteristics of participants in each group are presented in Table 1. There were no significant differences in terms of age [F (3, 204) = 0.039, p > 0.05] and gender [χ2 (3) = 0.075, p > 0.05] among four groups. However, PSQI, ISI, ESS, PHQ9 and GAD7 were significantly different (Table 1).



3.2 Decreased overall functional connectivity differences in disease groups

Prior to the functional connectivity statistic, we compared the brain activations among the four groups during the VFT and no significant differences were identified after multiple comparison correction. After functional connectivity calculation, four 48 × 48 correlation matrices were generated for the MDD, AD, SD and HC groups (Figure 2A). One-way ANOVA showed that the main effect of group was significant [F (3, 204) = 17.087, p < 0.001, ηp2 = 0.201]. Post hoc comparisons indicated that the HC group (M = 0.54, SD = 0.18) exhibited significantly higher functional connectivity strength compared to the MDD [M = 0.39, SD = 0.21; t (102) = 4.066, p < 0.001, Cohen’s d = 0.797], AD [M = 0.44, SD = 0.22; t (102) = 2.472, p < 0.05, Cohen’s d = 0.485] and SD [M = 0.38, SD = 0.18; t (102) = 4.701, p < 0.001, Cohen’s d = 0.922] groups (Figure 2B).
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FIGURE 2
 (A) Mean channel-channel connectivity of four groups. (B) Statistical differences among four groups. The HC group had a significantly higher mean channel-to-channel connectivity strength than the AD, MDD, and SD groups. *p < 0.05 and ***p < 0.001.




3.3 Network specific anomalies among different groups

The NBS identified significant differences in network connectivity among AD, SD, MDD and HC groups. A network comprising 36 edges and 26 nodes was significantly different in four groups (p < 0.05, FWE-corrected; Figures 3A,B). These networks nodal regions mainly included the bilateral middle temporal gyrus, bilateral superior temporal gyrus, bilateral inferior frontal gyrus, bilateral middle frontal gyrus, bilateral postcentral gyrus, right superior frontal gyrus and left precentral gyrus. When comparing the network between every two groups, four significant networks were identified between AD and HC groups specifically (Figure 4A). The involved nodal regions mainly included the bilateral middle frontal gyrus, bilateral inferior frontal gyrus, right middle temporal gyrus, left superior temporal gyrus and left precentral gyrus. Moreover, a single connected network comprising 20 nodes and 24 edges exhibited significantly reduced connectivity in MDD compared to the HC group (Figure 4B). The affected nodal regions mainly included the bilateral inferior frontal gyrus, bilateral middle frontal gyrus, bilateral middle temporal gyrus, bilateral superior temporal gyrus, bilateral postcentral gyrus and left precentral gyrus.

[image: Brain connectivity diagram and violin plot. A: Diagram shows brain regions with connectivity lines, highlighting areas such as PreCG, MTG, and STG. A 3D brain model illustrates regions with colored spheres representing connectivity degrees. B: Violin plot displays mean connectivity for AD, HC, MDD, and SD groups, with varied spread and median lines.]

FIGURE 3
 (A) Significant network differences among four groups identified by NBS (left panel), while the size of the node on the right panel indicates the number of connections. (B) Mean functional connectivity of the significant network in MDD, AD, and SD compared to HC group.


[image: Four-panel image showing brain connectivity and mean connectivity charts. Panel A displays several brain regions with degrees of connectivity for healthy controls (HC) and Alzheimer's disease (AD), with a significant difference indicated by a chart. Panel B illustrates brain regions for HC and major depressive disorder (MDD), with a notable difference in the chart. Panel C features brain connectivity in HC and schizophrenia (SD), with the chart showing significance. Panel D highlights connectivity in AD and MDD, again noting significant differences in the chart. Each panel includes a brain diagram and a connectivity circle graph.]

FIGURE 4
 (A) NBS comparison between AD and HC. Left panel: Significantly different functional connectivity network between two groups. Middle panel: The most involved regions in the significant network. Right panel: Mean functional connectivity of the significant network in two groups. The size of the node on the middle panel indicates the number of connections. (B) Similar to A but the comparison between MDD and HC. (C) Similar to A but the comparison between SD and HC. (D) Similar to A but the comparison between MDD and AD.


Besides, a single connected network with 18 nodes and 20 edges exhibited significantly decreased connectivity in SD when comparing to HC (Figure 4C). The involved nodal regions primarily consisted of the bilateral inferior frontal gyrus, bilateral middle frontal gyrus, bilateral superior temporal gyrus, bilateral middle temporal gyrus, right superior frontal gyrus and left precentral gyrus.

Lastly, MDD demonstrated significantly decreased network connectivity than AD (Figure 4D). The network mainly involved nodal regions predominantly comprised the left superior temporal gyrus and the precentral gyrus.




4 Discussion

This study found that the overall mean functional connectivity strength was significantly weaker in MDD, AD, and SD patients than the HC group. Specifically, decreased connected networks, particularly in the frontal and temporal regions, were observed in patients compared to HC group. In addition, the MDD group, exhibited decreased connected networks including the left superior temporal gyrus and precentral gyrus comparing to the AD group. Interestingly, no significant differences of brain activation were found among four groups during the VFT revealed by one way ANOVA.

The brain is widely regarded as a dynamic, interconnected network of functions. Numerous neuroimaging studies on patients with psychiatric disorders have focused on the resting-state functional connectivity (RSFC) (52–55). For instance, a previous study revealed that patients with affective disorders exhibited a significantly decreased intra-regional and symmetrically interhemispheric RSFC in the prefrontal cortex when compared to the HC group (55). To our knowledge, limited research on psychiatric disorders has focused on task-related functional connectivity. While RSFC primarily accounts for spontaneous fluctuations in brain activity, task-related functional connectivity provides insights into the brain’s dynamic responses during specific cognitive or behavioral tasks (56, 57). Therefore, a deeper insight into task-related functional connectivity could enhance our understanding of the fundamental aspects of cognitive function in patients with psychiatric disorders (58). The present study found that, compared to the HC group, all patients exhibited significantly weaker channel-to-channel connectivity strength when performing the VFT. Notably, it should be pointed that our results are consistent with most previous studies. For instance, a neuroimaging study revealed decreased channel-to-channel connectivity strength in brain regions mainly located in the prefrontal cortex of patients with chronic insomnia during VFT when compared to HCs (59). Moreover, Dong et al. (60) found that the strength of the prefrontal functional connectivity in patients with MDD was lower than HCs. However, a few studies demonstrated decreased frontal activation during VFT among MDD, AD and SD compared with HCs (25, 30, 61), which were not observed in our study. The inconsistence may be attributed to the statistical differences because we were doing multiple group comparisons rather than two group comparisons. These results suggest that the three psychiatric disorders caused damage to the brain regions related to executive functions.

Furthermore, our study found that patients with AD, SD, MDD showed decreased connected networks, including the frontal and temporal regions, relative to the HC group. Interestingly, these three psychiatric disorders all demonstrated reduced network connectivity comparing to HCs. Specifically, AD showed decreased connected networks including the bilateral middle frontal gyrus, bilateral inferior frontal gyrus, right middle temporal gyrus, left superior temporal gyrus and left precentral gyrus. MDD demonstrated weaker connectivity in networks involving the bilateral inferior frontal gyrus, bilateral middle frontal gyrus, bilateral middle temporal gyrus, bilateral superior temporal gyrus, bilateral postcentral gyrus and left precentral gyrus. In patients with SD, reduced connectivity was observed in networks comprising the bilateral inferior frontal gyrus, bilateral middle frontal gyrus, bilateral superior temporal gyrus, bilateral middle temporal gyrus, right superior frontal gyrus, and left precentral gyrus. Overall, these findings reveal new insights in pathological mechanisms among different psychiatric groups with the same cognitive dysfunction. Neuroimaging studies indicate that verbal fluency depends on the coordinated activity of various brain regions, particularly in the frontal and temporal lobes of the left hemisphere (62). Psychiatric patients often exhibit structural and functional abnormalities in the frontal and temporal lobes (6–8). For example, AD show reduced prefrontal cortex thickness compared to HC (63). Moreover, SD are associated with reduced gray matter volumes (GMVs) in the frontal lobe (11). Previous studies revealed that the frontal lobe damage results in impaired phonemic fluency (64–66). Additionally, the VFT is closely related to the process of retrieval, while temporal and frontal lobes have been suggested to play a critical role in memory retrieval (67, 68). In this study, participants were instructed to form words with specified Chinese characters, involving phonemic verbal fluency. Therefore, the frontal and temporal lobes damages in AD, SD and MDD might lead to decreased frontotemporal network connectivity during the VFT task. Moreover, the MDD group displayed decreased connected networks including the left superior temporal gyrus and precentral gyrus compared to the AD group. This finding may suggest that MDD leads to greater impairment in executive function than AD.

Beyond the three psychiatric disorders discussed in this study, other mental disorders have also been investigated during the VFT with fNIRS. For instance, a previous study showed decreased activation in the left ventrolateral PFC in schizophrenia patients during the VFT (69). Similarly, other studies also found that bipolar disorder and obsessive-compulsive disorder patients exhibited significantly lower frontal and temporal activations during VFT compared to HCs (70, 71). Moreover, brain network analysis under VFT during fNIRS measurement could also be used for the diagnosis of other psychiatric disorders (23, 24). Specifically, a prior study proposed a seed-based FC approach to discern schizophrenia using fronto-temporal Oxy-Hb data during the VFT, with classification performance surpassing that of most methods described in previous studies (24). These evidences showed that the VFT combined with fNIRS is an effective way to support psychiatric disorders diagnosis. While cross-disease diagnosis is critical for precision medicine, most previous studies investigated single type disorder (26, 72). To the best of our knowledge, we are the first to investigate MDD, AD and SD together under VFT task with functional connectivity analysis and discover the common and distinct pathological brain network alternations, which could guide more precise treatment and better outcome.

Our current study had several limitations. First, the number of phrases generated during VFT were not recorded, so the behavior performance could not be analyzed further. Second, in line with previous research, this study did not account for global physiological noise (e.g., skin blood flow). However, recent developments have introduced methods to mitigate the effects of extracranial tissue. Consequently, global physiological noise should be analyzed using these new techniques (e.g., wavelet-based method) (73, 74). Thirdly, the study did not take the prior and ongoing treatments into account, which could potentially impact our findings. Fourth, the scale scores with significant differences between the groups were not controlled as covariates, which may affect the results. Fifth, patients were classified according to their primary diagnosis, which might overlook the impact of comorbid symptoms on the brain activity and need to be investigated further in future.



5 Conclusion

In conclusion, our study demonstrated that patients with MDD, AD and SD exhibited decreased connectivity in the frontal and temporal regions during the VFT. Additionally, the MDD group showed decreased connected networks including the left superior temporal gyrus and precentral gyrus, compared to AD group. These findings indicated that the VFT could be an effective tool for detecting executive function impairment in psychiatric disorders.
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Background: Advances in neuroimaging have significantly enhanced our understanding of brain function, providing critical insights into the diagnosis and management of disorders of consciousness (DoC). Functional near-infrared spectroscopy (fNIRS), with its real-time, portable, and noninvasive imaging capabilities, has emerged as a promising tool for evaluating functional brain activity and nonrecovery potential in DoC patients. This review explores the current applications of fNIRS in DoC research, identifies its limitations, and proposes future directions to optimize its clinical utility.
Aim: This review examines the clinical application of fNIRS in monitoring DoC. Specifically, it investigates the potential value of combining fNIRS with brain-computer interfaces (BCIs) and closed-loop neuromodulation systems for patients with DoC, aiming to elucidate mechanisms that promote neurological recovery.
Methods: A systematic analysis was conducted on 155 studies published between January 1993 and October 2024, retrieved from the Web of Science Core Collection database.
Results: Analysis of 21 eligible studies on neurological diseases involving 262 DoC patients revealed significant findings. The prefrontal cortex was the most frequently targeted brain region. fNIRS has proven crucial in assessing brain functional connectivity and activation, facilitating the diagnosis of DoC. Furthermore, fNIRS plays a pivotal role in diagnosis and treatment through its application in neuromodulation techniques such as deep brain stimulation (DBS) and spinal cord stimulation (SCS).
Conclusion: As a noninvasive, portable, and real-time neuroimaging tool, fNIRS holds significant promise for advancing the assessment and treatment of DoC. Despite limitations such as low spatial resolution and the need for standardized protocols, fNIRS has demonstrated its utility in evaluating residual brain activity, detecting covert consciousness, and monitoring therapeutic interventions. In addition to assessing consciousness levels, fNIRS offers unique advantages in tracking hemodynamic changes associated with neuroregulatory treatments, including DBS and SCS. By providing real-time feedback on cortical activation, fNIRS facilitates optimizing therapeutic strategies and supports individualized treatment planning. Continued research addressing its technical and methodological challenges will further establish fNIRS as an indispensable tool in the diagnosis, prognosis, and treatment monitoring of DoC patients.

Keywords
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1 Introduction

Although clinical advancements have significantly reduced mortality rates, they have also led to an increase in the number of patients with disorders of consciousness (DoC) (1). Patients with DoC require prolonged and intensive clinical management, imposing a significant burden on families and society. DoC encompasses conditions characterized by diminished awareness or impaired cognition of oneself and the surrounding environment, including coma, vegetative state (VS)/ unresponsive wakefulness syndrome (UWS), and minimally conscious state (MCS). Patients in a VS/UWS exhibit intermittent wakefulness without any signs of self-awareness or environmental recognition (2). In contrast, patients in an MCS demonstrate fluctuating but reproducible signs of conscious awareness through clinical motor responses, although their level of awareness is unstable (3). MCS is further subdivided into MCS+ and MCS−, reflecting higher and lower levels of behavioral responsiveness, respectively (4, 5). The Coma Recovery Scale-Revised (CRS-R) is widely regarded as the most reliable clinical tool for diagnosing patients with prolonged DoC (6). However, clinical consensus-based assessments are associated with a misdiagnosis rate of approximately 40% (7).

Patients with DoC require prolonged and intensive clinical management, imposing a significant burden on families and society. In the past few years, the advancement of neuroimaging techniques such as functional magnetic resonance imaging (fMRI), positron emission tomography (PET), and electroencephalography (EEG) has provided objective diagnostic tools for assessing cognitive function, predicting neurological recovery, and determining prognosis in patients with disorders of consciousness (8, 9). EEG offers advantages in its superior temporal resolution and real-time responsiveness, however, its low spatial resolution and susceptibility to artifacts limit the diagnostic accuracy of DoC. In contrast, fMRI and PET provide high spatial resolution but are hindered by high costs, low portability, and limited real-time responsiveness (10, 11). Functional near-infrared spectroscopy (fNIRS) emerges as a promising alternative technique, offering a non-invasive, portable, and high temporal resolution for monitoring brain activity. Unlike fMRI and PET, fNIRS enables long-term bedside monitoring, making it particularly suitable for DoC patients. Additionally, fNIRS is less sensitive to motion artifacts than fMRI, enhancing its feasibility in clinical settings (12, 13). By facilitating early and accurate diagnosis, fNIRS provide valuable insights in guiding targeted interventions, reducing unnecessary treatments, shortening hospitalization durations, and alleviating the financial and logistical burden on healthcare systems. Ultimately, it optimizes healthcare resource allocation for DoC patients.

fNIRS is a non-invasive optical neuroimaging technique that utilizes near-infrared light (700–900 nm) to measure changes in tissue concentrations of oxy-hemoglobin (HbO), deoxy-hemoglobin (HbR), and total-oxyhemoglobin (HbT), providing (14–16). The selection of near-infrared light is based on its unique optical properties rather than its penetration depth. Within the near-infrared spectrum, light exhibits minimal absorption by water and significant absorption differences between HbO and HbR, enabling fNIRS to differentiate chromophores effectively. This “optical window” allows light to penetrate several centimeters into cortical tissue, facilitating reliable measurements of hemodynamic changes in highly scattering biological tissues (17–19). Advancements in fNIRS instrumentation, including continuous wave, frequency domain, and time domain systems, have further improved its sensitivity and broadened its clinical and research applications. These advancements have enabled the integration of fNIRS with other modalities, such as EEG, for comprehensive assessments of brain function (20, 21) fNIRS offers several strengths, including its non-invasive nature, portability, real-time measurement capabilities, and continuous repeatability (22–24). Compared to fMRI, fNIRS is less sensitive to interference from devices such as hearing aids, pacemakers, or cochlear implants, making it valuable for monitoring scalp oxygenation in patients with such medical implants (25). fNIRS has demonstrated its utility in identifying functional differences in key brain regions, including the occipital lobe, temporal lobe, and prefrontal lobe, in patients with various types of DoCs (26, 27). Moreover, it can detect neural responses to active stimuli in MCS and assess brain activity during verbal and motor imagery (MI) tasks, providing critical insights into residual cognitive and functional capacities (28–30).

As a non-invasive neuroimaging technique, fNIRS has gained significant attention in the field of DoC. It has demonstrated high sensitivity in diagnosing varying degrees of DoC, evaluating and predicting changes in brain function, and monitoring therapeutic outcomes (31). Notably, fNIRS offers unique advantages in assessing the effects of neuromodulator therapies on DoC patients (32, 33). By providing real-time insights into neural responses and treatment efficacy, fNIRS serves as an essential tool for guiding and optimizing treatment strategies. This review provides an overview of the clinical applications of fNIRS from 1993 to 2024, with a focus on the latest advances in fNIRS technology for DoC patient assessment, functional neuromodulation therapies, and brain-computer interfaces (BCIs) (Table 1). The flowchart in Figure 1 illustrates the search strategy, including keyword retrieval and paper screening processes. Additionally, recent clinical studies are summarized in Table 2, with data sourced from the World Health Organization (WHO) International Clinical Trials Registry Platform (ICTRP1). This review also explores emerging trends in clinical applications while addressing the current challenges and limitations of using fNIRS to inform DoC treatment strategies (Figure 2).



TABLE 1 Summary of fNIRS studies conducted on DoC patients to date.
[image: A detailed table presents patient characteristics and fNIRS-related data across multiple studies. Columns include sample details, etiology, duration of disorders of consciousness, stimuli types, task types, and analysis methods. Information about the fNIRS system, channels, and brain regions of interest is also provided, showing a variety of approaches and measurements in each study.]

[image: Flowchart illustrating the study on functional near-infrared spectroscopy (fNIRS) for assessing disorders of consciousness. It includes criteria for article selection from the Web of Science database, resulting in 155 papers. The study is divided into two parts: basic principles and mechanisms of fNIRS, and clinical applications in disorders of consciousness. Topics covered include technical principles, fNIRS system, monitoring and assessing residual consciousness, and quantitative evaluation of neuromodulation therapy effects. Diagrams and illustrations represent the fNIRS system and brain activity assessments.]

FIGURE 1
 Flow chart.




TABLE 2 Summary of ongoing clinical trials of fNIRS registered by WHO at home and abroad in the last 10 years.
[image: A table listing clinical studies related to consciousness disorders. The table has columns for registration number, public title, inclusion criteria, study type, observations and treatment measures, and expected end time. Each row provides detailed descriptions of individual studies, including study objectives, participant requirements, methodologies, and projected completion dates. Specific study types mentioned include interventional study, acupuncture, and observational study, with expected end dates ranging from April 2025 to July 2026.]

[image: Diagram illustrating the monitoring and assessment of residual consciousness, with images of brain activities and potential neuromodulation therapy effects. Includes resting state connection and task state activation diagrams, a brain-computer interface depiction, and lists of limitations and prospects in the field, such as signal quality and multi-modal fusion. The image also features deep brain and spinal cord stimulation graphics.]

FIGURE 2
 Methods for diagnosing and assessing different levels of DoC by fNIRS. fNIRS technology has made recent advances in the direction of deep brain electrical stimulation, spinal cord electrical stimulation, and brain-computer interfaces. fNIRS has problems and challenges, as well as trends in future clinical applications.




2 Basic principles of fNIRS


2.1 Technical principle fNIRS

The light within the 700–900 nm range, referred to as the ‘optical window’, possesses several distinct characteristics: firstly, it can penetrate tissues such as the scalp and skull to reach the intracranial space; secondly, the overall absorption coefficients of chromophores (water, hemoglobin, etc.) are relatively low, ensuring that the light is not entirely absorbed before it exits the scalp and reaches the detector; and lastly, there is a significant difference in the absorption coefficients of HbO and HbR within this range. Consequently, it is possible to select two or more wavelengths and, by leveraging the differences in absorption coefficients between HbO and HbR at these wavelengths, separately determine the concentration changes of HbO and HbR. After near-infrared light is emitted from the source, it passes through the scalp, skull, and cerebrospinal fluid, entering the cerebral cortex where it undergoes absorption, scattering, and refraction before reaching the detector, exhibiting a typical “banana” shape, as shown in Figure 3. The typical fNIRS system consisted of several sources and detectors with a 3 cm source-detector separation (34). During the data analysis process, the modified Beer–Lambert law (MBLL) (35) is applied to infer backward from changes in light intensity to calculate changes in hemodynamic responses, which allows for the deduction of neural activity in the brain, and subsequently, the analysis of the synergistic actions between various brain regions during task execution.

[image: Diagram of a brain cross-section illustrating near-infrared spectroscopy setup. It shows detectors and sources placed on the scalp above scalp, skull, cerebrospinal fluid (CSF), gray matter, and white matter. Regular channels measure 30-40 millimeters, while short channels measure 10-15 millimeters.]

FIGURE 3
 The technical principles of fNIRS. The detector is the receiving light source, and the source is the emitting light source. Generally, the detector and source are 3-4cm for adults and 1–1.5 cm for children. The changes in light intensity of the emitting and receiving light sources respond to changes in blood oxygen concentration in the cerebral cortex and then speculate on neuronal activity.


In the field of DoC, fNIRS plays a pivotal role in assessing residual consciousness by measuring changes in hemodynamics and evaluating brain functional connectivity (31). It can also assess brain activity in DoC patients using MI task paradigms (36). Additionally, fNIRS is effective in evaluating treatment efficacy by monitoring oxygenation changes during various therapeutic interventions (32).



2.2 fNIRS system

fNIRS is a non-invasive imaging technology that measures blood oxygenation changes in brain tissue, offering significant potential in assessing patients with DoC (37). Key aspects of fNIRS use in DoC include system types, sensor configuration, and data analysis methods, each of which has a profound impact on measurement accuracy, data complexity, and clinical applicability. Table 1 presents a comprehensive overview of the application of fNIRS in patients with DoC. The table is organized into two main sections: Patient Information and Equipment Details. In the Patient Information section, key demographic and clinical details are provided, including age, gender, etiology, and time since onset. Additionally, the paradigms employed in the studies are summarized, encompassing resting-state assessments, active paradigms (e.g., MI tasks), and passive paradigms (e.g., subject’s name). The Equipment Details section outlines the technical aspects of the studies, such as the specific fNIRS systems used, the number of channels employed, and the analytical methods applied. It also includes information on the targeted brain regions selected based on the experimental design and clinical objectives, highlighting the tailored approach for evaluating DoC patients.



2.3 fNIRS instrumentation

fNIRS systems can be classified into three main categories: continuous wave (CW), frequency domain (FD), and time domain (TD) systems. CW systems are the most used fNIRS systems. They utilize a constant-intensity near-infrared light source to measure absorption differences across various wavelengths, thus estimating relative concentration changes in HbO and HbR (19). CW systems are relatively simple, low-cost, and allow for rapid data acquisition, making them ideal for bedside monitoring and high-throughput research. However, CW systems measure only relative concentration changes, lacking the capacity to provide absolute concentrations of HbO and HbR. Without information on photon travel time or phase shift, CW systems have inherent limitations in accuracy (38). FD technology employs intensity-modulated near-infrared light, where the incident light intensity is modulated with a sinusoidal wave at a frequency of 100–200 MHz on top of a steady-state value (39). As the incident light propagates through tissue, it experiences attenuation and scattering, leading to a reduction in the amplitude of the high-frequency sinusoidal wave and a phase delay. By detecting the emitted light and demodulating it, amplitude attenuation and phase shift can be utilized to obtain the tissue’s absorption and scattering coefficients. From these optical parameters, the absolute concentrations of oxygenated and deoxygenated hemoglobin in the tissue can be determined (40). FD systems use modulated light sources to measure phase shifts and amplitude variations, enabling the estimation of absolute HbO and HbR concentrations (40). FD systems provide high accuracy and absolute concentration measurements, which are critical for precise hemodynamic assessments in DoC patients. Compared to CW systems, FD systems are more complex and expensive, limiting their widespread application in clinical settings (25). TD systems emit ultrashort light pulses and measure the distribution of photon travel times within tissue, capturing detailed absorption and scattering properties (41). TD systems offer the most precise measurements of absolute concentrations and tissue scattering, making them suitable for in-depth research. TD systems are the most complex and costly, with high data processing demands, making them less feasible for routine clinical use. TD systems and FD systems can provide more detailed information, but their technology is more complex, and the equipment is significantly more expensive than that of CW systems, with lower signal-to-noise ratios, thus limiting their applications (42). The vast majority of near-infrared imaging instruments utilize CW systems. In cases where absolute concentrations of HbO and HbR are required, FD systems offer a higher signal-to-noise ratio and faster acquisition speed compared to TD systems, but it is slightly inferior to TD systems in distinguishing between scattering and absorption effects and in terms of depth resolution (16, 42). A comparative analysis of three technologies is presented in Table 3.



TABLE 3 Comparison of fNIRS systems with three different modulation techniques.
[image: A table comparing three methods: Continuous Wave (CW), Frequency Domain (FD), and Time-Resolved (TD) across several parameters. CW measures relative optical intensity change and relative hemoglobin (Hb), with high signal-to-noise ratio (SNR) and low depth resolution. Instruments vary in size and cost with high application maturity. FD measures optical intensity and phase change, absolute Hb, with moderate SNR and high depth resolution, and is bulky and costly with moderate maturity. TD uses time-of-flight and intensity change, measures absolute Hb with low SNR, and moderate depth resolution, is bulky and costly, with low maturity.]



2.4 Arrangement of fNIRS optodes

The number and placement of fNIRS sensors (light sources and detectors) significantly impact measurement accuracy and spatial resolution. A higher number of fNIRS optodes enables greater cortical coverage and precision, but it also increases data volume and complexity. Configurations typically range from a few to dozens of optodes, depending on the areas of interest (20).

The International 10–20 system is widely adopted in fNIRS studies for its standardized and consistent approach to optode placement, ensuring optimal coverage of critical cortical regions such as the prefrontal, parietal, and temporal lobes. Approximately 70% of fNIRS studies in DoC research utilize montages based on the 10–20 system due to its reliability and compatibility with existing neuroimaging methods (41, 43). This system facilitates cross-study comparisons and provides a foundation for interpreting functional brain activity in DoC patients. However, alternative optode configurations have also been employed to meet specific research and clinical needs. High-density optode grids, for instance, offer improved spatial resolution, allowing for more detailed mapping of cortical activation patterns. Despite their advantages, these configurations often require more complex data processing and are less portable, making them challenging to implement in bedside settings (16). Conversely, sparse optode arrangements prioritize portability and ease of application, particularly in clinical environments. While these setups are advantageous for rapid assessments, they may compromise spatial resolution and limit the ability to detect activity in deeper cortical regions (44). Hybrid approaches, which combine high-density grids for key cortical areas with sparse arrangements for peripheral regions, aim to balance these trade-offs (45). These variations in optode placement underscore the importance of selecting appropriate configurations based on study objectives and patient conditions. The flexibility of fNIRS in accommodating different sensor montages highlights its adaptability and potential for diverse clinical and research applications in the DoC field.



2.5 Data analysis methods in fNIRS

Theoretically, fNIRS data would solely encompass the blood oxygenation signal components induced by experimental tasks. However, in practical data acquisition processes, various types of noise are inevitably superimposed on the data. The sources of noise in fNIRS data are diverse: the measurement system, physiological origin, and head/body motion (46). Below are several common types of fNIRS noise and their removal methods. Firstly, systemic physiological changes affect cerebral hemodynamics. The primary physiological factors that can confound fNIRS measurements include fluctuations in the partial pressure of carbon dioxide (PaCO2) (around 0.2–0.6 Hz), systemic blood pressure (around 0.1 Hz), and alterations in heart rate (around 0.8–1.6 Hz) (47, 48). Secondly, signal drift is a pervasive type of noise in fNIRS brain imaging signals, typically manifesting as slow fluctuations over extended periods. Signal drift can alter the baseline of fNIRS signals. The sources of fNIRS brain imaging signal drift are complex and include interference noise during the signal acquisition process of the imaging system (such as the effects of the machine gradually warming up during operation), as well as the slow head movements of the subject that are imperceptible to the naked eye during the experiment. Thirdly, head motion and motion artifacts (MA) are a common type of noise in fNIRS signals; subject head movements or limb activities may lead to poor contact between the optodes and the scalp, often reflected as large jumps in the signal. Generally, fNIRS has a low signal-to-noise ratio, and without “denoising,” it will directly affect the subsequent calculation of individual hemodynamic response indicators and may even lead to false group activations. Bandpass filtering can be used to remove high-frequency cardiac signals and low-frequency drifts in the optical signal (49). It is crucial to pay special attention to not disrupt the frequencies related to the experimental tasks during the filtering process. Otherwise, the expected activation results cannot be obtained. Nevertheless, the frequency range of respiratory and Mayer wave oscillations coincides with that of the hemodynamic response, thus precluding their simple elimination via bandpass filtering (50). Due to the abundance of capillaries in superficial tissues such as the scalp, skull, and meninges, physiological fluctuations such as respiration and heartbeat, as well as task-related autonomic nervous activities, can cause changes in the concentration of hemoglobin in these capillaries. When near-infrared light passes through these superficial tissues, changes in the concentration of hemoglobin in the superficial vessels also lead to variations in the optical attenuation of fNIRS. Superficial physiological noise has a significant impact on fNIRS signals (51). Currently, the short-channel subtraction has been considered the ‘gold standard’ to reduce the responses from the extracerebral tissue in fNIRS data (52). The optical path of short interoptode channels is relatively shallow, generally passing only through superficial tissues without reaching the cerebral cortex. Therefore, it is generally believed in the academic community that short interoptode channels primarily record superficial physiological noise. This method employs additional short-distance fNIRS channels to record the superficial physiological noise and subsequently removes it from the signal (53). Alternative approaches are data-driven signal processing methods that decompose the fNIRS signals into its brain and systemic components, e.g., principal component analysis (PCA) (46). In previous publications, PCA has been widely used to remove head motion and motion artifacts in fNIRS data (54–56). In DoC patients, sensor placement strategies that reduce susceptibility to movement artifacts are particularly valuable given the limited ability of these patients to remain still (57, 58).

Time-domain analysis evaluates changes in light intensity over time to correlate hemodynamic responses with specific tasks or stimuli. In DoC research, this method is widely used to assess brain responses to external stimuli, helping to detect residual cognitive activity. For instance, Pipeline 1 involves preprocessing steps such as motion artifact removal and signal detrending, followed by task-based averaging to identify significant activation. Pipeline 2 incorporates additional steps like deconvolution modeling to enhance temporal resolution, allowing for the differentiation of overlapping hemodynamic responses. A recent meta-analysis revealed that 70% of studies employed Pipeline 1 due to its simplicity, while 30% utilized Pipeline 2 for more complex paradigms. Pipeline 1 is advantageous for rapid analysis but is limited in detecting subtle temporal changes, whereas Pipeline 2 provides greater accuracy at the cost of computational complexity (16, 44). Frequency Domain Analysis examines the power spectral density of fNIRS signals, capturing brain wave activities such as alpha and theta waves, as well as low-frequency oscillations (0.01–0.1 Hz) (45). Frequency domain analysis is useful for understanding neural networks and functional connectivity changes in DoC patients. By combining multi-channel data, spatial analysis generates maps of brain activity, allowing for the visualization of functional distribution across different cortical areas (59). Spatial analysis generates brain activity maps by combining multi-channel data to visualize functional distribution across cortical areas. Techniques such as t-maps, derived from statistical comparisons of task versus baseline HbO levels, are commonly employed to identify active regions. Additionally, functional nodes and network hubs are identified through clustering algorithms, offering insights into the spatial organization of neural networks. This approach has been used to map activity in regions like the PFC, SMA, and FPA, providing a detailed understanding of localized brain functions (45, 60). This approach provides valuable insights into the regional brain activity patterns in DoC patients. Functional connectivity analysis assesses the synchronized activity across brain regions, revealing the organization of functional networks (16). Changes in functional connectivity offer essential information on the integrity of neural networks, making this approach particularly useful in DoC assessments.

In summary, fNIRS is a promising tool for DoC assessment, with unique advantages such as non-invasiveness, portability, and real-time monitoring capabilities. This discussion highlights several gaps in current research on fNIRS for DoC applications and potential directions for future studies: Current DoC studies predominantly utilize CW systems, with limited exploration of FD and TD systems in clinical settings. Future studies should investigate FD and TD systems to improve accuracy and enable absolute concentration measurements. Furthermore, increasing sensor density and optimizing placement strategies for critical cortical regions, such as the PFC and SMA, could enhance spatial resolution and reduce MA. Finally, adopting multidimensional analyses, including spatial and connectivity measures, may uncover complex network dynamics in DoC patients, advancing diagnostic and therapeutic strategies.




3 Clinical applications of fNIRS in DoC

Figure 2 provides a comprehensive summary of the application of fNIRS in the field of DoC, highlighting its current and future roles in clinical and therapeutic contexts. The figure is divided into four sections, including a schematic representation of fNIRS applications in DoC patients. In the upper-left green frame, the focus is on the diagnostic and assessment capabilities of fNIRS for DoC patients. This includes detecting residual consciousness during resting states and evaluating brain activation during task states. These applications underscore the potential of fNIRS as a non-invasive tool for identifying preserved cognitive and motor functions in patients with DoC. The lower-left blue frame addresses the main limitations and prospects of fNIRS. Key challenges include limited spatial resolution, signal interference from extracerebral tissues, and the need for advanced signal processing techniques. Future advancements, such as improved sensor designs and multimodal integration with other imaging modalities, are anticipated to enhance the accuracy and clinical utility of fNIRS. In the yellow frame on the right, the therapeutic applications and future potential of fNIRS are explored. Emphasis is placed on its integration with neuromodulation techniques, such as DBS and SCS, to monitor and optimize therapeutic outcomes. Additionally, the development of BCIs presents a promising direction for combining fNIRS with advanced neurotechnology to refine treatment strategies and improve patient prognoses.

From 1993 to 2024, 243 institutions have participated in fNIRS research (Figure 4). Research on fNIRS spans 35 countries, with the United States leading in publication output: the earliest U.S. publications date back to 2002, with 40 articles. The U.S. also holds the strongest intermediary position in collaborative networks. China ranks second, with 35 publications. Although China’s engagement in fNIRS research began later than the U.S., the minimal difference in publication volume underscores China’s growing interest and active involvement in fNIRS research (Figure 5). In China, fNIRS research is mainly conducted at leading cognitive psychology institutions such as Beijing Normal University. fNIRS research involves psychology, sociology, aerospace, and other related cognitive-behavioral research (61, 62). In the medical field, fNIRS is increasingly used in psychiatry, pain management, rehabilitation, and neurosurgery. Its applications range from disease diagnosis to supporting the development of brain-computer interface technologies, demonstrating its growing importance as an auxiliary clinical diagnostic tool (63–65). These statistical diversities of the literature represent the current research hotspots of fNIRS in the field of DoC, highlighting the expanding role of fNIRS in bridging cognitive science and clinical medicine, paving the way for future research and practice advances.

[image: Network diagram showing collaborations among various universities and institutions, including Western University, Chinese Academy of Sciences, University of Michigan, and others. Lines connect institutions, indicating partnerships. A color bar on the left represents a scale, potentially indicating collaboration intensity.]

FIGURE 4
 Institutional Contributions to fNIRS Research. Each node in the figure represents a research institution. The font size of the institution name corresponds to the number of articles published, with larger font sizes indicating higher publication output. The density of connections between nodes reflects the level of collaboration between institutions, with thicker or denser connections signifying stronger cooperative relationships.


[image: Network diagram showing relationships between countries, with nodes representing countries and lines indicating connections. Larger nodes like USA and People's Republic of China signify more connections. A bar chart on the left indicates a range or weight of connections.]

FIGURE 5
 Countries or regions contributing to fNIRS research. The larger the text in the node, the greater the number of articles sent by the country. The node center red indicates a dramatic increase in the number of posts from that country or region.



3.1 Monitoring and assessment of residual consciousness

Numerous studies suggest that the human brain operates within a sophisticated network for functional connectivity and integration. This network exhibits a delicate balance between spontaneous segregation and integration during neuronal activity, which is essential for cognitive, perceptual, or motor signaling (66, 67). Its strength is typically assessed using correlation coefficients and quantified using graph-theoretic topological analysis of resting-state data (68, 69).

In patients with DoC, the functional connectivity of the resting-state brain network is significantly disrupted, with diminished strength compared to that of healthy individuals (70). Specifically, the functional connectivity in the frontal lobes, particularly the frontal pole region and the right dorsolateral prefrontal cortex, is severely impaired in patients with MCS (71–73). CRS-R remains the clinical gold standard for distinguishing between VS and MCS (74). However, behavioral assessments based on the CRS-R are prone to subjective, influenced by the clinical assessor’s understanding of DoC criteria and their application of quantitative scales. Such variability may result in biased or erroneous diagnoses (6, 75, 76) To address these limitations, objective assessment tools are essential for accurately evaluating the sensory, motor, and cognitive functions of DoC patients and for predicting neurological recovery (76, 77). These tools provide a crucial complement to subjective assessments, enabling more reliable and standardized evaluation methods. Experimental paradigms for detecting and assessing levels of consciousness typically fall into two categories: resting-state brain functional connectivity analyses and task-based brain response analyses, the latter of which includes both passive and active paradigms.


3.1.1 Resting-state paradigm

The fNIRS resting-state paradigm is primarily utilized to evaluate the functional brain state of patients with DoC. It allows clinicians to more accurately assess patients’ level of consciousness, thereby supporting informed clinical management and decision-making. After mitigating noise from physiological artifacts, such as respiration and heartbeat, resting-state fNIRS data analysis can produce robust correlation maps and theoretical indicators. These indicators represent functional connectivity between brain regions, offering valuable insights into spontaneous brain activity in the absence of specific tasks and its relationship with disease (78, 79).

Liu et al. demonstrated the efficacy of resting-state fNIRS in detecting residual neurofunctional connectivity, confirming its effectiveness in identifying the status of DoC patients (80). Similarly, Urquhart et al. highlighted the feasibility of using fNIRS in various functional connectivity metrics, showing how physical activity influences cortical networks across different frequency bands (81). Furthermore, He et al. assessed residual consciousness in 18 DoC patients using resting-state fNIRS and applied graph-theoretic analyses to improve classification accuracy. Their findings provided valuable insights into the diagnosis of DoC patients and enhanced understanding of the pathological mechanisms underlying DoC, thereby advancing prospects for neurological recovery (31).



3.1.2 Active paradigm

Using the fNIRS, patients with DoC can be assessed for residual consciousness through passive tasks and active commands-based paradigms. In clinical practice, fNIRS has demonstrated its value in identifying patients with locked-in syndrome or impaired consciousness, thereby expanding its clinical applicability (12). “One approach involves measuring changes in prefrontal blood oxygenation in response to auditory stimuli. For instance, patients are asked to listen to two simple questions and imagine answering ‘yes’ or ‘no.’”. Results showed that some of the MCS patients and one patient with UWS exhibited blood oxygenation changes consistent with patterns observed in healthy controls, indicating residual verbal comprehension and volitional expression (42). Another study demonstrated that three out of five MCS patients produced with one patient answering all questions accurately using this method. This study confirms the feasibility of the fNIRS in detecting residual cognitive abilities in DoC patients through active command-driven MI (28). fNIRS technology provides a non-invasive and reliable means to measure neuronal activity and assess stimulus–response relationships in DoC patients, offering critical insights into their potential for neurological recovery. This capability can significantly influence their future treatment strategies and clinical management.

Patients with different types of docs are instructed to imagine performing simple or complex movements, such as speaking or shaking a fist, to assess their motor function and recovery potential using MI tasks under active command, which can be divided into visual and motor tasks. These tasks, categorized as visual or motor, are closely linked to the corticomotor system, as demonstrated by visual and kinesthetic imagery (82). One study found that some MCS could follow commands to imagine shaking a fist with either their left or right hand. The cortical hemodynamic changes measured by fNIRS in these patients were consistent with those observed in healthy controls (36). Another study compared the hemodynamic responses of the MCS and UWS patients during imagery tasks, revealing that the MCS group exhibited higher hemodynamic responses and better CRS-R scores, whereas the UWS group showed no significant changes (83). These findings suggest that MCS patients have greater potential for neurological recovery. Furthermore, fNIRS has proven to be a convenient and effective tool for detecting residual communication and awareness in DoC patients.



3.1.3 Passive paradigm

fNIRS can assess different degrees and types of Docs by detecting cognitive or perceptual responses to stimuli that do not require active participation or response. These stimuli may include touch, images, and sounds. For instance, one study used fNIRS to measure prefrontal blood oxygenation changes in patients with prefrontal blood oxygen changes in patients with VS, MIS, and MCS as they listened to recordings of their names and unfamiliar names (84).




3.2 Quantitative evaluation of neuromodulation therapy effects

Neuromodulation therapy plays a pivotal role in treating refractory neurological disorders such as epilepsy, Parkinson’s disease, and depression (85, 86). This technology encompasses both non-invasive and implantable approaches, delivering electromagnetic stimulation or chemical agents to targeted regions of the management of DoC, SCS and DBS are the most commonly employed neuromodulation techniques (87).


3.2.1 Deep brain stimulation

The precise mechanism of action of DBS remains unclear, but it is widely believed to regulate neurotransmitter release, inhibit abnormal neural activity, stimulate synapse activity and neural remodeling, and alleviate symptoms of brain dysfunction (88). The first documented use of DBS in treating DoC was reported in 1969, demonstrating its potential to restore conscious arousal and pathways following loss of consciousness (89, 90).

DBS is a critical tool in neuromodulation and monitoring cognitive function during stimulus on and off periods is essential to evaluate its modulatory effects. A recent study utilized fNIRS to measure blood flow changes in the frontal, parietal, and occipital lobes. The findings revealed that global communication efficiency correlated significantly with the CRS-R index (slope = 57.384, p < 0.05, r = 0.483), while no significant relationship was observed between changes in communication strength across six brain lobes and the CRS-R index (91). The integration of fNIRS into DBS therapy provides valuable insights into its impact on neurological restoration and recovery in DoC patients. This combination underscores the potential of fNIRS-based functional connectivity analysis as a powerful quantitative assessment tool in neuromodulation research and clinical applications.



3.2.2 Spinal cord stimulation

SCS has been studied using the fNIRS passive paradigm. Unlike fMRI, fNIRS is unaffected by metallic implants, such as deep or spinal cord stimulators, making it suitable for assessing real-time activity changes during neuromodulation therapy in patients with DoC. This capability provides crucial clinical guidance for regulating the frequency and duration of stimulation during SCS therapy. Zhang et al. reported a significant increase in cerebral blood volume in the prefrontal and occipital cortex when SCS was applied at a stimulation interval of 30 s. Their findings suggest that optimizing stimulation intervals can promote neurological function recovery in DoC patients, offering robust evidence and a feasible research paradigm for further quantitative assessment of treatment effects (33). Si et al. measured hemodynamic changes in the prefrontal and occipital lobes of DoC patients at varying frequencies using SCS. They observed that high-frequency SCS at 70 and 100 Hz significantly enhanced the cerebral hemodynamic response in the prefrontal region, with SCS at 70 Hz notably improving functional connectivity between the prefrontal and occipital lobes (92). In conclusion, fNIRS-based visualization enhanced the standardization of SCS therapy and supports neurological recovery in DoC patients.

Additionally, fNIRS-based visualization enhances the standardization of SCS therapy and supports neurological recovery in DoC patients. Additionally, closed-loop neuromodulation techniques such as repetitive transcranial magnetic stimulation (rTMS) and vagus nerve stimulation (VNS) are widely employed in DoC treatment. However, research combining these techniques with fNIRS remains limited. Future studies exploring the use of fNIRS to evaluate the therapeutic effects of rTMS and VNS in DoC may provide valuable insights into the advancement of neuromodulation strategies.




3.3 BCI

BCI technology enables direct interaction between the brain and external devices by deciphering neural activity, serving as a means of communication and neurological function recovery. It has been applied in various fields, including communication, artificial intelligence, and biomedicine. In recent years, fNIRS-based BCI has shown significant potential in facilitating communication for patients with DoC. Natio et al. demonstrated the feasibility of using fNIRS to analyze cerebral blood flow, enabling communication with amyotrophic lateral sclerosis patients in complete locked-in syndrome. This study highlights the potential of fNIRS in establishing effective BCI systems (93). Notably, fast and efficient fNIRS-BCI communication has been achieved in as little as 2 s (94).

MI and mental arithmetic are the two most common paradigms in fNIRS-based BCI applications. The MI paradigm is particularly suitable for patients with severe physical impairments, as it does not require intact thalamocortical tracts (95). Linguistic imagery tasks, where patients can imagine speaking sentences, words, or numbers, are also employed to evaluate language-related brain activity and assess nerve conduction, linguistic function, and prognosis (84, 96, 97). fNIRS has been used to measure blood oxygenation changes in the frontotemporal lobes of doC patients imagining themselves uttering a sequence of numbers. Some MCS patients exhibited blood oxygenation patterns consistent with those of healthy controls, suggesting residual memory and language production abilities, as well as potential for rehabilitation (98). Integrating fNIRS with EEG enhances BCI performance, creating a weighted assessment system capable of stable long-term monitoring (99). Mental arithmetic, involving simple calculations without external aids, is another widely used paradigm. Since the prefrontal cortex is less prone to data noise due to minimal hair interference, it is often the preferred region for fNIRS studies (100, 101). Mental arithmetic has been successfully applied in BCI research with both brain-injured patients and healthy controls (100).

The fNIRS-based BCI classification approach currently lacks the consistency needed to meet the performance standards required for practical, real-world applications. A “real BCI” refers to a system designed for dynamic, real-world environments that demands high classification accuracy (typically >80%), robustness across users and settings, sufficient information transfer rates, and ease of use. These criteria are critical for reliable applications in clinical and assistive technologies. Recent research has demonstrated promising advancements in this area. Zhang et al. developed a convolution-based conditional generative adversarial network (CGAN) with an improved Inception-ResNet architecture for fNIRS-BCI classification. Their method, tested on MA and mental singing (MS) tasks, achieved a maximum accuracy of 92%, showcasing its potential for high-precision applications (102) Similarly, Jinuk et al. utilized a deep convolutional neural network to distinguish between idle-state and mental arithmetic tasks, achieving classification accuracies exceeding 85%. This approach reduced the need for extensive calibration sessions, thereby improving the practicality of subject-independent fNIRS-BCI systems (103). In addition to widely used machine learning algorithms such as support vector machines (SVM) and linear discriminant analysis (LDA), channel selection methods based on positive Z-scores have been employed to enhance fNIRS-BCI performance. The Z-score method significantly improved classification accuracies, achieving 87.2 ± 7.0%, 88.4 ± 6.2%, and 88.1 ± 6.9% (p < 0.0167) for left MI vs. rest, right MI vs. rest, and mental arithmetic vs. rest, respectively. This approach was further validated using an open-access dataset of 17 subjects (104).

BCI systems have been extensively applied to detect cognitive functioning and consciousness in patients with DoC. For example, Guger et al. reported that BCI systems enable efficient and effective communication in patients with locked-in syndrome (105). Additionally, EEG-BCI systems have been used to detect mood alterations and command-following abilities in one-third of DoC patients (106). While the utility of BCI systems in neurological applications is well-documented, research specifically on fNIRS-based BCI systems for DoC patients remains limited. Preliminary findings from other populations suggest that fNIRS-BCI technology could provide valuable insights into brain function. However, its feasibility and effectiveness in supporting prognostic judgment and clinical decision-making for DoC patients require further validation. Nevertheless, the non-invasive nature, portability, and cortical activity assessment capabilities of fNIRS-BCI systems position them as promising tools for aiding functional and cognitive recovery in DoC patients. Continued research in this field could establish a robust foundation for integrating fNIRS-BCI into clinical practice.




4 Limitations and prospects


4.1 Limitations

fNIRS is an innovative neuroimaging technique capable of assessing residual consciousness and potential neural functions in patients with DoC. By utilizing various near-infrared brain imaging paradigms or tasks, fNIRS can explore cortical structures and neural network restoration, providing valuable guidance for diagnosis, evaluation, and treatment (107, 108). However, several limitations and challenges remain. These include issues with signal quality, spatial resolution, and the lack of standardized protocols, all of which require further investigation and refinement for clinical use. Technical challenges in fNIRS data collection often arise from craniocerebral injuries, such as the effects of intracranial hemorrhages on imaging and poor signal quality due to suboptimal contact between cranial surgical probes and the scalp. Additionally, structural changes in the brain may further degrade signal quality in functional regions (109, 110). Furthermore, fluctuations in alertness, awareness, and concentration in DoC patients present another challenge, complicating the reliability of fNIRS measurements.



4.2 Prospects

Among neuroimaging modalities for DoC detection, EEG and fMRI are more commonly used. EEG offers high temporal resolution and has advanced task-based paradigms for assessing and classifying DoC patients, while fMRI provides high spatial resolution and unique insights into functional brain networks. However, fNIRS has emerged as a promising tool for DoC assessment, offering moderate spatial and temporal resolution, superior portability, and cost-effectiveness. Future research in the following areas could enhance its utility.


4.2.1 Improvement of technical precision

Most fNIRS research has focused on detecting brain activity through sensorimotor activity in MI paradigms. However, its sensitivity for detecting task-related activation in single-subject data remains inadequate for clinical applications. Many studies rely on simpler, less sensitive continuous-wave devices. Advancing the use of high-channel-density frequency-domain and time-domain fNIRS systems could enable the capture of clinically meaningful brain responses at higher resolutions. Developing sensitive fNIRS markers for MI, particularly in the sensorimotor cortex, which is easily accessible via scalp-based sensors, would be invaluable for DoC patients.



4.2.2 Multi-modal fusion

Multimodal brain imaging can address the limitations of single modalities by extracting complementary features. Integrating fNIRS with other neuroimaging methods, such as EEG, could provide a more comprehensive and accurate assessment of DoC. Advanced machine learning techniques, including artificial neural networks, could further enhance the sensitivity of fNIRS (111). Recent studies combining fNIRS and EEG for BCI applications have shown that these techniques can meet clinical standards for DoC assessment. The consistent and complementary nature of EEG and fNIRS signals—EEG offering high temporal resolution and fNIRS providing insights into neurovascular coupling—has proven effective. For instance, coupling between fNIRS oxygenated hemoglobin (0.07–0.13 Hz) and EEG band power (1–12 Hz) in the frontal region has been shown to predict consciousness recovery following acute brain injury. Such findings highlight the potential of fNIRS-EEG as a valuable addition to multimodal neuromonitoring (112, 113). Some studies use fMRI to improve the modeling of fNIRS-collected brain data to provide an initial roadmap and for fMRI researchers to add fNIRS experimental assays to their study subjects (114). Mixed-modality imaging may become the future standard for assessing disorders of consciousness.



4.2.3 Large-scale research

Understanding the relationship between fNIRS signals and patients’ consciousness states requires larger datasets. Different types of DoC may exhibit distinct fNIRS signal patterns, necessitating extensive clinical studies to classify and validate these differences. Large-scale research will be crucial for verifying the validity and feasibility of fNIRS as a reliable tool for detecting and evaluating consciousness in DoC patients.



4.2.4 fNIRS-based hyperscanning

Hyperscanning, which allows simultaneous recording of neural signals from two or more participants, was first applied to fNIRS in 2012 to study neural activation during social interactions (115). For example, eye contact between individuals activated relevant neural systems that could not be captured under static conditions. The central subcentral gyrus (BA43) was selectively activated during eye contact, demonstrating connections to facial, linguistic, sensorimotor, and executive functions. This study provided insights into the continuous, bidirectional flow of social interactions. Future fNIRS research could focus on sensory processes underlying coherent neural activity during real-time, spontaneous human interactions, offering new avenues for understanding social and neural dynamics (116).





5 Conclusion

This review highlights recent advances in the application of fNIRS for DoC while addressing its current challenges and limitations. As an emerging neuroimaging technique, fNIRS provides a unique capability to explore residual consciousness and potential neural functions in DoC patients, offering valuable guidance for diagnosis, prognostic assessment, and therapeutic management. However, significant challenges remain, including issues with signal quality, spatial resolution, standardized data analysis, and its limited ability to elucidate specific mechanisms of neural recovery. Addressing these challenges will require continued research and technological development.

The integration of multiple imaging modalities to jointly assess consciousness states presents a promising avenue for improving clinical diagnosis and prognosis. fNIRS stands out as a non-invasive, portable, and reliable method for assessing neural activity and evaluating therapeutic outcomes in DoC patients. Its ability to capture real-time brain function changes positions it as a critical tool for guiding treatment strategies and monitoring the efficacy of neuromodulation therapies. Nevertheless, further research is essential to enhance its accuracy, spatial resolution, and integration with other neuroimaging techniques, thereby unlocking its full clinical potential.
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Changes in cerebral cortex activation during upright standing tasks in individuals with chronic neck pain: an fNIRS study
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Introduction: Studies show that individuals with chronic neck pain (CNP) exhibit postural control deficits, potentially contributing to persistent and recurrent pain. However, the neural mechanisms underlying these deficits in CNP remain unexplored despite their importance for developing effective rehabilitation strategies. Therefore, this study aimed to investigate the neural activity during postural control using functional near-infrared spectroscopy (fNIRS), providing insights into the central mechanism underlying postural control deficits in individuals with CNP.
Methods: In this cross-sectional study, 10 individuals with CNP (CNP group) and 10 healthy controls (HC group) were assessed under three conditions: Task 1, standing on a force plate with eyes open and both feet; Task 2, standing on a force plate with eyes closed and both feet; Task 3, standing on a force plate with eyes closed and one foot. Cerebral cortex hemodynamic reactions, including bilateral prefrontal cortex (PFC), dorsolateral prefrontal cortex (DLPFC), pre-motor cortex and supplementary motor area (PMC/SMA), primary motor cortex (M1), and primary somatosensory cortex (S1) were measured using fNIRS. Balance parameters, including the sway area, total sway length, mean velocity, and center of pressure (COP) amplitude in the anterior–posterior (AP) and medial-lateral (ML) directions, were measured using a force plate.
Results: In Tasks 1 and 2, no differences were observed between both groups in balance parameters. However, the CNP group exhibited significantly higher activation in the left PMC/SMA (F = 4.788, p = 0.042) and M1 (F = 9.598, p = 0.006) in Task 1 and lower activation in the left (F = 4.952, p = 0.039) and right (F = 6.035, p = 0.024) PFC in Task 2 compared to that of the HC group. In Task 3, the CNP group exhibited a significantly larger COP amplitude in the AP direction (F = 7.057, p = 0.016) compared to that of the HC group. Additionally, activation in the right M1 (F = 7.873, p = 0.012) was significantly higher than in the HC group. Correlation analysis in Task 3 revealed stronger associations between the parameters in the CNP group.
Conclusion: Our findings suggest that individuals with CNP exhibit distinct patterns of cerebral cortex activities and postural control deficits. The PFC, M1, and PMC/SMA were involved in maintaining upright standing balance, and cerebral cortex changes associated with upright standing balance provide a more sensitive indicator of postural control deficits than peripheral balance parameters in individuals with CNP.
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1 Introduction

Chronic neck pain (CNP) has become a widespread global health issue. Global data indicated that approximately 203 million people were affected by neck pain in 2020, and this number is projected to rise to 269 million by 2050 (1). CNP affects individuals and society, contributing to a substantial economic burden through healthcare costs, decreased productivity, and low quality of life (2–4). The burden of this condition is likely to continue increasing in the future, particularly among aging populations and individuals in high-risk occupations (5). The etiology of CNP is complex, with evidence suggesting that changes in the structure and function of neck musculature may play a key role in its development (6–8). These changes may impair posture control—an essential function that primarily relies on the integration of sensory inputs, neuromuscular regulation, and coordinated muscular responses (9). Moreover, research highlights a relationship between CNP and impaired postural balance, indicating a potential bidirectional interaction where each condition may exacerbate the other (10). Exploring the cortical activation and further understanding the mechanisms underlying impaired postural control in individuals with CNP is essential for developing targeted rehabilitation strategies that address pain management and functional stability.

Postural control involves involuntary and voluntary components. Voluntary postural control specifically refers to the ability to maintain stability and spatial orientation during self-initiated movements (11). Voluntary postural control is essential for performing daily life activities, as it enables individuals to coordinate movement while maintaining stability. Research focusing on voluntary postural control in the context of real-life activities is particularly valuable, as it offers insights directly relevant to the functional tasks individuals encounter in daily life. The Balance Evaluation System Test (BESTest) is a widely used tool for assessing voluntary postural control abilities. Common tasks in the BESTest include standing with the feet together and eyes open, standing with the feet together and eyes closed, and single-leg stance. These tasks provide valuable insight into postural control under varying sensory conditions (12). Studies show that individuals with impaired proprioception can compensate by relying on visual feedback, effectively stabilizing their posture despite deficits in proprioceptive input (13, 14). Therefore, assessing postural control in conditions where vision is removed, such as during eyes-closed tasks, may more effectively isolate proprioceptive deficits and elucidate underlying issues in postural control mechanisms.

Neuroimaging studies indicate that both direct and indirect motor networks are essential for postural control in CNP (15, 16). The direct motor network, including the primary motor cortex (M1) and cerebellum, is primarily responsible for motor execution. In contrast, the indirect motor network, involving regions such as the prefrontal cortex (PFC) and the supplementary motor area, plays a key role in motor planning and coordination (17). Previous research utilizing functional magnetic resonance imaging (fMRI) has explored functional and structural changes in the brains of patients with CNP, revealing potential links between postural control deficits and altered brain function (18, 19). One study indicates decreased gray matter volume in the right mid-cingulate cortex, right superior temporal gyrus, and right precuneus in people with CNP, alongside reduced functional connectivity between the right precuneus and bilateral medial PFC (18). Another study reports enhanced functional coupling between the left amygdala and frontal operculum in individuals with CNP at rest (19), while another indicates altered network properties in the posterior cingulate cortex, amygdala, and globus pallidus (20). These findings suggest a reorganization of brain networks, highlighting the importance of targeted brain-based interventions in rehabilitating CNP. Functional near-infrared spectroscopy (fNIRS) has also been employed in chronic pain research, revealing that postural control during an upright stance is maintained by the pre-motor cortex and supplementary motor area (PMC/SMA) alongside the dorsolateral prefrontal cortex (DLPFC), in patients with chronic low back pain (21). However, studies specifically linking fNIRS cerebral cortex activation to postural control deficits in CNP remain limited, highlighting the need for further exploration in this area.

fNIRS is a noninvasive optical neuroimaging technique that relies on neurovascular coupling and spectroscopy principles, offering a unique observational tool for basic neuroscience and clinical applications (22). Compared to traditional neuroimaging methods, fNIRS provides unique advantages for studying postural control. First, its high flexibility allows data collection without requiring a stationary position, making it particularly well-suited for dynamic tasks. Second, fNIRS can effectively detect and correct motion artifacts, ensuring high-quality signals even during movement. Finally, with its high temporal and spatial resolution, fNIRS enables real-time monitoring of oxygenation changes within the cerebral cortex, providing valuable insights into functional brain activity (23, 24). These advantages make fNIRS highly suitable for investigating neural activity involved in postural control (25). Despite these advantages, studies employing fNIRS to assess postural control ability during upright standing tasks in individuals with CNP remain lacking.

Therefore, this study aimed to investigate cerebral cortex activation in individuals with CNP using fNIRS while performing various upright standing tasks on a force plate. We hypothesized that individuals with CNP would exhibit postural control deficits, characterized by increased cerebral cortex activation compared to that of healthy individuals and that balance parameters would correlate with cerebral cortex activation levels. The results would contribute to the understanding of neural activity during postural control in individuals with CNP, offering valuable insights for further exploration of the central mechanism underlying postural control deficits.



2 Materials and methods


2.1 Participants

The participants were recruited from the Department of Rehabilitation at the Second Affiliated Hospital of Guangxi Medical University and nearby communities. Overall, 10 individuals with CNP (CNP group) and 10 healthy controls (HC group) were enrolled in this study. Approval was obtained from the Ethics Committee of the Second Affiliated Hospital of Guangxi Medical University (approval number: 2024-KY (0747)). All participants provided written informed consent in accordance with the Declaration of Helsinki.

The sample size was calculated using G*Power 3.1.9.2 (Kiel University, Kiel, Germany). Based on previous research on static standing balance function in individuals with CNP and healthy controls (26), the center of pressure (COP) amplitude in the anterior–posterior (AP) direction during eyes-closed standing was reported as 39.89 mm and 29.23 mm for individuals with CNP and healthy controls, with standard deviations (SD) of 9.47 mm and 8.27 mm, respectively. The calculated effect size was 1.20. With an α-level set at 0.05, a power of 0.8, and an allocation ratio of 1:1 between both groups, the final sample size was determined to be 20 participants, with 10 in each group.

The inclusion criteria were as follows: (a) neck pain or discomfort lasting ≥3 months; (b) a Numeric Pain Rating Scale (NPRS) score of ≥3 and a Neck Disability Index (NDI) score of ≥10; (c) right-handed; (d) aged between 18 and 75 years; and (e) able to stand independently as required for the study. The exclusion criteria were as follows: (a) use of medications that could affect postural stability (e.g., sedatives or hypnotics); (b) history of hip or knee joint replacement surgery affecting standing; (c) presence of other musculoskeletal pain that could affect balance (e.g., low back and leg pain); (d) neurological or sensory disorders that impair postural stability (e.g., diabetes, Parkinson’s disease, peripheral neuropathy, cerebellar disorders, vestibular diseases, psychiatric disorders, or visual or hearing impairments); and (e) pregnancy.



2.2 Clinical measurements

Demographic data, including sex, age, height, weight, Body Mass Index (BMI), years of education, and duration of pain, were primarily collected through self-report by the participants. The Berg Balance Scale (BBS) was used to assess the balance function of the participants. The scale consists of 14 items, with a total score of 56 points; higher scores indicate a better balance function. The reliability of the scale is 0.97 (27). The NPRS was used to measure pain intensity in individuals with CNP, with scores ranging from 0 to 10, where higher scores indicate greater pain severity. The intraclass correlation coefficient for the NPRS is 0.99, and the area under the curve is 0.88, making it the preferred tool for assessing pain severity (28). The NDI was used to assess the level of functional disability in individuals with CNP. The total score ranges from 0 to 50 points, with higher scores indicating greater severe functional disability. The reliability of the Chinese version of the NDI is 0.92 (29). The above measurement indices were collected before commencing the upright standing tasks, taking approximately 30 min.



2.3 Kinematic measurements

The balance parameters of both groups during the upright standing tasks were assessed using the AL-600 Gait and Balance Function Training and Evaluation System (Aili Intelligent Technology Co., Ltd., Hefei, China). The system includes 2,400 pressure array sensors, a high-precision sensor force plate (400 × 600 mm), a high-speed matrix acquisition circuit with a sampling frequency of 100 Hz, and software modules. The system calculates the COP trajectory and sway area based on the pressure distribution across the contact surface, and it can display the real-time position of the COP on the screen. Based on previous studies on upright standing (30, 31), the balance parameters assessed in this study included the sway area, total sway length, mean velocity, and COP amplitude in the AP and medial-lateral (ML) directions. The COP amplitude in the AP and ML directions was calculated based on the movement of the COP in the sagittal and coronal planes, respectively. The sway area represented the surface area covered by the COP during motion. The mean velocity was obtained by dividing the total displacement of the COP by the task duration. The total sway length represents the cumulative distance traveled by the COP.



2.4 fNIRS measurements and data processing

In this study, a multichannel fNIRS device (NirSmart, Danyang Huichuang Medical Equipment Co., Ltd., Jiangsu, China) was used to detect changes in the concentrations of oxygenated hemoglobin (HbO) in the region of interest (ROI) during upright standing tasks. These changes reflected cerebral cortex activation. The device consists of near-infrared light sources (light-emitting diodes, LED) and avalanche photodiodes as detectors. The wavelengths were set to 730 and 850 nm, with data sampled at a frequency of 11 Hz. Twenty-three sources and 15 detectors were used in the experiment to create 49 measurement channels, with an average distance of 3.0 cm between the source and detector. The probe coordinates were positioned according to the international 10–20 system, then converted into MNI coordinates and projected onto the MNI standard brain template using a spatial registration approach in NirSpace (Danyang Huichuang Medical Equipment Co., Ltd., Jiangsu, China). Based on previous studies (21, 32), the ROIs in this study included the left and right PFC, DLPFC, PMC/SMA, M1, and primary somatosensory cortex (S1). The left PFC consisted of channels 26, 30, 31, 35, and 36, while the right PFC comprised channels 19, 20, 21, 22, and 24. The left and right DLPFC were covered by channels 37 and 18, respectively. The left PMC/SMA was composed of channels 28, 33, 34, 41, 43, and 49, while the right was comprised of channels 2, 6, 8, 14, 15, and 17. The left and right M1 were covered by channels 32 and 13, respectively. The left and right S1 were represented by channels 40, 42 and 13, respectively (Figure 1). Group analysis was performed based on these ROIs.

[image: Diagram of a head with sources and detectors arranged across different brain regions. Purple circles represent sources and blue circles represent detectors. Colored lines outline specific brain areas: red for PFC, yellow for DLPFC, green for PMC/SMA, and black for M1 and S1. Arrows and numbers indicate connections between sources and detectors across these regions.]

FIGURE 1
 Channel composition of the ROIs. S, source; D, detector; PFC, prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; PMC/SMA, pre-motor cortex and supplementary motor area; M1, primary motor cortex; S1, primary somatosensory cortex; ROI, region of interest.


The original data collected were preprocessed using NirSpark, a MATLAB-based optical imaging software (Danyang Huichuang Medical Equipment Co., Ltd., Jiangsu, China). The specific steps were as follows: First, the raw intensity data were converted into optical density data. Second, a spline interpolation algorithm was applied to the resulting signals to correct motion artifacts by channels. The advantage of spline interpolation was that it selectively corrected only the pre-localized artifacts. Third, a bandpass filter (0.01–0.2 Hz) was applied to eliminate noise caused by physiological fluctuations, such as pulse and respiration. Finally, the modified Beer–Lambert law was used to calculate the relative changes in hemoglobin concentration, specifically in HbO and deoxygen-hemoglobin (33), with differential pathlength factor setting as 6 for each wavelength. Our study focused solely on changes in HbO concentration. We performed baseline correction on the HbO concentration during the first 5 s before the upright standing task and calculated the change in HbO concentration during the task relative to the baseline. This reflected cerebral cortex activation (34). The HbO concentrations for each block paradigm were superimposed and averaged to generate a block average result.



2.5 Experiment procedures

Participants performed three upright standing tasks with varying difficulties: Task 1: standing on the force plate with eyes open and both feet; Task 2: standing on the force plate with eyes closed and both feet; Task 3: standing on the force plate with eyes closed and one foot (Figure 2A). These tasks have been employed in previous researches on upright standing balance (26, 35). Before beginning the tasks, the surrounding environment was ensured to be quiet and well-lit. The participants were instructed to remove their shoes and practice the upright standing tasks twice under the guidance of a therapist. The task order was blinded to the participants. Following that, they donned the fNIRS device and stood on the force plate. Participants maintained a natural standing posture with their arms relaxed at their sides, facing a point on the wall at eye level, approximately 1.5 m away (36), then the data of the baseline period was collected. In the experimental period, each task was standardized and repeated twice. For the relatively simple tasks (1 and 2), the duration was set to 60 s. Based on our prior experimental experience, the more challenging Task 3 was designed to ensure a higher completion rate with a 10 s duration. After each task, participants rested for 60 s to allow HbO concentration to return to baseline (Figure 2B), maintaining the same posture as the baseline period. If participants spoke, fell, or moved from the initial position during the tasks, the measurement was terminated. They were given 10 min rest before attempting the tasks again. Throughout the task, the therapist was unaware of the pain conditions of the participants. The average value from the repeated trials was taken and used for analysis.

[image: A series of three images shows a person performing balance tasks on a force plate, with fNIRS equipment. In Task 1 and Task 2, both feet are on the plate, while in Task 3, one foot is lifted. The person is wearing a helmet and mask. Below, a timeline diagram outlines the experiment phases: a 10-second baseline, followed by two repetitions of Task 1 for 60 seconds, Task 2 for 60 seconds, and Task 3 for 10 seconds, each followed by 60 seconds of rest.]

FIGURE 2
 (A) Diagram of three upright standing tasks. (B) fNIRS measurement procedure. Task 1: standing on the force plate with eyes open and both feet; Task 2: standing on the force plate with eyes closed and both feet; Task 3: standing on the force plate with eyes closed and one foot.




2.6 Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics version 23.0 (IBM Corp., Armonk, NY, United States). Continuous variables were presented as mean ± SD, while categorical variables were expressed as frequencies and percentages. The Chi-square test was used to analyze differences in gender and occupation between the two groups. The Kolmogorov–Smirnov test was used to assess the normality of data for age, height, weight, BMI, years of education, and duration of pain. An independent t-test was conducted for normally distributed data, while a non-parametric test was applied to data that did not meet the normality assumption. A one-way analysis of variance (ANOVA) or a non-parametric test was used to determine significant differences in HbO concentration and kinematic parameters during the upright standing tasks between the two groups. Statistical results were adjusted for multiple comparisons across ROIs using the false discovery rate (FDR) method (37). Pearson’s correlation analysis was used to evaluate the relationship between HbO concentration and kinematic parameters when the data followed a normal distribution; otherwise, Spearman’s correlation analysis was applied. GraphPad Prism 10.0 software was utilized for chart editing. p < 0.05 was considered statistically significant.




3 Results


3.1 Demographic characteristics

Statistical analysis revealed no significant differences between the two groups in gender, age, height, BMI, or years of education (p > 0.05). Furthermore, no statistically significant differences were observed in BBS scores between the groups (p > 0.05). Participants in the CNP group reported an average pain duration of 49 months, with a mean NPRS score of 5.4 and an NDI score of 16.3 (Table 1).



TABLE 1 The demographic characteristics of the two groups (mean ± SD).
[image: Table comparing variables between HC and CNP groups with ten participants each. Variables include sex distribution (80% female, 20% male in both groups), age, height, weight, BMI, years of education, Berg Balance Scale (BBS), duration of pain, Numeric Pain Rating Scale (NPRS), and Neck Disability Index (NDI). P-values show differences, with notable values being age (0.106), years of education (0.496), and BBS (0.003). NPRS and NDI values are only applicable to the CNP group.]



3.2 Comparison of upright standing balance performance between groups

A one-way ANOVA revealed no significant differences between the two groups in the six balance parameters during Task 1 and Task 2 (p > 0.05). However, in Task 3, the COP amplitude in the AP direction for the CNP group was significantly greater than that for the HC group (F = 7.057, p = 0.016, η2 = 0.282), with no significant differences observed in the other parameters (p > 0.05) (Table 2).



TABLE 2 Results of the one-way ANOVA for balance parameters during upright standing tasks between the groups (mean ± SD).
[image: Table comparing postural control variables between health control (HC) and chronic neck pain (CNP) groups for three tasks. Variables include COP amplitude (AP and ML), mean velocity (AP and ML), total sway length, and sway area. Each task has mean values, F-statistic, p-value, and eta squared for both groups. Task 1 involves standing with eyes open, Task 2 with eyes closed, and Task 3 with one foot. Significant differences are indicated in bold.]



3.3 Results of cerebral cortex activation between groups during tasks

A one-way ANOVA revealed that the CNP group exhibited significantly higher cerebral cortex activation in the left PMC/SMA (F = 4.788, p = 0.042, η2 = 0.210) and left M1 (F = 9.598, p = 0.006, η2 = 0.348) than in the HC group during Task 1 (Figure 3A). During Task 2, the CNP group exhibited significantly lower cerebral cortex activation in the left PFC (F = 4.952, p = 0.039, η2 = 0.216) and right PFC (F = 6.035, p = 0.024, η2 = 0.251) than in the HC group (Figure 3B). In contrast, during Task 3, the CNP group demonstrated significantly higher cerebral cortex activation in the right M1 (F = 7.873, p = 0.012, η2 = 0.304) than in the HC group (Figure 3C). Figure 4 illustrates the 3D brain map depicting average cerebral cortex activation across the three tasks for both groups.

[image: Bar graphs labeled A, B, and C compare HbO levels between HC and CNP groups across different tasks. Task 1 (A) shows notable differences at L-PFC and R-DLPFC; Task 2 (B) at L-PFC and L-DLPFC; Task 3 (C) at R-DLPFC. HC is red, CNP is blue. Error bars indicate variability.]

FIGURE 3
 Comparison of the cerebral cortex activation during (A) tasks 1, (B) 2, and (C) 3 between both groups. L, left; R, right; PFC, prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; PMC/SMA, pre-motor cortex and supplementary motor area; M1, primary motor cortex; S1, primary somatosensory cortex; * p < 0.05; ** p < 0.01; Error bars indicate 95% confidence interval.


[image: Six 3D brain maps showing hemoglobin concentration (HbO) variations across tasks and groups. Top row (A-C) depicts the HC group across Tasks 1 to 3, showing color gradients from blue to red. Bottom row (D-F) displays the CNP group for the same tasks. A color scale on the right indicates HbO levels from -0.06 (blue) to 0.14 (red).]

FIGURE 4
 3D brain map of average cerebral cortex activation in tasks (A) 1, (B) 2, and (C) 3 in the HC group and tasks (D) 1, (E) 2, and (F) 3 in the CNP group. Red and blue represent hyperactivation and hypoactivation, respectively.




3.4 Association between cerebral cortex oxygenated hemoglobin and upright standing balance parameters

Correlation analysis revealed a significant positive correlation between activation in the left S1 and COP amplitude in the AP direction (r = 0.727, p = 0.017) in the HC group during Task 3. While in the CNP group, significant correlations were observed between the following indicators: right DLPFC activation and COP amplitude in the AP direction (r = −0.800, p = 0.005), right DLPFC activation and COP amplitude in the ML direction (r = −0.803, p = 0.005), right DLPFC activation and sway area (r = −0.841, p = 0.002), left S1 activation and COP amplitude in the ML direction (r = 0.689, p = 0.028), and left S1 activation and sway area (r = 0.688, p = 0.028) (Figure 5).

[image: Heatmaps comparing the HC group and CNP group for Task 3. Panel A shows the HC group with red and blue color gradients indicating varying levels. Panel B shows the CNP group, highlighting significant differences with asterisks. Both panels use a color scale from -1 (blue) to 1 (red), with labels including L-PFC, R-PFC, and other brain regions on the y-axis, and different measures on the x-axis.]

FIGURE 5
 Heat map of the correlation between cerebral cortex HbO and upright standing balance parameters in the (A) HC and (B) CNP groups during task 3. L, left; R, right; PFC, prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; PMC/SMA, pre-motor cortex and supplementary motor area; M1, primary motor cortex; S1, primary somatosensory cortex; * p < 0.05; ** p < 0.01.





4 Discussion

Previous studies have demonstrated that individuals with CNP experience postural control deficits. To investigate the cortical activation for better understanding the central mechanisms underlying these deficits, balance performance and cerebral cortex activation across three different upright standing tasks were examined in this study, and the relationship between the two factors was further explored. In this study, significant differences were observed in cerebral cortex activation between the two groups across all upright standing tasks. During Task 3, the CNP group exhibited poorer balance performance in several balance parameters. A correlation between cerebral cortex activation and balance performance was observed in the CNP group, while this correlation was significantly absent in the HC group. These findings are discussed in detail below.

Postural control refers to the ability to maintain, achieve, or restore balance in any posture. This complex process involves the integration of visual, vestibular, and proprioceptive systems. The interaction among these sensory systems facilitates effective postural adjustments essential for maintaining stability in various environments (9). In this study, no significant differences were observed in balance parameters between the CNP and HC groups during the simpler tasks (Task 1 and Task 2). However, when visual input was removed, and task difficulty increased in Task 3, a significant difference was observed between the two groups. The CNP group specifically exhibited a larger COP amplitude in the AP direction than the HC group, with a large effect size of 0.282. These findings suggest that postural control deficits in individuals with CNP may not be evident during less challenging tasks, especially when visual input is available to compensate for proprioceptive deficits. Additionally, previous studies using the eyes-open Romberg test reported no significant differences in postural performance between the CNP and HC group, indicating that individuals with CNP may rely on visual cues to compensate for proprioceptive impairments (38). However, despite the removal of visual input during Task 2, no differences in balance parameters were observed between the two groups in this study. This outcome may be due to the small sample size, as the differences between COP amplitude in the ML direction (p = 0.052) and total sway (p = 0.097) between the two groups were approaching statistical significance. Furthermore, previous studies have shown increased total sway area and COP amplitude range in individuals with CNP; however, no group differences were observed in simple eyes-open static balance tasks (26, 39–41). These findings are consistent with those of previous studies, emphasizing that postural control deficits in individuals with CNP are more pronounced under conditions that challenge sensory integration.

fNIRS offers several advantages that make it particularly suitable for this study, including portability, non-invasiveness, and low sensitivity to motion artifacts during dynamic balance tasks. These features enable concurrent measurement of cerebral cortex activation during upright standing tasks. In this study, the CNP group exhibited significantly higher activation than the HC group in the left PMC/SMA and M1 during the simple Task 1, with a large effect size of 0.210 and 0.348. A previous study investigating postural control in individuals with chronic low back pain reported similar cerebral cortex activation patterns during Task 1 (21), suggesting that individuals with CNP may require additional cortical resources to manage both the demands of postural control and the interference caused by pain. These findings indicate that cerebral cortex activation may detect postural control impairments more sensitively than balance parameters measured through the force plate, as no significant differences were observed in balance parameters during Task 1. In Task 2, where visual input was blocked, the HC group exhibited significantly greater cerebral cortex activation in the left and right PFC than the CNP group, with a large effect size of 0.216 and 0.251. The PFC is involved in higher cognitive functions and plays a critical role in task adaptation and movement regulation (42). The findings suggest that the reduced PFC activation in the CNP group may contribute to the significantly larger sway area observed in these individuals. A previous study has shown that chronic pain can lead to central sensitization, resulting in an exaggerated response to non-painful stimuli (43), thereby accelerating energy depletion and manifesting as reduced cerebral cortex activation. In the more challenging Task 3 involving visual deprivation, the CNP group exhibited significantly greater activation in the right M1 than the HC group, with a large effect size of 0.304. The M1 is primarily responsible for executing fine motor movements and controlling body parts (44). As the upright standing task became more challenging, the difference in postural control between the two groups became more pronounced. Given that all participants in this study were right-handed, the left hemisphere of the brain was the dominant hemisphere (45). For the CNP group, activation of the left M1 alone was insufficient to support the task, leading to greater reliance on the right M1 activation to complete it. These findings suggest that individuals with CNP can depend on compensatory mechanisms, engaging additional cerebral cortex areas to maintain postural control, reflecting the ability of the brain to adapt and redistribute functional load (46).

In the correlation analysis, the HC group exhibited a significant positive correlation between activation in the left S1 and COP amplitude in the AP direction only during Task 3. In contrast, the activation in the left S1 exhibited a significant positive correlation with COP amplitude in the ML direction and sway area in the CNP group. Moreover, significant negative correlations between activation in the right DLPFC and both COP amplitude in the AP and ML directions, along with the sway area, were observed in the CNP group during Task 3. Previous study has shown that the S1 is primarily responsible for sensory information processing, motor coordination, and maintaining balance (47). In both the HC group and the CNP group, balance must be maintained during task 3. At the same time, according to the contralateral control principle (48), for right-handed individuals, the left hemisphere of the brain controls the movement and sensation of the right side of the body. Therefore, the results showed correlation between the left S1 and balance parameters. In the CNP group, the right DLPFC was significantly associated with balance parameters, a phenomenon that was not observed in the HC group. The phenomenon potentially occurred because individuals with CNP experienced the dual challenge of maintaining an upright standing posture while managing pain, necessitating the recruitment of broader cerebral cortex regions to support task execution. As postural control ability declined, individuals with CNP required activation of a greater area of the cerebral cortex to maintain normal balance performance during the more challenging Task 3. Specifically, the multivariate correlations between cerebral cortex activation and balance parameters in the CNP group suggested a neural compensatory response. Individuals with CNP recruited right DLPFC activation to compensate for impaired sensorimotor function.

This study has some limitations. First, neck muscle activity was not measured concurrently with the tasks, which limited the ability to assess the relationship between cerebral cortex activation, muscle activity, and postural control ability. Consequently, a deeper understanding of the central and peripheral mechanisms underlying impaired postural control in individuals with CNP was not possible. Second, a relatively small sample size was selected based on a previous study, which may have introduced selection bias. Despite this limitation, significant results were still obtained. Third, to facilitate smooth recruitment and enhance the external validity of the study, we did not impose a restriction on the duration of previous physical therapy received by individuals with CNP, which may influence the results to some extent. Finally, because the fNIRS cap probe configuration did not cover the occipital lobe, we did not include the visual cortex as a ROI. However, the presence or absence of vision was the primary difference between Task 1 and Task 2. Exploring the activation of the visual cortex would further contribute to a comprehensive understanding of brain activities in the posture control process of individuals with CNP. Further research is necessary to validate these findings and investigate additional potential indicators and neural mechanisms underlying impaired postural control in individuals with CNP.



5 Conclusion

Consistent with previous studies, individuals with CNP exhibited impaired postural control. The fNIRS data for the CNP and HC groups revealed that the PFC, M1, and PMC/SMA were involved in upright standing tasks. Individuals with CNP exhibited increased activation in M1 and PMC/SMA during upright stance, while activation in the PFC was reduced. Further correlation analysis revealed a neural compensatory effect during upright standing tasks in individuals with CNP. These findings expand the understanding of cerebral cortex activity, balance performance, and their relationship in individuals with CNP during upright standing tasks. The results helped to elucidate the neural mechanisms underlying postural control dysfunction in individuals with CNP. Future research should investigate whether changes in cerebral cortex activity in individuals with CNP improve following rehabilitation.
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Understanding the intricate functions of the human brain requires multimodal approaches that integrate complementary neuroimaging techniques. This review systematically examines the integration of functional magnetic resonance imaging (fMRI) and functional near-infrared spectroscopy (fNIRs) in brain functional research, addressing their synergistic potential, methodological advancements, clinical and neuroscientific applications, and persistent challenges. We conducted a comprehensive literature review of 63 studies (from PubMed and Web of Science up to September 2024) using keyword combinations such as fMRI, fNIRs, and multimodal imaging. Our analysis reveals three key findings: (1) Methodological Synergy: Combining fMRI’s high spatial resolution with fNIRs’s superior temporal resolution and portability enables robust spatiotemporal mapping of neural activity, validated across motor, cognitive, and clinical tasks. Additionally, this study examines experimental paradigms and data processing techniques essential for effective multimodal neuroimaging. (2) Applications: The review categorizes integration methodologies into synchronous and asynchronous detection modes, highlighting their respective applications in spatial localization, validation of efficacy, and mechanism discovery. Synchronous and asynchronous integration modes have advanced research in neurological disorders (e.g., stroke, Alzheimer’s), social cognition, and neuroplasticity, while novel hyperscanning paradigms extend applications to naturalistic, interactive settings. (3) Challenges: Hardware incompatibilities (e.g., electromagnetic interference in MRI environments), experimental limitations (e.g., restricted motion paradigms), and data fusion complexities hinder widespread adoption. The future direction emphasizes hardware innovation (such as fNIR probe compatible with MRI), standardized protocol and data integration driven by machine learning, etc. to solve the depth limitation of fNIR and infer subcortical activities. This synthesis underscores the transformative potential of fMRI-fNIRs integration in bridging spatial and temporal gaps in neuroimaging, while enhancing diagnostic and therapeutic strategies and paving the way for future innovations in brain research.
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1 Introduction

Understanding the complex functions of the human brain stands as one of the most captivating and challenging endeavors in contemporary science. The brain orchestrates a myriad of cognitive, emotional, and motor processes, making the elucidation of its complex mechanisms crucial for advancing both fundamental neuroscience and clinical applications. Neurological and psychiatric disorders—such as Alzheimer’s disease, depression, and autism spectrum disorder—impose significant burdens on individuals and healthcare systems worldwide, underscoring the urgent need for advanced diagnostic and therapeutic tools (1). Consequently, the scientific community has intensified its efforts to decode brain activity, spurring the development and refinement of various neuroimaging techniques.

Currently, numerous brain studies rely on non-invasive imaging modalities that each offer unique insights into brain structure and function. Techniques such as electroencephalography (EEG), positron emission tomography (PET), fMRI and fNIRs have been instrumental in mapping brain activity, understanding cognitive processes, and evaluating the efficacy of interventions for brain disorders (2). Among these, fMRI and fNIRs stand out as particularly impactful tools in cognitive neuroscience and clinical research due to their distinct advantages and complementary capabilities (3).


1.1 The fundamental basis of fMRI

Since its inception in the early 1990s, fMRI has been a cornerstone of neuroimaging, owing to its ability to visualize deep brain structures and its widespread adoption in both research and clinical settings.

However, fMRI is not without limitations. The technique relies on expensive, immobile equipment, and its sensitivity to motion artifacts often impedes studies in dynamic or naturalistic environments (4).

Since its inception in the early 1990s, fMRI has been a cornerstone in neuroimaging, providing high-resolution spatial maps of brain activity by detecting the Blood Oxygen Level Dependent (BOLD) signals. This technique enables researchers to localize brain regions involved in specific cognitive and sensory tasks with millimeter-level precision, covering both cortical and subcortical structures, including the hippocampus, amygdala, and thalamus. The ability of fMRI to visualize deep brain structures and its non-invasive nature have made it indispensable in cognitive neuroscience, facilitating studies on sensory processing, motor control, emotional regulation, and complex cognitive functions such as memory, attention, and decision-making (5). Furthermore, fMRI’s whole-brain coverage supports the simultaneous examination of multiple brain areas network connections, making it particularly advantageous for investigating the neural mechanisms underlying psychiatric and neurological disorders (6) and assessing brain function in longitudinal studies (7).

However, fMRI is not without limitations. The temporal resolution of fMRI is constrained by the hemodynamic response, which typically lags behind neural activity by 4–6 s (8), with a BOLD signal sampling rate generally ranging from 0.33 to 2 Hz (9). Additionally, the requirement for participants to remain motionless within the scanner environment poses challenges for studying naturalistic behaviors and limits its applicability in populations prone to movement, such as children or individuals with motor impairments. The high cost and limited accessibility of fMRI facilities also restrict its widespread use, particularly in dynamic or naturalistic environment studies.



1.2 The fundamental basis of fNIRs

In contrast to fMRI, fNIRs has emerged as a promising alternative capable of addressing some inherent limitations of fMRI (10). By utilizing near-infrared light (650–950 nm) to measure changes in oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR) concentrations on the cortical surface, fNIRs provides an indirect measure of neural activity with superior temporal resolution, often achieving millisecond-level precision (11). This flexibility allows fNIRs to capture rapid neural dynamics and makes it particularly suitable for studies involving active behaviors and naturalistic settings, such as rehabilitation exercise, social interactions, and real-world cognitive tasks (12). Furthermore, the portability and cost-effectiveness of fNIRs systems facilitate brain imaging in various settings beyond the traditional laboratory, including bedside monitoring and field studies, and expand accessibility for a wide range of populations, including infants and individuals with motor disabilities (13).

However, fNIRs also has limitations. Its spatial resolution is typically lower than that of fMRI, generally ranging from 1 to 3 centimeters, which restricts the ability to precisely localize brain activity. Moreover, fNIRs is confined to monitoring superficial cortical regions due to the limited penetration depth of near-infrared light, making it unsuitable for investigating subcortical structures (14). Extracerebral factors, such as scalp blood flow and hair, can also confound fNIRs measurements, potentially impacting data accuracy. Despite these constraints, the unique advantages of fNIRs—particularly its resilience to motion artifacts and applicability in naturalistic environments—make it an invaluable tool in neuroimaging, especially when combined with other modalities like fMRI to achieve a more comprehensive understanding of brain function.



1.3 Motivation of the present review

As the complexity of brain research increases, it has become evident that no single imaging modality can comprehensively capture the multifaceted nature of brain function. Multimodal approaches, which integrate different neuroimaging technologies, offer a more holistic understanding by leveraging the strengths of each technique while mitigating their individual limitations. Among these, the combined use of fMRI and fNIRs has garnered significant attention. This multimodal strategy capitalizes on fMRI’s unparalleled spatial resolution and ability to probe deep brain structures, alongside fNIRs’s temporal precision and operational flexibility (15). The integration of these modalities facilitates the simultaneous acquisition of high-resolution spatial data and real-time temporal information, providing a richer and more nuanced picture of neural activity.

The synergy between fMRI and fNIRs extends beyond mere data acquisition; it encompasses methodological advancements in data fusion, analysis, and interpretation. By aligning the spatially detailed fMRI maps with the temporally dynamic fNIRs signals, researchers can achieve a more comprehensive characterization of brain processes, enhancing the accuracy of neural correlates and connectivity analyses. Furthermore, this combined approach is particularly advantageous in clinical settings, where the portability of fNIRs allows for bedside monitoring of patients alongside the detailed structural and functional insights provided by fMRI (16). In this study, the search for relevant peer-reviewed articles describing the combined use of fNIRs and fMRI design was conducted on PubMed and Web of Science as literature sources. The following keyword combinations were used in the literature search: ((fNIRs) OR (NIRs) OR (functional near-infrared spectroscopy) OR (near-infrared spectroscopy)), AND ((fMRI) OR (MRI) OR (Functional Magnetic Resonance Imaging) OR (Magnetic Resonance Imaging)), AND ((integration) OR (combination) OR (multimodal imaging)). Only articles that were published in English through September 30, 2024, were included, identifying approximately 600 articles (Figure 1). After careful screening of abstracts and full texts, 63 studies were selected that focused on the simultaneous or integrated use of fMRI and fNIRs in neuroimaging research. These studies were meticulously analyzed, yielding critical insights into integration techniques, experimental paradigms, and data analysis methods. The review spanned diverse applications, ranging from cognitive and motor tasks to social interactions and clinical diagnostics. Various modes of integration were observed, including synchronous data acquisition and asynchronous data acquisition. This comprehensive review highlights not only the current state of combined fMRI-fNIRs research but also identifies emerging trends and future research directions, providing a detailed overview of both advancements and challenges in this evolving field.

[image: Flowchart of a study selection process. The initial search yielded 447 records from Web of Science and 476 from PubMed, totaling 923. After removing duplicates, 587 records remained. Prescreening excluded 526 records for not involving simultaneous fMRI-fNIRS methodologies or being reviews. After abstract reading, 71 records remained, and after full-text reading, 63 records. Eight were excluded for non-human studies or lack of methodological details, resulting in 63 articles on combined fMRI-fNIRS applications.]

FIGURE 1
 PRISMA flow diagram for the literature review and article selection.





2 The advantages of the integrating of fMRI and fNIRs

Integrating multiple neuroimaging modalities has become increasingly prevalent in brain research, driven by the recognition that no single technique can fully capture the complexity of neural activity. Combining modalities, such as EEG with fNIRs, or PET with fMRI, has demonstrated significant advantages in expanding the depth and breadth of brain function analysis. Among these, the simultaneous use of fMRI and fNIRs has garnered considerable attention due to their complementary strengths and potential for synergistic insights (17).


2.1 Significance of integrating fMRI and fNIRs

Both fMRI and fNIRs measure hemodynamic responses related to neural activity, however, they fundamentally differ in their spatial resolution, temporal resolution, resistance to motion interference, and portability. The integration of fMRI and fNIRs raises important questions regarding the redundancy and complementary value of combining similar hemodynamic-based techniques. Since both fMRI and fNIRs reflect blood oxygenation changes, with fMRI offering high spatial resolution across the entire brain, their combined use has become essential for validating the efficacy and reliability of fNIRs technology. Throughout the development of fNIRs, synchronized multimodal imaging has served as a crucial approach for confirming the utility of near-infrared imaging techniques in human brain science research (18).

fMRI provides high spatial resolution, enabling detailed localization of brain activity throughout the brain, including deep structures. In contrast, fNIRs, often referred to as a “wearable fMRI,” provides high temporal resolution, is resistant to motion artifacts, and is portable, allowing for the real-time monitoring of rapid cortical hemodynamic changes in more naturalistic settings. fNIRs’s ability to capture rapid hemodynamic fluctuations complements fMRI’s precise spatial mapping, enabling researchers to correlate real-time cortical activity with detailed brain region localization (19). This complementary nature suggests that integrating fMRI and fNIRs could leverage the strengths of both modalities, providing a more comprehensive picture of neural dynamics and facilitating studies that require movement or interaction, which are challenging within the confines of an MRI scanner.

The integration of fMRI and fNIRs has emerged as a powerful approach to advance our understanding of brain function in both clinical and neuroscience research. Applying the fNIRs hyperscanning approach to the synchronous integration of fMRI and fNIRs not only deepens the neuroscientific understanding of interpersonal interactions but also provides new tools and methods for cross-brain research in social behavior. This multimodal approach not only bridges the gaps left by each individual technique but also opens new avenues for understanding the intricate dynamics of neural activity in both controlled and naturalistic environments (20).



2.2 Integrating fMRI and fNIRs in clinical neurological diseases

In clinical settings, the combined use of fMRI and fNIRs enhances the diagnosis and management of neurological and psychiatric disorders. This integration is particularly valuable for conditions where real-time monitoring of brain function during naturalistic behaviors is crucial.

Stroke and traumatic brain injury (TBI) involve complex neural impairments. fMRI is essential in mapping affected brain areas and assessing damage extent in these conditions, yet its temporal limitations and sensitivity to motion artifacts reduce its effectiveness in dynamic, real-world settings (21, 22). fNIRs complements fMRI by allowing continuous, real-time monitoring of cortical activation, particularly useful in rehabilitation tasks and settings requiring movement or social interaction (23, 24). This combined imaging approach provides insights for personalized interventions in stroke and TBI and informs targeted therapies.

For disorders like Alzheimer’s, Parkinson’s, attention-deficit hyperactivity disorder (ADHD) and psychiatric conditions such as mood disorders and schizophrenia, fMRI reveals changes in neural connectivity (25–27), while fNIRs enhances functional assessment in outpatient settings (28–30). The integration facilitates early detection, tracks disease progression, and refines personalized treatment strategies, especially during real-world therapeutic interventions.

Additionally, chronic pain and neurodevelopmental studies in young children benefit from fMRI-fNIRs integration. fMRI identifies brain regions involved in pain perception (31), while fNIRs enables real-time monitoring during pain stimuli and is a flexible alternative for studying young children’s natural behaviors (32, 33). Together, these techniques improve understanding of pain mechanisms, brain development, and early intervention opportunities.



2.3 Integrating fMRI and fNIRs in neuroscience

The combined use of fMRI and fNIRs has greatly advanced neuroscience research, deepening our understanding of complex brain functions such as social cognition, neuroplasticity, and brain connectivity. This integration allows for the study of neural processes in both controlled and naturalistic settings, where fMRI provides high spatial resolution and fNIRs offers portability and real-time monitoring.

Specifically, the synergistic use of fMRI and fNIRs is particularly valuable in cognitive neuroscience (34), with fMRI identifying neural networks and fNIRs capturing the temporal dynamics of attention, memory, and decision-making. In studies of neuroplasticity, fMRI detects long-term structural changes (35), while fNIRs monitors short-term hemodynamic responses during learning and rehabilitation (36).

Furthermore, this multimodal integration has been especially influential in research on emotional processing (37), connectivity patterns (38), and real-world behaviors (39), offering insights that traditional lab settings may miss. Furthermore, the integration of fMRI and fNIRs drives methodological innovations, advancing data fusion and analysis to yield more reliable neuroimaging findings (40). Overall, this multimodal approach deepens our understanding of cognition, emotion, and social interaction, advancing both the theoretical and practical applications of neuroscience.




3 Hybrid method


3.1 The combined application modes of fMRI and fNIRs

The combined use patterns of fMRI and fNIRs can be broadly categorized into synchronous and asynchronous detection modes, each catering to distinct research methodologies and objectives. Table 1 systematically categorizes various studies that have employed combined fMRI-fNIRs methodologies, elucidating the diverse patterns of utilization and procedural implementations. Table 2 illustrates the advantages and limitations of synchronous and asynchronous detection. By consolidating these patterns, these tables facilitate a comprehensive understanding of how fMRI and fNIRs can be synergistically leveraged to overcome the limitations inherent to each modality when used independently.



TABLE 1 Overview of combined use patterns in fMRI and fNIRs studies.
[image: Table comparing detection modes in research methods and studies. Synchronous detection includes spatial localization and validation of efficacy with fMRI and fNIRS enhancing accuracy and interpretation. Mechanism discovery involves real-time analysis of cortical dynamics. Asynchronous detection focuses on validation of efficacy and mechanism discovery, emphasizing tracking and insights into neural mechanisms and connectivity.]



TABLE 2 Advantages and limitations of synchronous and asynchronous detection.
[image: Comparison table of synchronous and asynchronous detection modes in brain imaging. Synchronous detection advantages include real-time integration, spatial localization, comprehensive brain mapping, and results validation. Limitations involve limited experimental paradigms, compatibility requirements, subject comfort issues, and data artifacts. Asynchronous detection advantages include flexible measurements, minimized interference, a variety of experimental setups, and cost-effectiveness. Limitations include challenges in spatial localization, complex data integration, variability in subject states, and difficulty in controlling experimental conditions.]


3.1.1 Synchronous detection

Synchronous detection involves the simultaneous acquisition of fMRI and fNIRs data within the same experimental session. This approach allows for real-time correlation and integration of the spatially precise fMRI signals with the temporally sensitive fNIRs measurements, providing a holistic view of neural dynamics. The brain’s activities are complex and change all the time. Even though the brain’s activities are performing the same task at any time, there will always be deviations. If collected synchronously, data on brain activity in the same state can be obtained. Synchronous detection is primarily utilized to address research areas related to spatial localization, validation of efficacy, and mechanism discovery.

The synchronous integration of fMRI and fNIRs significantly enhances the spatial accuracy of hemodynamic measurements by combining fMRI’s millimeter-level spatial resolution with fNIRs’s capacity to capture rapid cortical hemodynamic changes (41, 42). Hocke et al. (43) optimized a multimodal fMRI and fNIRs probe, achieving ultrahigh-resolution mapping by leveraging the complementary strengths of both modalities. This innovation enables precise spatial and temporal mapping, highlighting the efficacy of integrated fMRI/fNIRs systems for enhanced brain mapping, particularly through improved localization and sensitivity profiles. Collectively, these advancements emphasize the potential of synchronous detection to refine spatial precision in fNIRs data, making it a valuable tool for detailed brain mapping.

Whether it is the early emergence of fNIRs or the current development of new fNIRs technologies, they are all being verified in conjunction with MRI, which is a very important and indispensable link. A critical application of synchronous detection lies in validating the efficacy of fNIRs by directly comparing its signals with those obtained from fMRI (44–46). Studies confirm fNIRs’s reliability alongside fMRI, demonstrating spatial–temporal concordance in motor, cognitive, and clinical tasks, highlighting its robustness in neuroimaging (47–49).

Synchronous detection is instrumental in mechanism discovery, particularly in elucidating the relationship between brain activity and blood flow, known as neurovascular coupling (NVC), and the hemodynamic response function (HRF), which describes the changes in blood flow following neural activity. Studies by Okamoto et al. (50) and Schroeter et al. (51) highlight fNIRs’s effectiveness in naturalistic tasks and its ability to capture hemoglobin dynamics in conjunction with fMRI, enhancing understanding of NVC. Further research by Heinzel et al. (52), Muthuraman et al. (53), and Liu et al. (54) underscores fNIRs’s ability to capture non-neuronal components of the BOLD signal, assess effective connectivity, which refers to the influence of one brain region over another, and even monitor activity in deeper brain areas. Additionally, studies by Vijayakrishnan Nair et al. (55) demonstrate its applicability in cerebrovascular assessments and personalized neuroimaging. Collectively, these studies validate fNIRs’s potential alongside fMRI for detailed neurovascular insights.



3.1.2 Asynchronous detection

Asynchronous detection refers to the sequential or separate acquisition of fMRI and fNIRs data within the same study or across different sessions. This approach offers distinct advantages and limitations that are crucial for its application in neuroimaging research. Asynchronous detection allows researchers to tailor each imaging session to the specific requirements of fMRI and fNIRs, offering better subject comfort without the constraints of simultaneous data acquisition. Conducting fMRI and fNIRs sessions separately can simplify the experimental setup, reducing technical and cost challenges associated with simultaneous measurements and avoiding potential interference between modalities. But the primary limitation of asynchronous detection is the inability to capture neural activity simultaneously with both modalities. This temporal separation can introduce variability due to changes in the subject’s physiological or psychological state between sessions, potentially confounding data interpretation. Despite its limitations, asynchronous detection plays a vital role in validating the efficacy of fNIRs across diverse experimental contexts and populations. This mode is particularly advantageous for validating the efficacy of fNIRs in diverse experimental contexts and populations and for exploring mechanisms that do not necessitate real-time data integration. Asynchronous detection is primarily utilized for validation of efficacy and mechanism discovery.

Asynchronous detection is widely employed to establish the reliability and applicability of fNIRs in motor, cognitive, and clinical tasks, and brain-computer interface studies (56–58). By demonstrating high spatial–temporal concordance with fMRI, asynchronous detection supports fNIRs as a valuable tool for continuous brain monitoring and longitudinal studies (59–61). Additionally, this mode allows for separate yet complementary analyses, facilitating insights into neurovascular mechanisms and the physiological basis of hemodynamic responses (62–64).



3.1.3 Detection modes analyses

The combined use of fMRI and fNIRs, through synchronous and asynchronous detection modes, offers a robust and flexible framework for advancing neuroimaging research. Synchronous detection excels in real-time integration and spatial localization, making it invaluable for studies requiring precise mapping of neural activity alongside temporal dynamics. Asynchronous detection provides the necessary flexibility for validating fNIRs across diverse experimental conditions and populations, facilitating mechanism discovery without the constraints of simultaneous data acquisition. fNIRs devices are portable and have strong resistance to motion interference. When used synchronously, their advantages cannot be fully utilized. New detection methods such as partially synchronized superscanning technology only one person wears the fNIRs device in the MRI room, while the others wear the fNIRs device outside (Figure 2). In this new methods, both synchronous and asynchronous combinations are used, the advantages of both can be fully utilized. These integrated use patterns enhance the robustness, reliability, and applicability of neuroimaging studies, paving the way for more comprehensive investigations into brain function and dysfunction (65–67).

[image: Illustration of an fMRI-fNIRS integrated experimental setup. Four people, wearing brain monitoring devices, are seated outside an MRI shielding room with equipment capturing brain responses. An individual inside the MRI machine, visible through a window, undergoes simultaneous measurement. The room is labeled “MRI shielding room.”]

FIGURE 2
 Schematic diagram of fMRI-fNIRs combined experimental tasks (including fMRI-fNIRs dual-modality acquisition of brain spatiotemporal response in a shielded room and ultra-high channel fNIRs acquisition of multi-person brain response outside a shielded room).





3.2 Experimental design

In studies combining fMRI and fNIRs, a well-designed experiment is essential to maximize the complementary advantages of these imaging modalities, capturing brain activation characteristics and network features to enable precise spatial localization, efficacy validation, and exploration of brain mechanisms. Although resting-state paradigms are commonly used, appropriate task-based paradigms may also be employed. The choice of experimental design depends on the mode of fMRI-fNIRs integration. In asynchronous modes, the design follows considerations for each imaging modality independently, capitalizing on fNIRs’s broader applicability. For synchronous modes, however, task paradigms compatible with MRI are preferred. Following a review of over 50 studies on combined fMRI-fNIRs applications, Table 3 presents a comprehensive summary of the experimental paradigms and study designs used in these works. The table categorizes the studies by task type, including resting-state, sensory stimulation, motor, cognitive, and language tasks, as well as specific design within some paradigms. The table provides a foundational reference for designing multimodal studies.



TABLE 3 Task in fMRI-fNIRs research.
[image: A table comparing asynchronous and synchronous detection of various tasks using fNIRs, fMRI, and combined fNIRs-fMRI. It includes categories such as resting-state tasks, motor tasks, cognitive tasks, visual tasks, auditory tasks, breath hold tasks, external stimulus tasks, and dual tasks. Each category lists tasks with corresponding numbers or checkmarks indicating detection methods. The table highlights how different neuroimaging techniques detect tasks asynchronously or synchronously, with specific tasks linked to numbered references.]

The choice of experimental paradigms plays a crucial role in multimodal integration studies, as it significantly influences the ability to maximize the advantages of this integration. Selecting an appropriate paradigm depends largely on the research objectives, such as whether the study involves synchronous or asynchronous integration. For synchronous integration, researchers must decide on the specific experimental mode to be employed, while for asynchronous integration, the emphasis is on optimizing its advantages by adopting paradigms suited to this approach. In the early stages of research, when the effectiveness of the experimental approach is uncertain, validation studies often utilize synchronous integration. Synchronous paradigms require compatibility across modalities, with a primary focus on those suitable for fMRI. Commonly adopted paradigms include resting-state conditions and simple motor tasks, such as finger-tapping exercises, which are frequently chosen for their compatibility and ease of implementation. For studies focusing on spatial localization, synchronous detection can effectively address localization tasks, while asynchronous integration allows for broader applications. Motion-based experimental paradigms are frequently utilized in asynchronous integration. During synchronous detection, spatial localization tasks are executed using paradigms involving small-scale movements. Following localization, asynchronous integration leverages the flexibility of fNIRs to explore more extensive and complex whole-body motion-related brain activities. Here, the choice of paradigms involves fine-tuned small-scale movements for synchronous integration, enabling fNIRs to monitor larger-scale activities effectively in asynchronous conditions. When investigating underlying mechanisms, more diverse experimental paradigms come into play. Some paradigms, however, are not fully compatible with fMRI. In such cases, traditional paradigms, such as the n-back task or the Stroop test, can be adapted to accommodate fMRI’s requirements. For instance, responses that traditionally involve vocal answers can be modified to use button-pressing methods, which are more suitable for fMRI detection. Similarly, motor tasks, including limb movements, must be carefully constrained for fMRI compatibility. For example, in body motor tasks (including limb movements), wrist joint tasks are typically restricted to slight flexion-extension movements from a neutral position to ensure compatibility with the scanner’s operational constraints.



3.3 Data processing methods

The integration of fMRI and fNIRs has emerged as a robust multimodal approach in cognitive neuroscience, providing complementary insights into cerebral hemodynamics and neural activity. By combining the spatial precision of fMRI with the temporal sensitivity and practical versatility of fNIRs, researchers can investigate brain dynamics and NVC in unprecedented detail. When conducting multimodal data, there are generally two primary approaches to data processing. One is to analyze the joint imaging data separately to obtain qualitative results, and then cross-integrate the processed results at the decision-making level. The other is to cross-integrate the joint imaging data at the data level or during the processing to obtain a common result. When conducting joint imaging research on fMRI and fNIRs, it is difficult to cross-integrate the data of the two modalities at the raw data level or analysis and processing stage, given the great differences between the collected fMRI and fNIRs data. Typically, the two types of data are processed separately and subsequently cross-integrated at the decision-making level (Figure 3). Effective data processing methods are essential to harness the complementary strengths of both techniques, enabling a more comprehensive understanding of brain function. This section provides a comprehensive review of the data processing methodologies employed in combined fMRI-fNIRs studies, underscoring the critical steps necessary for effective multimodal neuroimaging analysis.

[image: Flowchart outlining the combined analysis of fNIRs and fMRI data. It involves raw data preprocessing, resulting in processed data, followed by brain activation and network analysis. Different steps include signal conversion, noise reduction, slice timing correction, and more. At the decision-making level, results are compared. Specific methods for each type, like block averaging for fNIRs and ICA for fMRI, are listed on the side.]

FIGURE 3
 The schematic of fNIRs-fMRI data processing research methods.


The datasets of some of the research papers are already public. For example, you can visit https://leondlotter.github.io/MAsync/MAsync_analyses.html and https://osf.io/hf4cr/ to get a comprehensive understanding (61, 67).


3.3.1 Separate data processing and analysis

Processing fMRI data involves a sequence of preprocessing steps to refine the BOLD signals, which indirectly indicate neural activity through fluctuations in deoxyhemoglobin concentrations. The initial step, slice-timing correction, rectifies temporal inconsistencies arising from the sequential acquisition of brain slices, ensuring temporal alignment across the entire dataset. This is followed by motion correction, which mitigates artifacts resulting from head movements by applying rigid-body transformations to stabilize the brain images. Spatial normalization subsequently maps individual brain images onto standardized anatomical templates, such as the Montreal Neurological Institute (MNI) or Talairach atlases, thereby facilitating cross-subject and group-level analyses. To enhance the signal-to-noise ratio, spatial smoothing is performed using a Gaussian kernel, which helps in reducing anatomical variability and improving statistical power. Additionally, temporal filtering is employed to eliminate physiological noise and signal drifts outside the frequency range pertinent to neuronal activity, thereby isolating meaningful BOLD fluctuations. Since fNIRs and fMRI data are cross-integrated at the final decision layer, the activation results and network results obtained from fNIRs and fMRI are usually compared at the decision layer. For pre-processed fMRI data, block averaging, GLM and other analysis methods are usually used when analyzing brain activation, and functional connectivity, effective connectivity, default network and other analysis methods are usually studied when analyzing brain networks (68, 69).

Processing fNIRs data likewise involves a series of preprocessing steps, especially in signal noise and artifact handling. Effective denoising techniques, such as wavelet filtering and independent component analysis (ICA), are employed to remove physiological noise arising from cardiac pulsations and respiratory fluctuations. Motion artifact correction is critical, as movements can introduce significant distortions, strategies like spline interpolation and correlation-based methods are utilized to mitigate these effects. Moreover, Baseline correction is performed to eliminate slow signal drifts, either by subtracting pre-stimulus baselines or applying detrending algorithms, ensuring that the data accurately reflect neural activity. Accurate optical pathlength estimation is essential to account for individual variability in tissue absorption and scattering properties, enabling precise quantification of changes in HbO and HbR concentrations. After preprocessing, activation analysis and network analysis can be performed. The activation analysis of fNIRs is similar to that of fMRI, which usually uses analytical methods such as block averaging, GLM, and wavelet transform, etc. It can also perform the analysis of functional and effector network connections, which can be used to further go on to study the mechanisms of brain sciences based on a variety of parameters (68, 70).



3.3.2 Data processing method in combined fMRI-fNIRs studies

The integration of fMRI and fNIRs data necessitates meticulous strategies to reconcile their differing data characteristics. Preprocessing remains largely modality-specific due to the distinct signal acquisition mechanisms inherent to each technique. Spatial co-registration is a pivotal step, aligning the placement of fNIRs probes with anatomical references of fMRI images, such as three-dimensional (3D) digitizers or individualized MRI-based head models, which significantly enhance spatial accuracy (71, 72). Activation analyses within the integrated framework involve generating and overlaying activation maps from both fMRI and fNIRs to assess concordance in task-related brain responses. Metrics such as correlation coefficients and overlap indices are employed to quantify the consistency of activation patterns, thereby validating findings and highlighting the complementary insights provided by each modality. Furthermore, functional connectivity analyses are significantly enhanced by this integration, as functional connectivity matrices are constructed by correlating signals from regions of interest (ROIs) identified in both fMRI and fNIRs datasets. Graph theoretical approaches are then utilized to characterize network properties, including global efficiency, local efficiency, and node centrality. These metrics facilitate comparative analyses that can identify modality-specific network features, thereby enriching our understanding of brain network organization and dynamics (69, 73).





4 Challenges and future directions

While the integration of fMRI and fNIRs holds significant promise for advancing our understanding of brain function, several limitations and challenges must be addressed to fully realize its potential. This section critically examines these limitations, discussing their implications for research outcomes, and proposes future directions to overcome these challenges.


4.1 Challenges

Firstly, the synchronization of data acquisition in the integration of fMRI and fNIRs studies imposes stringent requirements on hardware compatibility and resources. fMRI operates within a strong magnetic field, necessitating meticulous control to mitigate potential electromagnetic interference. Meanwhile, fNIRs employs optical sensors, that may interact with the magnetic field of the MRI, raising safety concerns and introducing data artifacts during simultaneous acquisition. The combined use requires access to MRI facilities and specialized equipment for simultaneous data acquisition, which entails high operational costs and demands specialized skills (66). The development of fNIRs systems that are compatible with high-field MRI environments, utilizing non-metallic optodes and advanced shielding materials, remains a critical area of ongoing research (Figure 4d). Currently, the common solution is to place the fNIRs host in the main control room or the computer room, which is connected with the fNIRs cap through the ultra-long optical fiber (>8 m) to complete synchronous detection. Ultra-long optical fiber will bring signal attenuation, thus ensuring the quality of signal detection is also an urgent problem to be solved in synchronized imaging (Figure 4a).

[image: (a) MRI machine in a medical room with shelving. (b) Person wearing EEG cap with electrodes attached, lying face-up. (c) Another person with a similar setup. (d) Close-up of electrode wires and connectors used in EEG caps.]

FIGURE 4
 (a) Schematic diagram of the extra-long optical fiber in the fNIRs-fMRI simultaneous acquisition experiment. (b,c) Schematic diagram of the head cap and head detail reproduction in the fNIRs-fMRI simultaneous acquisition experiment. (d) The acquisition probe compatible with fMRI in the fNIRs-fMRI simultaneous acquisition experiment (it has the following properties: full brain coverage, ultra-thin probe, extra-long optical fiber, scalp fit, and no interference from magnetic fields).


In addition, ensuring the spatial compatibility between the MRI head coil and the fNIRs head cap remains a significant challenge. The head coil is essential for MRI head imaging, and reducing the spatial footprint of the fNIRs head cap is a critical consideration. Currently, some fNIRs manufacturers, such as Huichuang, have introduced offset probe designs to minimize the space occupied by the fNIRs head cap, enabling better adaptability to various head coils (Figures 4b,c). However, further efforts are required to reduce the spatial footprint of fNIRs probes and optical fibers, ensuring seamless integration with MRI systems.

Differences in experimental designs, task paradigms, and data processing techniques across studies present challenges for reproducibility and comparability (74). Variability in factors such as optode placement, signal processing methods, and statistical analyses can lead to inconsistent results. The absence of standardized guidelines for conducting combined fMRI-fNIRs research hinders the ability to generalize findings and draw definitive conclusions about brain function and dysfunction. Participants must remain still within the confined space of an MRI scanner, which constraint limits the types of tasks and behaviors that can be studied. Current fMRI-fNIRs integration studies predominantly rely on resting-state and simple motor tasks, limiting their applicability to more complex cognitive and social interaction scenarios. To fully leverage the advantages of combining fMRI and fNIRs, relying solely on simultaneous acquisition is insufficient. While simultaneous acquisition aligns temporal and spatial information from both modalities, it may limit fNIRs’s inherent robustness against motion artifacts.

Finally, aligning and synchronizing data from these modalities necessitates sophisticated computational methods and algorithms (11). Differences in data processing pipelines, such as signal filtering and statistical analysis, often lead to inconsistent results across studies, the lack of standardized protocols for multimodal data fusion complicates the interpretation of combined datasets. Furthermore, the limited penetration depth of near-infrared light restricts fNIRs to monitoring cortical surfaces, leaving subcortical structures inaccessible (44). Although some research try to improve the detection depth and resolution of fNIRs, the improvement is limited by its imaging principle. This limitation means that fNIRs cannot capture the full extent of neural activity, particularly in deep brain regions critical for various cognitive and emotional processes.



4.2 Future directions

Current fMRI-fNIRs integration studies predominantly rely on resting-state and simple motor tasks, limiting their applicability to more complex cognitive and social interaction scenarios. Integrating simultaneous acquisition with fNIRs hyperscanning, however, offers a novel methodological approach that can open new avenues for studying interactive and dynamic processes in social neuroscience. Hyperscanning addresses these challenges by recording neural activity across interacting participants, offering insights into inter-brain synchronization and its relation to cognitive and emotional processes. fNIRs hyperscanning excels in portability and tolerance to movement, making it suitable for ecological settings and a broader range of populations, including children and clinical groups. Studies have shown its efficacy in capturing brain-to-brain connectivity during cooperative and competitive tasks, emphasizing its potential to explore how social bonds and group dynamics form and evolve. Integrating these methods can improve the robustness of findings by combining fMRI’s spatial precision with fNIRs’s temporal resolution and ecological applicability (75, 76).

Furthermore, the constrained penetration depth of near-infrared light confines functional near-infrared spectroscopy (fNIRs) to assessing hemodynamic changes in cortical surfaces, while subcortical brain regions remain inaccessible due to insufficient photon penetration. Although efforts have been made to enhance detection depth and spatial resolution through methodological optimizations, these advancements remain fundamentally restricted by the inherent physical principles of optical attenuation and scattering in biological tissues. However, the combined fMRI-fNIRs approach may extend the functional imaging range of fNIRs to subcortical regions, complementing the spatial precision of fMRI and enabling a more holistic view of brain activity, combining fNIRs-fMRI with complementary modalities such as EEG may also provide a more comprehensive picture of brain activity (70).

In the end, establishing standardized guidelines for experimental design, data acquisition, and data processing in combined fMRI-fNIRs studies is essential. Collaborative efforts to create shared databases and repositories can facilitate data comparison and meta-analyses, promoting consistency and reliability in research findings. Machine learning is now a commonly used method. Currently, there are many studies on the application of machine learning in both fNIRs (77–79) and fMRI (80–82) imaging modalities. Implementing sophisticated computational algorithms and machine learning techniques can improve the fusion of fNIRs and fMRI data, enabling more accurate and meaningful interpretations of multimodal datasets. For instance, Jihyun Hur et al. have made significant strides by employing machine learning models and data augmentation to predict fMRI markers from fNIRs data (83). Lingkai Tang et al. have made significant advances by using graph convolutional networks (GCNs) to predict cortical-thalamic connectivity from fNIRs data. They analyzed datasets from healthy adults and neonates with brain injuries, using fNIRs for cortical measurements and fMRI as the connectivity ground truth. This integration allowed them to infer subcortical activity, overcoming fNIRs depth limitations and enhancing its clinical use for monitoring brain function in critically ill patients (84). In the future, there will be more and even joint use of these, we may use machine learning in several aspects. First, we apply machine learning to the two data separately in the data processing layer to make a better judgment in the decision-making layer later. Second, fMRI has data on deep nuclei, but the disadvantage of fNIRs is that it does not have data on deep nuclei. If we can put the data of these two together, we can generate fNIRs data with deep nuclei. If there is only a small amount of MRI data or standard brain maps plus fNIRs data in the future, we can speculate on some situations of deep nuclei. Designing experimental setups that enhance participant comfort, such as using more ergonomic equipment and creating realistic task environments, can reduce motion artifacts and improve data quality. Developing cost-effective fNIRs and fMRI equipment can make combined fMRI-fNIRs research more accessible, and applying the combined fMRI-fNIRs approach to a wider range of neurological and psychiatric conditions can deepen our understanding of brain function across contexts, advancing both clinical and research applications.




5 Conclusion

The integration of fMRI and fNIRs provides a powerful neuroimaging approach, integrating high spatial resolution with superior temporal resolution. In 2017, previous reviews mainly focused on the basic principles, advantages and limitations of fMRI and fNIRs, as well as the validation of their combination in research and the in-depth understanding of BOLD signals. They analyzed how fNIRs can complement the shortcomings of fMRI from a technical perspective and discussed future research directions (66). This review comprehensively analyses the integration of fMRI and fNIRs, emphasizing the specific progress and application of the combination of fMRI and fNIRs in recent years. It not only analyses the application and progress of the combination of fMRI and fNIRs in brain function research, covers specific application cases in multiple fields, but also discusses in detail the combination mode, experimental paradigm and data processing technology, as well as the advantages and challenges of these technologies in actual research. Despite challenges such as compatibility issues and data fusion complexities, advancements in fNIRs device optimization, standardized protocols, and computational methods are expected to address these obstacles. Future research should focus on refining this multimodal strategy to unlock its potential, enhancing the understanding of brain functions and improving diagnostic and therapeutic applications.
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Evaluation of pressure-induced pain in patients with disorders of consciousness based on functional near infrared spectroscopy
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Objective: This study aimed to investigate the brain's hemodynamic responses (HRO) and functional connectivity in patients with disorders of consciousness (DoC) in response to acute pressure pain stimulation using near-infrared spectroscopy (NIRS).
Methods: Patients diagnosed with DoC underwent pressure stimulation while brain activity was measured using NIRS. Changes in oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR) concentrations were monitored across several regions of interest (ROIs), including the primary somatosensory cortex (PSC), primary motor cortex (PMC), dorsolateral prefrontal cortex (dPFC), somatosensory association cortex (SAC), temporal gyrus (TG), and frontopolar area (FPA). Functional connectivity was assessed during pre-stimulation, stimulation, and post-stimulation phases.
Results: No significant changes in HbO or HbR concentrations were observed during the stimulation vs. baseline or stimulation vs. post-stimulation comparisons, indicating minimal activation of the targeted brain regions in response to the pressure stimulus. However, functional connectivity between key regions, particularly the PSC, PMC, and dPFC, showed significant enhancement during the stimulation phase (r > 0.9, p < 0.001), suggesting greater coordination among sensory, motor, and cognitive regions. These changes in connectivity were not accompanied by significant activation in pain-related brain areas.
Conclusion: Although pain-induced brain activation was minimal in patients with DoC, enhanced functional connectivity during pain stimulation suggests that the brain continues to process pain information through coordinated activity between regions. The findings highlight the importance of assessing functional connectivity as a potential method for evaluating pain processing in patients with DoC.
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1 Introduction

Disorders of consciousness (DoC) refer to a spectrum of neurological conditions characterized by impaired consciousness and a lack of awareness of the external environment, including the Unresponsive Wakefulness Syndrome (UWS) and minimally conscious state (MCS) (1, 2). Advances in intensive care and neurosurgical interventions have led to an increase in the number of patients with DoC, thereby emphasizing the clinical importance of addressing the unique challenges these patients present (3, 4). One of the most significant challenges in managing patients with DoC is the accurate assessment and management of pain, as these individuals are often unable to reliably communicate their suffering (5, 6).

Traditional bedside methods for assessing consciousness have shown a high rate of error, leading to misinterpretations of behavioral signals, such as grimacing, agitation, or changes in muscle tone. Such misjudgments can have profound ethical, clinical, and legal consequences, influencing decisions related to prognosis, treatment plans (6, 7). A critical aspect of managing pain in patients with DoC is the ability to distinguish between reflexive responses and intentional behaviors, however, due to the lack of objective and reliable methods, detecting pain in non-communicative patients remains an ongoing challenge (8).

Current neuroimaging techniques, including functional magnetic resonance imaging (fMRI), electroencephalography (EEG), and positron emission tomography (PET), have been explored to assess pain processing in patients with disorders of consciousness (DoC) (5, 9). However, these methods have notable limitations. fMRI, for example, requires patients to remain still during scans, a task that is often not feasible for patients with severe brain injuries. Furthermore, fMRI is costly and technically complex, limiting its applicability in routine clinical settings. Similarly, while EEG is useful for monitoring brain activity, it often reveals non-specific low-frequency patterns in patients with DoC, complicating the interpretation of pain-related brain responses. PET, although capable of identifying brain activity at a metabolic level, has its own limitations, including the need for radiation exposure and its high cost, which restricts its use in clinical practice. These limitations underscore the need for alternative, more accessible methods to assess pain in patients with DoC (10, 11).

In this regard, near-infrared spectroscopy (NIRS) has emerged as a promising solution (12–14). NIRS is a non-invasive, portable, and relatively cost-effective technology that measures changes in cerebral blood flow, offering real-time insights into brain activity (15). Unlike fMRI, NIRS does not require patient cooperation and can be performed directly at the bedside, making it particularly suitable for patients with DoC (16). NIRS can detect dynamic changes in brain oxygenation and blood flow in response to noxious stimuli, providing valuable information about the brain's response to pain (9).

Although the application of NIRS in patients with DoC is still in the exploratory stage (17), preliminary studies suggest that NIRS can reflect the neural response of patients to pain and may provide an effective method for clinical pain assessment (18, 19). However, research on the use of NIRS for pain evaluation in patients with DoC remains limited, and there is a lack of systematic studies on the impact of nociceptive pain stimuli on brain activity (17).

Therefore, in this study, we applied pressure-induced pain stimuli to patients with DoC and simultaneously collected NIRS data. Pressure-induced pain, a type of mechanical pain caused by external compression, is commonly experienced by patients with DoC due to prolonged immobility, medical devices, and pressure sores (20). Given its clinical relevance, pressure stimulation was selected as the pain-inducing method to better reflect real-world conditions. The aim was to identify changes in brain activity associated with pain perception, provide insights into how the brain responds to noxious stimuli in these non-communicative patients, and lay a solid foundation for the use of NIRS in the clinical management of pain for patients with DoC.



2 Materials and methods


2.1 Participants

In this study, 15 patients (12 males and 3 females) were recruited from Beijing Tiantan Hospital, Capital Medical University, Civil Aviation General Hospital and Hangzhou Mingzhou Brain Rehabilitation Hospital. Inclusion criteria: (1) various types of brain injuries leading to DoC, including traumatic brain injury (TBI), stroke, hypoxic-ischemic coma (HIE), and meningoencephalitis, etc, with a duration of more than 28 days and in a stable condition. (2) diagnosed as UWS or MCS using the coma-recovery scale-revised (CRS-R) scale. Exclusion: (1) long-term use of sedative or antiepileptic drugs, (2) uncontrollable infections or other serious medical diseases, (3) inability to obtain informed consent from the legal caregivers. In this study, written informed consent for each subject was obtained from the patient's legal guardians. The experimental protocol of this study was approved by the ethics committee of Beijing Tiantan Hospital, Capital Medical University. The clinical characteristics of the patients with DoC are shown in Table 1.


TABLE 1 Clinical characteristics of patients with disorders of consciousness.

[image: Table listing 15 patients with disorders of consciousness, showing diagnosis, age, gender, duration of disorder, etiology, and CRS-R scores. Diagnoses include MCS and UWS. Etiologies are HIE, Stroke, and TBI. Ages range from 21 to 67 years; the duration ranges from 2 to 192 months. CRS-R scores vary from 4 to 15.]



2.2 Study design

This study employed NIRS to systematically investigate the spatiotemporal characteristics of brain responses to nociceptive stimuli in patients with DoC. The experimental paradigm consisted of an initial resting period (30 s), followed by sequential nociceptive stimulation applied to the left upper limb, right upper limb, left lower limb, and right lower limb. Each stimulation block included a 30-s stimulation period and a 30-s rest period. Nociceptive stimuli were delivered using an electronic algometer targeting the fingernail bed of the middle finger and the toenail bed of the third toe. Pressure was gradually increased until a clear behavioral response (e.g., facial expression changes, limb reflexes, or vocalizations) was observed or the safety threshold of 120 N/cm2 was reached. To ensure the efficacy of stimulation, each application lasted no <5 s, with repeated stimulations performed within the 30-s stimulation period. Auditory cues, such as “start stimulation” and “relax” were presented in a pseudo-randomized order to guide participants through the tasks and minimize fatigue or attentional fluctuations that might impact the experimental outcomes. The experimental process was concealed from the MCS patients during the experiment to ensure that their subjective consciousness does not affect the experiment.



2.3 Data acquisition

NIRS data were acquired using the NirSmart-6000A equipment (Danyang Huichuang Medical Equipment Co., Ltd., China). Two wavelengths, 730 and 850 nm, were used to detect the concentration changes in Oxyhemoglobin (HbO), Deoxyhemoglobin (HbR), and Total Hemoglobin (HbT) of the brain in real-time. The NIRS system consisted of 22 sources and 15 detectors, totally yielding 45 optical channels, the average distance between the source and the detector is 3 cm (range 2.7–3.3 cm), with reference to the international 10/20 system for positioning. The location information of the 45 channels is shown in Figure 1. The red and blue circles represent the light sources and detectors, respectively, while the gray connecting lines marked with numbers indicate the optical channels. The sampling rate of the fNIRS system was 11 Hz.


[image: (A) Brain model with colored regions indicating electrode placements. (B) Diagram of electrode configuration. (C) Person wearing an EEG cap with electrodes. (D) Timeline showing alternating phases of resting and pain stimuli every thirty seconds.]
FIGURE 1
 llustration of the experimental configuration. (A) Three-dimensional diagram of the arrangement of the optodes. (B) Diagram of the arrangement of the optodes. Specifically, we used 22 sources (red circles) and 15 detectors (blue circles), for a total of 45 optical channels. (C) Photograph of the experimental setup. (D) Photograph of the experimental setup.




2.4 Data analysis

NIRS data were processed using MATLAB 2019a (MathWorks Inc., Natick, Massachusetts, USA). Raw light intensity data were converted into relative changes in HbO and HbR concentrations using the modified Beer-Lambert law. To ensure data quality, the signal-to-noise ratio (SNR) of each optical channel was calculated using the coefficient of variation (CV = σ/μ), where μ and σ represent the mean and standard deviation of the signal, respectively. Channels with a CV > 15% were excluded, while those with a CV < 5% were retained for further analysis (21).

The data were transformed into optical density, and concentration changes were calculated using molar extinction coefficients for HbO and HbR. A band-pass filter (0.01–0.2 Hz) was applied to remove task-unrelated noise such as heartbeat, breathing, and blood pressure fluctuations. Motion artifacts were identified and corrected using principal component analysis (PCA), with data containing large motion artifacts discarded. In this study, the pain-related regions of interest (ROIs) and their corresponding channels were selected based on previous studies and Brodmann's areas (17, 22). These include the somatosensory association cortex (SAC) (Channels 1, 2, 3), primary somatosensory cortex (PSC) (Channels 4, 6, 7, 8, 9, 10, 12, 13, 14, 15, 24, 26), temporal gyrus (TG) (Channels 4, 5, 13, 28, 36), primary motor cortex (PMC) (Channels 7, 8, 9, 10, 11, 14, 15, 16, 17, 18, 21, 24, 25, 26, 27), frontopolar area (FPA) (Channels 38, 39, 40, 41, 42, 43, 44, 45), and dorsolateral prefrontal cortex (dPFC) (Channels 17, 27, 30, 31, 33, 35, 38, 39, 40, 41, 42, 45). The dataset was divided into three phases: pre-stimulation, during stimulation, and post-stimulation, each lasting 30 s. For each phase, the mean values of the hemodynamic responses (HbO and HbR) were calculated for each ROI, including SAC, PSC, TG, PMC, FPA, and dPFC.

Functional connectivity was assessed by calculating pearson correlation coefficients between the time series of all pairs of optical channels, resulting in a 45 × 45 correlation matrix for each participant. The correlation matrices were visualized across the three phases (pre-stimulation, during stimulation, and post-stimulation) using the BrainNet Viewer toolbox (https://www.nitrc.org/projects/bnv/). For quantitative analysis, the 45 channels were categorized into five brain regions: SAC, PSC, TG, PMC, dPFC. The mean correlation values within each region were extracted for comparisons across different phases.



2.5 Statistical analysis

Paired samples t-tests were conducted to compare the hemodynamic responses (HRO) and functional connectivity values across the three experimental phases (pre-stimulation, during stimulation, and post-stimulation). The false discovery rate (FDR) correction was applied to account for multiple comparisons and ensure the reliability of the results.




3 Results

In this study, we analyzed the HRO and functional connectivity in various ROIs to assess the impact of pain stimulation in patient with DoC.


3.1 HRO results


3.1.1 HbO results

For the comparison between stimulation and baseline, no significant changes in HbO were observed across ROIs. Specifically, the SAC showed a mean change of 0.26 ± 1.83, with a t-value of −0.74 and a p-value of 0.58, indicating no significant difference. Similarly, the PSC, TG, and PMC exhibited small mean changes (0.01 ± 0.17, −0.07 ± 0.21, and −0.07 ± 0.32, respectively) with corresponding non-significant t-values and p-values (t-values ranging from −0.86 to −0.50, and p-values ranging from 0.30 to 0.68). Both FPA and dPFC also showed no significant activation compared to baseline (mean changes of 0.09 ± 0.42 and 0.09 ± 0.33, respectively, with t-values of −1.13 and −1.41, and p-values of 0.55 and 0.39). For the comparison between stimulation and post-stimulation, again, no significant differences were found. The SAC, PSC, TG, PMC, FPA, and dPFC showed minimal changes in HbO, with mean values of 0.03 ± 0.65, 0.03 ± 0.12, 0.02 ± 0.20, 0.04 ± 0.18, 0.03 ± 0.19, and 0.03 ± 0.15, respectively (Figure 2). The t-values ranged from −0.83 to −2.33, and the p-values ranged from 0.30 to 0.58, all indicating non-significant changes. The results of paired t-tests comparing the stimulation phase to baseline and post-stimulation are summarized in Table 2.
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FIGURE 2
 Hemodynamic responses across ROIs, in pre-stimulation (blue), stimulation (red), and post-stimulation (pink) phases. From left to right, are SAC, PSC, TG, PMC, FPA, and dPFC. (A) Shows the HbO results, while (B) displays the HbR results.



TABLE 2 Statistical analysis of HbO in various ROIs.

[image: Comparison table of oxygenated hemoglobin (HbO) levels in various brain regions. It includes mean ± standard deviation, t-values, and FDR-corrected p-values for somatosensory association cortex (SAC), primary somatosensory cortex (PSC), temporal gyrus (TG), primary motor cortex (PMC), frontopolar area (FPA), and dorsolateral prefrontal cortex (dPFC) under "Stimulation vs. baseline" and "Stimulation vs. post-stimulation" conditions.]



3.1.2 HbR results

For the comparison between stimulation and baseline, the HbR results showed no significant changes across the ROIs. The p-values for the ROIs were as follows: 0.58 for SAC, 0.66 for PSC, 0.68 for TG, 0.80 for PMC, 0.58 for FPA, 0.75 for dPFC, and 0.80 for all regions, indicating a lack of significant activation in these areas. Similarly, for the comparison between stimulation and post-stimulation, no significant differences were observed in the HbR measures. The p-values were 0.62 for SAC, 0.75 for PSC, 0.58 for TG, 0.80 for PMC, 0.58 for FPA, 0.72 for dPFC, and 0.80 for all regions, further confirming that no significant activation occurred in these areas post-stimulation (Figure 2).

These findings suggest that while pain stimulation induced minimal changes in brain activity in the selected ROIs, no significant differences were observed in either the stimulation vs. baseline or stimulation vs. post-stimulation comparisons. The lack of significant activation could indicate that pain perception and processing may be impaired or less responsive in patients with DoC, requiring further investigation.




3.2 Functional connectivity across ROIs

Then, we assessed functional connectivity across ROIs using cortical HbO levels in patients with DoC during pre-stimulation, stimulation, and post-stimulation phases. The results revealed that the functional connectivity during the stimulation phase was significantly higher than during the pre-stimulation and post-stimulation phases (Figure 3).


[image: A. Three heat maps display correlation matrices for functional connectivity across ROIs during different conditions, with color gradients indicating correlation strength. B. Bar graph shows correlation coefficients between ROIs for HbO, comparing EO and EC conditions, with positive and negative correlations illustrated. Legend highlights conditions in red, blue, and pink.]
FIGURE 3
 (A) Functional connectivity matrices depicting the connectivity patterns for each channel in pre-stimulation, stimulation, and post-stimulation phases (r). (B) Functional connection coefficient between any two ROIs, in pre-stimulation (blue), stimulation (red), and post-stimulation (pink) phases. *p < 0.05. **p < 0.01. ***p < 0.001.



3.2.1 Pre-stimulation phase

Before the stimulation, the functional connectivity between most regions was relatively low. Notably, a significant negative correlation was observed between SAC and PSC (r = −0.77), suggesting an inverse relationship between these two regions. Additionally, there was a weak positive correlation between SAC and dPFC (r = 0.08), and weak connectivity between PMC and other regions (r < 0.5). These findings indicate that, prior to the pain stimulation, the brain's network activity was somewhat dispersed, with minimal inter-regional coordination.



3.2.2 Stimulation phase

During the stimulation phase, a significant enhancement in functional connectivity was observed, particularly between regions involved in sensory, motor, and cognitive functions. Strong positive correlations were found between PSC and dPFC (r = 0.93), PSC and PMC (r = 0.93), and dPFC and PMC (r = 0.98), all with p-values < 0.001. These high correlations indicate a high degree of coordination between sensory and motor regions, as well as between the motor cortex and the dorsolateral prefrontal cortex, likely reflecting the interplay between pain-induced motor responses and cognitive regulation. In addition, SAC demonstrated moderate connectivity with PSC, dPFC, and PMC, with r-values above 0.5. However, TG showed weaker connectivity with other regions, particularly with SAC (r = −0.32) and PSC (r = 0.26).



3.2.3 Post-stimulation phase

In the 30 s following the stimulation, the functional connectivity remained relatively strong between SAC and PMC (r = 0.50) and between PSC and dPFC (r = 0.53), though these correlations were notably weaker compared to the stimulation phase. Furthermore, SAC and PSC exhibited a return to negative correlation (r = −0.54), indicating a shift in network dynamics after the stimulus was removed.





4 Discussion

In this study, we applied pressure stimulation to induce pain and used NIRS to analyze brain activity and functional connectivity by measuring changes in HbO concentrations within the ROIs. While we did not observe significant activation in the ROIs, we found substantial changes in the functional connectivity between key brain areas, including the PSC, PMC, and dPFC. Notably, the correlation coefficients between these regions exceeded 0.9, suggesting that NIRS has the potential to identify pressure-induced pain in patients with DoC, with functional connectivity of HbO may serving as a sensitive indicator for assessing pain in patients with DoC.


4.1 Rationale for pressure stimulation and ROI selection

Patients with DoC face numerous potential sources of pain, common causes include fractures, solid organ injuries, soft tissue injuries, and the use of medical devices such as tracheal tubes, nasogastric tubes, and urinary catheters, prolonged immobility often leads to additional complications, such as skin breakdown or pressure sores and soft tissue contractures (23). Multiple studies have confirmed that patients with DoC retain residual pain perception (24–26). Timely and accurate identification of pain not only aids in optimizing individualized treatment plans but also effectively alleviates patient suffering and improves their quality of life. Furthermore, different types and intensities of pain may involve distinct neural mechanisms (5). Thus, precise pain identification is critical for comprehensively understanding the diversity of pain and provides a scientific basis for developing more effective interventions.

Previous pain studies have predominantly focused on electrical and thermal stimulation, which are widely used in experimental research due to their ability to rapidly and intensely induce pain responses (26, 27). However, these stimulation methods may differ mechanistically from real-world clinical scenarios. In contrast, pressure-induced pain, a type of mechanical pain caused by external physical pressure or compression, is a common source of discomfort for patients with DoC in clinical environments (20). Therefore, to better align with the pain situations faced by patients with DoC in real-world clinical contexts and to broaden the scope of pain research, this study adopted pressure stimulation as the pain-inducing method.

The pain neuromatrix in the intact central nervous system is complex and not fully understood. Previous studies have reported that regions such as the anterior cingulate cortex, dorsal horn, insular cortex, periaqueductal gray, prefrontal cortex, rostral ventral medulla, primary somatosensory cortex, and secondary somatosensory cortex are involved in pain transmission and processing, particularly in processing the qualitative aspects of pain, including its localization, intensity, and duration (28–30). Due to the limitations of NIRS, particularly in detecting deeper subcortical regions, we focused on cortical areas in this study. We selected regions that are closely associated with pain perception, emotional regulation, and cognitive processing, including the SAC, PSC, TG, PMC, FPA, and dPFC. Specifically, SAC and PSC are central to the early stages of pain perception, where sensory information is integrated and pain localization occurs (31). TG, including structures such as the hippocampus and amygdala, is involved in the emotional evaluation and processing of pain, but these structures are deep brain structure that lies beyond the penetration depth of fNIRS, making it inaccessible for direct measurement (32). PMC plays a key role in the motor responses associated with pain (33). Lastly, FPA and dPFC are essential for cognitive regulation and emotional inhibition of pain, facilitating emotional adjustment and decision-making in response to pain (28, 29).



4.2 Limited brain activation in response to pressure stimulation in patients with DoC

In this study, we did not observe significant changes in HbO and HbR in the ROIs during either the stimulation vs. baseline or stimulation vs. post-stimulation comparisons, despite the application of strong pressure stimulation. Several factors may explain the limited activation of pain-related sensory areas. First, pain perception in patients with DoC remains a controversial issue, although there is growing evidence of residual pain experience. Brain damage in patients with DoC may impair their ability to perceive pain. Previous fMRI, PET and EEG studies have shown that pain can only partially activate primary pain perception areas in the brain, with reduced activation of the entire “pain brain matrix” especially in UWS patients (34, 35). This suggests that the loss of integrated pain processing within cortical and subcortical networks may restrict the brain's ability to fully respond to pain stimuli. Second, the nature of the pain stimulus itself may also contribute to the lack of significant changes. Electrical stimulation typically produces rapid and intense pain responses by directly activating neural pathways, whereas pressure-induced pain, a form of dull mechanical pain, induces a slower and more complex physiological reaction. Pressure pain may not effectively engage higher-level pain processing circuits in the brain, and its lower intensity compared to electrical stimulation could explain the absence of significant brain activity changes (7, 20, 26). Finally, chronic pain or prolonged exposure to painful stimuli in patients with DoC may lead to adaptive changes in the brain's pain processing system. Long-term exposure to pain can enhance pain tolerance or suppress pain perception, leading to a reduced neural response to new pain stimuli (17). Consequently, even when a sufficient pain threshold is reached, the brain's reaction to pressure stimulation remains relatively weak.



4.3 Enhanced functional connectivity in response to pressure stimulation in patients with DoC

To further investigate the impact of pain stimulation on the coordinated activity of brain regions, we conducted an analysis of the functional connectivity between ROIs (36, 37). These measures help reveal how different brain regions communicate and coordinate to process sensory and emotional information, providing a more holistic understanding of pain perception and response in patients with DoC (38, 39). Although pressure stimulation did not induce a significant activation in the ROIs, we observed significant changes in functional connectivity between different ROIs under pressure pain stimulation. Specifically, the connectivity between PSC and PMC, PMC and dPFC, as well as PSC and dPFC, showed correlation coefficients exceeding 0.9, with all comparisons yielding p < 0.001. Moreover, the gradual restoration of connectivity following stimulation indicates that the brain adjusts its functional network in response to the pain stimulus. This finding suggesting despite the potential impairment in pain perception in patients with DoC, the brain can still integrate information through functional coordination between specific regions. Functional connectivity may help adjust the brain's overall response to pain, potentially linked to emotional evaluation, motor responses, and cognitive processing of pain. Specifically, the connection between the PSC and PMC may indicate that, even without direct pain perception, the brain regulates its overall response to pain through motor preparation and emotional evaluation (29, 33).Furthermore, the enhanced connectivity of dPFC, a region closely associated with cognitive control and emotional regulation, may reflect the brain's mechanisms for emotional suppression and decision-making adjustment when processing pain experiences (29). Despite a potential reduction in pain perception, the brain continues to regulate the emotional and behavioral responses to pain through these higher cognitive and emotional processing network.

This study aims to explore potential biological markers of acute pressure pain in patients with DoC using NIRS. Enhanced functional connectivity in response to pressure stimulation in patients with DoC suggest that NIRS has the potential to identify pressure induced pain in patients with DoC, with functional connectivity of HbO may serving as a more sensitive indicator for assessing pain than activation of pain-related brain areas in patients with DoC. Given that biological markers are characterized by their generalizability (5), our experimental design did not specifically distinguish between patients in UWS and MCS, as these two groups share common challenges such as brain dysfunction and an inability to express pain effectively. Their clinical presentations often overlap, sometimes making it difficult to differentiate between them in clinical practice. To enhance the broader applicability of our findings, we focused on developing pain biomarkers that can be applied to all patients with DoC, rather than restricting the research to specific diagnostic categories.



4.4 Limitations

We acknowledge that our study has certain limitations. First, the small sample size (n = 15) may impact the generalizability and statistical power of our findings. However, recruiting patients with DoC is inherently challenging due to both practical and ethical constraints (39). Additionally, pain stimulation, as a noxious stimulus, presents ethical and psychological challenges when applied to patients with DoC. In this study, due to the severity of the patients' conditions and the hesitance of their families to accept prolonged pain stimulation, only a single test session was conducted. While this approach provides preliminary data and an initial assessment of pain perception, the limitation of a single test session may not fully reflect the neural responses and adaptive changes in patients under sustained stimulation. Moreover, the presence of structural brain damage among the patients may have influenced our findings. Given the complexity of the patient population and the potential variability in pain intensity and response due to individual differences, future studies could optimize experimental design by incorporating more diverse and repeated stimulation sessions to enhance the reliability and representativeness of the data. Considering the familial concerns regarding prolonged pain stimulation, future research could explore non-invasive pain induction methods or a gradual stimulation approach, which would allow for further exploration of pain-related brain responses without increasing patient distress.




5 Conclusion

This study investigated the effects of pressure-induced pain on brain activity in patients with DoC using NIRS. Although no significant activation was observed in the ROIs, we found notable changes in functional connectivity between key pain-related regions, such as the PSC, PMC, and dPFC. These changes suggest that, despite impairments in pain perception, the brain continues to process pain information through coordinated activity across multiple regions. Our findings highlight the potential of functional connectivity as a more sensitive measure of pain processing in patients with DoC based on NIRS.
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Introduction: Understanding how the brain processes color information from both the left and right eyes is a significant topic in neuroscience. Binocular color fusion and rivalry, which involve advanced cognitive functions in the prefrontal cortex (PFC), provide a unique perspective for exploring brain activity.
Methods: This study used functional near-infrared spectroscopy (fNIRS) to examine PFC activity during binocular color fusion and rivalry conditions. The study included two fNIRS experiments: Experiment 1 employed long-duration (90 s) stimulation to assess brain functional connectivity, while Experiment 2 used short-duration (10 s) repeated stimulation (eight trials), analyzed with a generalized linear model to evaluate brain activation levels. Statistical tests were then conducted to compare the differences in brain functional connectivity strength and activation levels.
Results: The results indicated that functional connectivity strength was significantly higher during the color fusion condition than the color rivalry condition, and the color rivalry condition was stronger than the Mid-Gray field condition. Additionally, brain activation levels during binocular color fusion were significantly greater, with significant differences concentrated in channel (CH) 12, CH13, and CH14. CH12 is located in the dorsolateral prefrontal cortex, while CH13 and CH14 are in the frontal eye fields, areas associated with higher cognitive functions and visual attention.
Discussion: These findings suggest that binocular color fusion requires stronger brain integration and higher brain activation levels. Overall, this study demonstrates that color fusion is more cognitively challenging than color rivalry, engaging more attention and executive functions. These results provide theoretical support for the development of color-based brain-computer interfaces and offer new insights into future research on the brain's color-visual information processing mechanisms.
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1 Introduction

When the left and right eyes are presented with different colors, such as red and green, and if the color difference is minimal, the brain can integrate these two colors into a unified perception, a phenomenon known as binocular color fusion (1). Conversely, when the color difference exceeds a certain threshold, the brain perceives an alternating sequence of the two colors, a phenomenon known as binocular color rivalry (2, 3). These two objective stimulus conditions generate completely distinct and independent subjective perceptions, with no transformation between them in terms of experience. During binocular color fusion, the observer perceives a stable and unified single-color experience (4). In contrast, binocular color rivalry is characterized by the dynamic alternation of two colors at a specific frequency (5). These two perceptual modes involve distinct processing mechanisms, and their subjective experiences consistently retain their unique characteristics. Human vision achieves a unified experience through binocular collaboration. Modern stereoscopic display technology creates depth perception by presenting different perspective images to each eye. However, significant color differences may trigger color fusion or rivalry, potentially affecting display quality and visual comfort. Therefore, understanding the mechanisms of binocular color processing is essential for analyzing visual information integration and conflict resolution.

In the study of binocular color fusion and rivalry mechanisms, many unanswered questions remain. Some studies focus on the perceptual features of binocular vision but lack an in-depth exploration of the underlying neural mechanisms. For example, Hu et al. (6) studied the effect of luminance on the limits of binocular color fusion, while Klink and Roelfsema (7) investigated binocular rivalry under unconscious conditions. However, these studies have not addressed higher cognitive regions. The processes of binocular color fusion and rivalry likely involve the prefrontal cortex (PFC), particularly when processing conflicting color stimuli. The PFC, as a critical region responsible for integrating conflicting information and regulating attention, may coordinate inputs from both eyes through its functions in conflict monitoring and decision-making to achieve stable perception (8, 9). As a core region for high-level cognitive functions, the PFC plays a crucial role in attention control, decision-making, and conflict monitoring (9). Moreover, the PFC is essential for managing conflicting information and regulating perceptual selectivity (10, 11). Investigating the role of the PFC not only enhances our understanding of the neural mechanisms that regulate visual conflicts but also provides theoretical support for improving visual comfort in stereoscopic display technology. However, direct evidence of how the PFC regulates conflicts in binocular color fusion and rivalry remains lacking (12). Identifying core functional regions of the PFC that differentiate binocular color fusion from rivalry and exploring how the PFC participates in decision-making and conflict resolution is crucial. Functional characteristics and roles in binocular color fusion and rivalry need further research.

Current neuroscience research primarily uses tools such as functional magnetic resonance imaging (fMRI). However, due to equipment limitations, fMRI is difficult to use with metallic devices. Functional near-infrared spectroscopy (fNIRS) is a non-invasive brain imaging technology that can monitor hemodynamic changes in the cerebral cortex in real time, providing high spatial resolution and offering portability (13, 14). fNIRS has been widely used to study brain functions during various cognitive tasks (15, 16). For example, Wu et al. (17) used fNIRS to explore how different visual cues affect cortical activation and functional connectivity, showing significant effects on hemodynamic responses in the cortex. Ren et al. (18) found that fNIRS effectively reflects prefrontal activation patterns during different cognitive tasks. Cai et al. (19) used fNIRS to study cortical neural correlates of visual fatigue during binocular depth perception. Although fNIRS has been widely applied in visual perception and cognitive function research, few studies have specifically used fNIRS to investigate binocular color fusion and rivalry.

In this study, we utilized a 14-channel fNIRS system arranged according to the international 10–20 system. The brain regions corresponding to these channels were determined based on Brodmann Areas (BAs) (20), with the mappings shown in Table 1. To explore the functional characteristics of the PFC under binocular color fusion and rivalry stimuli, we designed two fNIRS experiments. Experiment 1 aimed to investigate the functional connectivity characteristics of the PFC under these stimuli, while Experiment 2 focused on identifying key brain regions that distinguish binocular color fusion from rivalry through activation analysis. The channels were distributed across various locations in the PFC, and analyzing these channels helped identify critical brain regions associated with fusion and rivalry. Additionally, reaction times (RT) were calculated from behavioral data to verify whether participants accurately completed the tasks in Experiment 2. The study framework is illustrated in Figure 1. This study provides an in-depth exploration of the functional connectivity characteristics of binocular color fusion and rivalry using fNIRS, addressing a gap in the field of visual cognitive neuroscience. The findings not only deepen our understanding of the neural mechanisms underlying binocular vision and visual conflicts but also provide critical theoretical support for improving stereoscopic display technology and advancing color vision-based brain-computer interface (BCI) technology.


TABLE 1 Brodmann areas corresponding to channels.

[image: Table listing channels and corresponding Brodmann areas. Channels CH2 to CH9 relate to the frontopolar area. Channels CH1 to CH12 pertain to the dorsolateral prefrontal cortex, and channels CH13 and CH14 include frontal eye fields.]


[image: Flowchart illustrating an fNIRS experiment process. It is divided into three sections: "fNIRS Experiment" showing stimulus and data recording, "Data Preprocess" with steps like exclude, motion correction, filter, and hemo, and "Analysis Method" detailing brain network analysis, GLM analysis, brain activation levels, difference channel, T-test, and reaction time computation. Data 1 and Data 2 are used alongside behavioral data.  ]
FIGURE 1
 Flowchart of the experiment, data preprocessing, and analysis methods. The experimental design includes two experiments, referred to as Experiment 1 and Experiment 2. The data preprocessing consists of four main steps. The analysis methods primarily include brain network analysis and GLM analysis.




2 Materials and methods


2.1 Equipment and experimental environment

This experiment utilized the equipment (model: NirSmart-3000K) from HuiChuang Medical. The equipment comprises a head cap with 14 channels, a functional imaging module, and a computer with NirSmart and NirSpark software. The device has a sampling rate of 20 Hz, features 730 nm and 850 nm spectral illumination, and provides high-precision brain oxygen analysis. Figure 2 illustrates the spatial distribution of light sources, light sensors, and channels in the 3D brain model. In an fNIRS system, a channel refers to the region between a pair of light sources and light sensors. The light emitted by the source passes through the cortical tissue and is then received by the light sensor, and this entire process is referred to as the measurement of one channel. In the figure, red raised points represent the emission light sources, blue raised points represent the light sensors, yellow raised points represent the channels, and the dark-colored area represents the detectable region. There are six light sources (S), 5 light sensors (D), and 14 channels. The arrangement of the channels follows the international standard 10–20 system.


[image: Two brain scan illustrations labeled (a) and (b) show electrode positions. Each scan marks brain areas with colored dots: red, blue, and yellow, indicating different electrode sites. Panel (a) presents a top view, while (b) offers a frontal view.]
FIGURE 2
 Distribution of light sources, signal detectors, and channels. Red points represent the emission light sources, blue points represent the light sensors, yellow points represent the channels, and the dark-colored area represents the detectable region. (a) Front view, (b) top view.


The experimental protocol was implemented via a computer with E-prime software, providing stimulus images and event markers to the NirSmart software. Stimuli were presented on a 23-inch Samsung 3D monitor (model: S23A950D) with a resolution of 1,920 × 1,080 pixels, featuring 2D/3D switching functionality and paired with 3D glasses. The display was connected to an NVIDIA GeForce GTX 1080 graphics card. We used a PR-715 spectroradiometer to measure and calibrate the displayed colors. The lookup table (LUT) method was used to obtain brightness values corresponding to digital input and the luminance and chromaticity of the display's center point. The CIE XYZ values of the black point of the 3D display were 0.247/0.241/0.467, the CIE-1931 chromaticity (x, y) of the white point was (0.274, 0.280), and the chromaticities (x, y) of red, green and blue channels were (0.617, 0.333), (0.330, 0.616) and (0.152, 0.067), respectively.

The experiment was conducted in a darkroom to minimize other factors (mainly ambient light). Participants were instructed to minimize physical movement during the experiment to reduce motion artifacts that could affect the near-infrared imaging data. According to the International Telecommunication Union standard (38) participants sit approximately 860 millimeters from the screen. Figure 3 shows the experimental setup and environment.


[image: A laboratory setup with labeled components includes a head cap, 3D glasses, a functional imaging module, and a 3D monitor. A keyboard, mouse, and other equipment are on a desk.]
FIGURE 3
 Experimental equipment. The participants wore head caps and 3D glasses while observing stimulus images through a 3D monitor.




2.2 Participants

Twelve graduate students were recruited as participants for this experiment, with an age range of 24–26 years and mean age of 25 years. All participants had normal color vision (assessed using Dvorine Color Plates, 2nd ed.), normal stereoscopic vision (tested with Random Dot Stereoacuity), and normal or corrected visual acuity. They were all non-experts and had not worked with stereo vision. Before the experiment began, each participant signed an informed consent form, which adhered to the ethical standards of the Declaration of Helsinki (21).



2.3 Stimuli

The stimulus images were generated using specially developed C++ software (Figure 4). The generated images have 3,840 × 1,080 pixels, with participants wearing 3D glasses to receive images of 1,920 × 1,080 pixels per eye (left and right). These images consisted of a centrally displayed colored circular patch with a visual angle of 2° on a black background. The colors of patches were selected from the CIELAB color space, with the luminance fixed at L* = 30. The color values for the circular patches were chosen along the a* (red-green) axis, and the specific values are provided in Table 2. The color remains constant during the presentation, with the color input to the left eye always being green and the color input to the right eye always being red. The selection of these color samples is based on previous research by Xiong et al. (22), which demonstrated that these color combinations effectively induce binocular color fusion and rivalry in most individuals with normal vision. Based on the different color values selected along the red/green axis, two types of stimulus images were created: binocular color fusion on red/green direction (FoRG) and binocular color rivalry on red/green direction (RoRG). FoRG and RoRG can be considered as two objective conditions. When the left and right eyes receive different colors, a larger color difference induces binocular color rivalry, while a smaller color difference induces binocular color fusion. To minimize or eliminate the effects of disparity cues, a gray rectangular frame was added to the stimulus images as a zero-disparity reference, based on the study by Chen et al. (23). Disparity cues can evoke additional depth perception, which may alter the brain's integration of binocular images and, in turn, affect the perception of color fusion or rivalry. Since participants might experience potential small disparities due to equipment calibration or the characteristics of the visual stimuli, we provided a zero-disparity reference to avoid interference with the results. The zero-disparity reference ensures the spatial alignment of the images presented to both eyes, reducing or eliminating the potential effects of disparity cues on the perception of color fusion and rivalry.


[image: Four panels illustrating binocular color fusion and rivalry. The top row shows the left and right eye views for color fusion, each with a central zero-disparity reference and a numerical label of two degrees. The bottom row depicts the same setup for color rivalry, with similar labels and references. Each panel is labeled as either the left or right eye view.]
FIGURE 4
 Color stimulus samples. The stimulus images had a resolution of 3,840 × 1,080 pixels, with each image containing a green 1,920 × 1,080 pixel image and a red 1,920 × 1,080 pixel image. These images consisted of a centrally displayed colored circular patch with a visual angle of 2° on a black background.



TABLE 2 Color stimulation values in the CIELAB color space (FoRG indicates binocular color fusion on red/green direction, and RoRG indicates binocular color rivalry on red/green direction).

[image: Table showing color stimulation types with corresponding a* and b* values for left and right eyes. FoRG shows left eye a* as -9, b* as 0; right eye a* as 9, b* as 0. RoRG shows left eye a* as -24, b* as 0; right eye a* as 24, b* as 0. a* represents red-green, b* represents yellow-blue.]



2.4 Procedure

Each participant underwent one session of experiment 1 and experiment 2. Each session did not exceed 15 min, including explanations and instructions given to the participants. In the experiments, a Mid-Gray field image was used to mitigate visual aftereffects and reduce visual fatigue. The procedure for experiment 1 was as follows: (1) Present a 90-s Mid-Gray field image; (2) Present a 90-s FoRG image; (3) Present a 90-s Mid-Gray field image; (4) Present a 90-s RoRG image; (5) Present another 90-s Mid-Gray field image. The purpose of Experiment 1 was to study the overall functional connectivity strength of the PFC under three conditions: no binocular color stimulus (gray field), binocular color fusion, and binocular rivalry. Geng et al. (24) found that functional connectivity strength stabilizes and becomes reproducible in fNIRS signals after 1 min of data collection. Therefore, we chose a longer stimulus presentation duration (90 s) and presented each stimulus only once to avoid any potential impact on data reliability due to insufficient stimulus presentation time. During the experiment, participants were instructed to sit still in a chair and focus on the center of the screen to ensure they received the physical stimuli presented by the 3D display monitor. Figure 5 illustrates the stimulus presentation sequence for experiment 1.


[image: Flowchart depicting a single trial involving visual fields and image displays for left and right eyes. The sequence includes mid-gray field images, FoRG and RoRG images, each shown for ninety seconds with directional arrows connecting the steps.]
FIGURE 5
 The presentation sequence for experiment 1. Experiment 1 consisted of a single trial, with each image presented only once for a duration of 90 s. The presentation sequence was as follows: (1) Mid-Gray field, (2) FoRG, (3) Mid-Gray field, (4) RoRG, (5) Mid-Gray field.


Experiment 2 consisted of eight trials, each following the sequence below: (1) Presentation of a Mid-Gray field image for 10 s; (2) Random presentation of FoRG image/RoRG image for 10 s; (3) Presentation of a Mid-Gray field image for 10 s; (4) Presentation of FoRG image/RoRG image for 10 s (if FoRG was presented in step 2, RoRG is presented this time, and vice versa); (5) Presentation of a Mid-Gray field image for 10 s. The focus of Experiment 2 was to identify key regions that distinguish between color fusion and rivalry, which required faster repeated trials to capture more diverse brain activity patterns. The duration of each stimulus presentation was set to 10 s in a similar study (25). Thus, we chose a shorter stimulus presentation duration (10 s) with each stimulus repeated eight times to maximize data collection efficiency while minimizing the potential for visual fatigue and other nonspecific effects caused by prolonged stimulation. For this experiment, data were collected during the presentation of the stimulus images (FoRG and RoRG). Each of the 12 participants underwent this experiment once. During the experiment, participants were instructed to sit in a chair and focus on the center of the screen. When participants perceived binocular color rivalry, they were asked to press the “A” key on the keyboard. After pressing “A,” the stimulus continued to be presented until the end of the 10-s stimulus duration. Simultaneously, the data acquisition software Nirsmart recorded a tag (value = 1). This tag was used to calculate the participants' reaction time (RT), aiding in the collection of behavioral data. By analyzing the reaction time, we can further investigate the behavioral characteristics of binocular color fusion and integrate these data with brain activity data (fNIRS signals) to gain deeper insights into the neural mechanisms of binocular visual phenomena. Figure 6 illustrates the stimulus presentation sequence for experiment 2.


[image: Diagram illustrating an experimental process with steps involving "Mid-Gray field image" and "FoRG image / FoRG image" for both left and right eyes. Each step lasts 10 seconds, with eight trials in total.]
FIGURE 6
 Stimulus presentation sequence for experiment 2. Experiment 2 consisted of 8 trials, each following the sequence below: (1) presentation of a Mid-Gray field image for 10 seconds; (2) random presentation of FoRG image/RoRG image for 10 s; (3) presentation of a Mid-Gray field image for 10 s; (4) presentation of FoRG image/RoRG image for 10 s (if FoRG was presented in step 2, RoRG is presented this time, and vice versa); (5) presentation of a Mid-Gray field image for 10 s. When participants perceived binocular color rivalry, they were instructed to press the “A” key on the keyboard.




2.5 Data preprocess

We performed four steps of preprocessing on the collected fNIRS data:

	1. Exclude: Specific time intervals were removed from the dataset, particularly segments outside the stimulus presentation periods or those displaying significant noise artifacts. This step ensured that only relevant, high-quality data were retained for analysis, minimizing the impact of external fluctuations.
	2. Motion: We employed a moving standard deviation and spline interpolation method to eliminate motion artifacts. The standard deviation threshold (std_thr) was set to 6. For light intensity data, if the difference between the maximum and minimum values within a 0.5-s time window exceeded six times the mean, that time window was identified as containing motion artifacts and was excluded. Similarly, for optical density, the amplitude threshold (amp_thr) was set to 0.5; if the difference between the highest and lowest values of optical density exceeded 0.5, the data were considered to contain motion artifacts and were removed. This method aligns with recent studies that have used similar techniques to mitigate motion-related noise in fNIRS data.
	3. Filter: A band-pass filter was applied, with a high-pass cutoff frequency of 0.01 Hz and a low-pass cutoff frequency of 0.2 Hz. The high-pass filter was used to remove low-frequency drifts unrelated to the experimental data, such as slow changes in instrument response or baseline drift. The low-pass filter was used to eliminate high-frequency noise from the instrument and physiological noise introduced by heartbeat or respiration. These filtering parameters adhere to standard practices in fNIRS data processing.
	4. Hemo: The final step involved converting the preprocessed raw data into changes in hemoglobin concentration using the modified Beer-Lambert law, with the Differential Pathlength Factor (DPF) set to 6. This conversion is crucial for interpreting optical measurements in terms of cerebral hemodynamics.

By systematically applying these preprocessing steps, we improved the quality of the fNIRS data, ensuring the reliability of subsequent analyses. All of the preprocessing steps mentioned above were carried out using the NirSpark software. Raw data can be downloaded at: https://doi.org/10.6084/m9.figshare.27330858.



2.6 Brain network analysis

The data from Experiment 1 was primarily used for brain network analysis. Functional Connectivity (FC) is an important measure used to evaluate the temporal coordination of activities between different brain regions. Unlike anatomical connectivity, FC reflects functional relationships, providing insights into the interactions between various brain areas. Studying FC is essential for understanding the brain's functional organization, modes of information processing, and neural mechanisms under different tasks or stimuli. Changes in functional connectivity patterns have been associated with cognitive processes and neurological disorders (26).

The Pearson correlation coefficient is a commonly used method for quantifying the linear relationship between two time series (27). Functional connectivity analysis is typically used to calculate the correlation between blood oxygen level-dependent signals from different brain regions, thereby assessing the synchrony and strength of functional connectivity (28). This method has also been successfully applied in fNIRS research to construct functional connectivity networks.

Given the time series data of two brain regions X = {x1, x2, …, xn} and Y = {y1, y2, …, yn}, the Pearson correlation coefficient rXY is calculated as:

[image: Formula for Pearson correlation coefficient. It shows r sub XY equals the summation from i equals one to n of the product of x sub i minus x bar and y sub i minus y bar, divided by the square root of the product of the summations of squared deviations of x and y from their respective means.]

Where [image: Summation formula showing the sum from **n** to **i minus 1** of the product of \((x_i - \bar{X})(y_i - \bar{Y})\), where \(\bar{X}\) and \(\bar{Y}\) are means.] is the covariance between X and Y, reflecting the extent to which both signals deviate from their respective means simultaneously.[image: Square root of the sum from n equals one to i minus one of the quantity x sub i minus x bar squared.] and [image: Square root of the sum from i equals n to i minus one of the squared differences between y sub i and y-bar.] are the standard deviations of X and Y, respectively, used to normalize the covariance. By calculating the Pearson correlation coefficients between all channels, we can construct a functional connectivity matrix R:

[image: Matrix \( R \) is shown as an \( n \times n \) matrix within parentheses, containing indexed elements from \( r_{11} \) to \( r_{nn} \). Dots indicate continuation of elements in rows and columns. Equation labeled as (2).]

In Equation 3, rij represents the functional connectivity strength between the i−th and j−th channels. Sum all the selected correlation coefficients rij and divide by the number of coefficients N to obtain the mean functional connectivity strength [image: The image shows the mathematical symbol for a vector, represented by a lowercase letter "r" with a bar above it.] :

[image: Equation for calculating \( r \) equals one over \( N \) times the summation of \( r_{ij} \) for all \( i \) not equal to \( j \), labeled as equation three.]
 

2.7 GLM analysis

The data from experiment 2 were analyzed using a generalized linear model (GLM). GLM is a statistical method widely used to analyze fNIRS and fMRI data. Its core principle lies in constructing a design matrix to describe the effect of experimental stimuli on brain function signals and using a regression model to estimate the neural responses under different experimental conditions. By incorporating a standard Hemodynamic Response Function (HRF), GLM not only captures signal changes due to neural activity but also reflects the time-delay characteristics of the hemodynamic response, thereby providing a more accurate depiction of the physiological reactions of the brain to specific stimuli. The basic formula for GLM is as follows:

[image: Linear regression equation represented as Y equals X multiplied by beta plus epsilon, labeled as equation four.]

WhereY represents the observed fNIRS signal (changes in oxyhemoglobin concentration). X is the design matrix, which includes the experimental stimulus events and other potential confounding factors. β represents the regression coefficients to be estimated, which indicate the response strength of the brain under different experimental conditions. ε denotes the residuals, representing unexplained noise or error.

The GLM involves convolving the design matrix X with a standard HRF to describe the brain's response to stimuli accurately. The HRF is a function that describes the hemodynamic response following neural activity and is often modeled as a double gamma function:

[image: Mathematical equation showing \( h(t) = \left( \frac{t^{a_1-1} e^{-\frac{t}{b_1}}}{(b_1)^{a_1} \, \Gamma(a_1)} \right) - c \left( \frac{t^{a_2-1} e^{-\frac{t}{b_2}}}{(b_2)^{a_2} \, \Gamma(a_2)} \right) \), labeled as equation (5).]

In Equation 5, t represents time, starting from the point when the stimulus occurs. a1 and b1 are the shape and scale parameters for the positive peak, which describe the initial increase in blood flow following neural activity. a2 and b2 are the shape and scale parameters for the negative peak, which describe the dip during the recovery phase of blood flow. c is the scaling factor that controls the amplitude of the negative peak. Γ(a) is the gamma function used for normalization purposes.



2.8 Statistical analysis

To control the false positive rate caused by multiple comparisons, this study adopted the False Discovery Rate (FDR) correction method. FDR correction dynamically adjusts the significance threshold to effectively control the false discovery rate (i.e., the proportion of false positives among all significant results), making it particularly suitable for multi-channel and multi-condition brain imaging studies. The Benjamini-Hochberg method was used to correct all p-values in this study. The specific steps include: first, all p-values are sorted in ascending order; second, for each test, a critical value is calculated based on the significance level α (set to 0.05), the total number of tests m, and the rank i:

[image: Mathematical equation showing P subscript critical equals fraction numerator i over denominator m end fraction times alpha, labeled as equation six.]

Then, the largest p-value p(i) that satisfies p(i) ≤ pcritical is identified, and this p(i) and all smaller p-values are considered significant. Compared to the traditional Bonferroni correction, FDR correction is more flexible, effectively controls the false discovery rate, and retains higher statistical power, making it suitable for large-scale multiple comparison studies.

The Friedman test is a non-parametric method used to analyze the differences among three or more conditions in repeated measures data. It serves as a non-parametric alternative to repeated measures ANOVA, particularly suitable for cases where the data do not follow a normal distribution or contain outliers. The principle of the Friedman test is based on analyzing ranked data instead of directly using the raw data. For each subject, the measurements under multiple conditions are ranked, and the ranks are summed. These rank sums are then compared to determine whether significant differences exist among the conditions. The formula for calculating its test statistic is:

[image: Formula for calculating \( \chi^2_F \), which equals \(\frac{12}{n \cdot k \cdot (k+1)} \sum_{j=1}^{k} R_j^2 - 3n(k+1)\), labeled as equation (7).]

n represents the number of subjects, k is the number of conditions, Rj is the rank sum for condition j. The null hypothesis (H0) assumes that the median values across all conditions are equal. By calculating the test statistic [image: Chi-squared symbol with degrees of freedom as a subscript "f".] and comparing it to the chi-squared distribution with k−1 degrees of freedom, the significance level (P-value) is determined. If the P-value is less than the chosen significance level (0.05), the null hypothesis is rejected, indicating significant differences among the conditions.

The Wilcoxon Signed-Rank Test is a non-parametric statistical method used to compare the differences between two paired datasets. Compared to the paired t-test, the Wilcoxon test does not require assumptions about data distribution, making it particularly suitable for small sample sizes or data that deviate from normality, and it is more robust to outliers. The test procedure includes: first, calculating the differences between paired data di = Xi−Yi; then, ranking the absolute values of the differences and assigning ranks (Ranks), followed by calculating the positive rank sum W+ and negative rank sum W− based on the sign of the original differences. The test statistic W is defined as the smaller of the two rank sums:

[image: Equation showing \( W = \min (W^+, W^-) \), labeled as equation 8.]

Based on W and the sample size n, the p-value is calculated to determine significance. In Experiment 1, the Wilcoxon Signed-Rank Test was used to compare brain functional connectivity strengths across the Mid-Gray, FoRG, and RoRG conditions; in Experiment 2, it was applied to compare the GLM results of the same channels (a total of 14 channels) under the FoRG and RoRG conditions.

To evaluate the statistical capability of the experimental design with the current sample size, this study conducted a post-hoc power analysis. Power analysis is used to assess the ability of a statistical test to correctly reject the null hypothesis (H0) when a true effect exists. After applying the FDR correction, the significance level for post-hoc power analysis can remain at 0.05 because the purpose of power analysis is to evaluate the capability of the statistical test rather than to control the false positive rate in multiple comparisons. The effect size is calculated using Cohen's d formula:

[image: Equation labeled as number nine showing Cohen's d formula: d equals the mean difference divided by the standard deviation of differences.]

Where Mean Difference represents the mean difference between two conditions, and Standard Deviation represents the standard deviation of the differences. The formula for Power is:

[image: Equation showing statistical power as Power equals one minus beta, where beta is the probability of a Type II error.]

β represents the probability of a Type II error, which is the failure to detect a true effect (failure to reject H0). In this study, the statistical power was calculated based on the sample size (12 participants), a significance level (α = 0.05), and the effect size (d).

The statistical analysis in this study was conducted using Python.




3 Results


3.1 Functional connectivity

Table 3 presents the mean brain functional connectivity strength values for each participant under the conditions of a Mid-Gray field image, binocular color fusion image, and binocular color rivalry image stimulation. Bold values indicate the mean brain functional connectivity strength under the FoRG image condition, and these bolded values represent the highest connectivity strength among the three conditions (Mid-Gray field, FoRG, and RoRG). Figure 7 presents each participant's mean brain functional connectivity strength using a bar chart. The data from Table 3, after calculation, yielded the following Standard Deviation (SD): Mid-Gray field = 0.0675, FoRG = 0.1746, RoRG = 0.1300. The data under all three conditions are relatively stable, with the Mid-Gray field condition showing the greatest stability.


TABLE 3 Mean functional connectivity strength values ([image: A mathematical symbol depicting a vector with a bar above the letter "r", commonly used to denote mean or average in statistics.]) for each participant.

[image: A table displays participants' brain functional connectivity strengths under three conditions: Mid-gray field, FoRG, and RoRG. The bold values in the FoRG column indicate the highest connectivity strength among the conditions. Participants P1 to P12 show varying strengths, with the mean values being 0.1502 for Mid-gray, 0.3317 for FoRG, and 0.2391 for RoRG. FoRG consistently shows higher values than the others.]


[image: Bar chart depicting average functional connectivity strength for participants P1 to P12, with categories Mid-Gray field, FoFG, RoFG, and error bars showing standard deviation. Each category is color-coded: orange, yellow, and pink, respectively.]
FIGURE 7
 Mean brain functional connectivity strength for P1–P12. SD, standard deviation. Mid-Gray field = 0.0675, FoRG = 0.1746, RoRG = 0.1300.


In this study, the Friedman test was used to evaluate whether there were significant overall differences among the three conditions (Mid-Gray, FoRG and RoRG). The test results: Statistic ([image: Chi-squared symbol with a subscript "f".]) = 24, P-value=0.00001, indicating that there were statistically significant differences among the three conditions overall. Additionally, the post-hoc statistical power of the Friedman test was calculated to be 0.88, demonstrating that the experiment had a high power and was effective in detecting significant differences among the conditions. We further conducted pairwise comparisons among the three conditions using the Wilcoxon Signed-Rank Test with FDR correction. The results are as follows: (1) FoRG and RoRG: Statistic = 0, corrected p-value = 0.00049, indicating a significant difference. (2) Mid-Gray Field and FoRG: Statistic = 0, corrected p-value = 0.00049, indicating a significant difference. (3) Mid-Gray Field and RoRG: Statistic = 0, corrected p-value = 0.00049, indicating a significant difference. In the Wilcoxon Signed-Rank Test, a statistic of 0 means that the differences in the data are entirely in one direction, with no differences in the opposite direction. This indicates that the group differences are very strong and consistent.

Binocular color visual stimulation involves two primary processing modes: binocular color fusion and binocular color rivalry. These stimuli require coordinated cooperation between both eyes to integrate or compete with color information, resulting in complex visual experiences. This process engages multiple brain regions working in collaboration, and the increase in functional connectivity strength reflects the brain's efficient coordination in processing complex binocular visual information. Experimental results demonstrate that functional connectivity strength under binocular color visual stimulation conditions is significantly higher than under the Mid-Gray field condition. This indicates that in visual tasks requiring binocular coordination to process color information, the brain's functional connectivity becomes more active and robust. The Mid-Gray field represents a low-stimulation or basic visual state. Its functional connectivity strength is relatively low, reflecting the baseline activity level of the brain in the absence of specific visual tasks. Further experimental results reveal that the mean functional connectivity strength is highest under binocular color fusion, followed by binocular color rivalry, and lowest under the Mid-Gray field condition. This finding indicates that binocular color visual stimulation significantly enhances collaboration and integration between brain regions. Specifically, binocular color fusion exhibits a more pronounced increase in functional connectivity strength compared to binocular color rivalry, suggesting that the fusion process better facilitates cooperation and information integration among brain regions.

Additionally, the experiment observed considerable individual differences in functional connectivity strength under each condition. For example, P6 demonstrated the highest functional connectivity strength under both binocular color fusion and the Mid-Gray field conditions, while P7 exhibited lower connectivity strength across all conditions. These differences may be attributed to variations in participants' brain structure, functional state, or sensitivity to the stimuli. Despite these individual differences, the overall trend was consistent: all participants exhibited the highest mean functional connectivity strength under binocular color fusion stimulation and the lowest under the Mid-Gray field condition. This finding further highlights that binocular color fusion stimulation can significantly activate inter-regional cooperation in the brain, enhancing its ability to process complex visual information.



3.2 Reaction time analysis

This study analyzes the behavioral data (reaction time) collected from Experiment 2. Reaction Time (RT) was calculated as the difference between the time of the stimulus image presentation and the time when the “A” key was pressed. All participants made accurate judgments, responding only during the presentation of RoRG stimuli and not during the presentation of FoRG stimuli. This demonstrates that the subjective experiences elicited by binocular color rivalry and fusion are fundamentally different, and there is no mutual transformation between the two. Table 4 presents the reaction times, mean reaction times, and standard deviations for each participant in response to eight random binocular color rivalry image stimuli in a single experiment. Figure 8 visually illustrates the mean reaction times and standard deviations for participants responding to binocular color rivalry stimuli. Despite some individual differences, all participants' responses met the experimental requirements.


TABLE 4 Reaction times of participants in response to eight RoRG stimuli.

[image: Table showing reaction times (RT) in seconds for twelve participants across eight trials. Mean RT and standard deviation for each participant are listed. P7 has the highest mean RT of 5.64 seconds, while P3 has the lowest at 0.93 seconds. Bold values represent the mean reaction time across trials.]


[image: Bar graph showing average reaction times in seconds for 12 participants, labeled P1 to P12. Yellow bars represent average times, with error bars indicating standard deviation. Participant P7 has the highest reaction time.]
FIGURE 8
 Mean reaction time performance for participants. The figure presents the mean reaction time of each participant along with its variability (standard deviation). The black vertical lines represent the standard deviation (SD), indicating the range of variability in reaction time for each participant.


All participants' reaction times fell within the 10-s window of stimulus presentation. This observation indicates that all participants were able to accurately perceive the binocular color rivalry stimuli within the designated timeframe. It also confirms that the subjective experiences of binocular fusion and rivalry stimuli are distinct, enabling participants to make accurate judgments. P4 and P7 exhibited longer mean reaction times, ~3.79 s and 5.64 s, respectively. This may indicate slower responses during the task, potentially due to differences in color sensitivity, attention, or perceptual factors. In contrast, P3, P2, and P8 demonstrated shorter mean reaction times, close to 1 s, suggesting higher levels of focus and color sensitivity. All participants completed the task accurately, demonstrating their ability to effectively distinguish between the subjective experiences of binocular color fusion and rivalry stimuli. This result indicates that these two types of stimuli elicit entirely different perceptual experiences, enabling participants to make clear and precise judgments. The ability to differentiate between these conditions shows that the experimental design successfully presented robust and distinguishable visual stimuli, further validating the reliability of the experimental methodology and the robustness of the results. This distinction between binocular color fusion and rivalry stimuli proves that the perceptual and cognitive mechanisms involved in processing these two types of conditions are fundamentally different.



3.3 Regional analysis

Table 5 presents the brain activation analysis results (β-value) for FoRG, while Table 6 provides the brain activation analysis results (β-value) for RoRG. Based on Tables 5, 6, Figures 8, 9 were created. Figure 9 shows the mean β-value across 14 channels under the two conditions, Through Figure 9, it is clearly evident that FoRG induces more neural activation in the prefrontal cortex compared to RoRG. Figure 10 presents the level of brain activation following the GLM analysis. Figure 10a shows the results under the binocular color fusion condition, where a large proportion of the area is shaded in purple, indicating high levels of brain activation. Figure 10b displays the results under the binocular color rivalry condition, where most areas are shown in blue, suggesting relatively low levels of brain activation. The higher level of activation under binocular color fusion, indicated by more extensive purple regions, suggests that the brain actively integrates the visual inputs from both eyes, which is a complex perceptual task. Conversely, the lower activation level under binocular color rivalry, predominantly shown by blue regions, indicates that fewer brain areas are activated. It implies that the brain processes a relatively more straightforward task with lower activation demands during the rivalry condition.


TABLE 5 Results of GLM analysis under FoRG.

[image: Table displaying regression coefficient values for channels CH1 to CH14 across participants P1 to P12. Bold numbers indicate the mean regression coefficient for each channel.]


TABLE 6 Results of GLM analysis under RoRG.

[image: Table showing regression coefficient values (β) for channels CH1 to CH14 across participants P1 to P12, with mean values in bold. CH8 has a positive mean of 0.0005, while others are negative.]


[image: Bar chart displaying expression coefficient values for channels C01 to C14. Green bars represent FsRG, and blue bars represent ReRG. Values vary, showing both positive and negative coefficients across channels.]
FIGURE 9
 The mean β-value of FoRG and RoRG for CH1–CH14.



[image: Brain activity maps with two views labeled (a) and (b). Both images show top views of the brain with color gradients from cyan to magenta indicating beta values. Yellow dots mark specific areas of interest across both diagrams.]
FIGURE 10
 Brain activation levels. (a) Performance under binocular color fusion stimulation. (b) Performance under binocular color rivalry stimulation.


After GLM analysis, the data under binocular color fusion and rivalry conditions were analyzed using the Wilcoxon Signed-Rank Test. Since both fusion and rivalry stimuli were tested on the same group of participants, the results for the two conditions are paired, making the Wilcoxon Signed-Rank Test an appropriate choice. This test is used to determine whether the two stimulation conditions have a significantly different impact on brain function. To ensure the accuracy of the test, the FDR correction method was applied. Table 7 presents the test statistic and corrected P-value for all channels, indicating the significance of the results for each channel. Among all the channels, CH12, CH13, and CH14 exhibit statistically significant differences (corrected P < 0.05), suggesting significant changes in brain activation between binocular color fusion and rivalry stimuli in these channels. Figure 11 shows that the corrected P-values for channels CH12, CH13, and CH14 are below 0.05, highlighting the notable activation differences in these channels under binocular color fusion vs. rivalry conditions. Post-hoc power analysis was conducted for the three channels with significant differences, and the results are as follows: (1) CH12: Effect size(d) = 1.09, Power = 0.92. (2) CH13: Effect size(d) = 1.28, Power = 0.98. (3) CH14: Effect size(d) = 1.35, Power = 0.98. The results of the power analysis indicate that the experimental design demonstrates high efficiency for these three channels. Given the current sample size and effect strength, the reliability of the test results is relatively high. These results are unlikely to be affected by insufficient sample size or inadequate experimental sensitivity.


TABLE 7 Statistic and corrected P-value for all channels.

[image: Table showing data for channels CH1 to CH14, with statistics, corrected p-values, and significance. Channels CH12, CH13, and CH14 have significant results with bold values. Other channels are marked as not significant.]


[image: Brain scan visualization shows regions with corrected p-values, indicated by colors from magenta (0.005) to cyan (0.2). Yellow markers highlight specific brain areas labeled Ch1 to Ch10.]
FIGURE 11
 Corrected P-value representation of channels (CH12, CH13, and CH14: corrected P < 0.05).





4 Discussion

Research indicates that binocular color fusion is a more challenging perceptual task than color competition, as it demonstrates stronger functional connectivity and greater neural activation in key brain regions. This suggests that color fusion requires more neural integration and cognitive control, demanding higher attention and executive processes compared to the relatively simpler task of color competition. Brain network analysis revealed that both binocular color fusion and competition stimuli significantly enhanced functional connectivity compared to a mid-gray field, with color fusion exhibiting the highest connectivity. This indicates that fusion demands greater cooperation among brain regions to integrate different visual inputs and form a unified perception. In contrast, binocular color competition only involves processing conflicting inputs, with lower integration demands.

Reaction time analysis showed that all participants responded accurately and consistently to RoRG stimuli, while no responses were observed for FoRG stimuli, suggesting that binocular color fusion and competition evoke entirely distinct subjective experiences. Further non-parametric tests of brain activation identified significant differences in three channels: CH12, CH13, and CH14. Among these, CH13 and CH14 are located in the Frontal Eye Fields (FEF), a region associated with visual attention and eye movement control. The significant differences suggest that binocular color fusion requires more eye movement and attention than competition. CH12 corresponds to the dorsolateral prefrontal cortex (DLPFC), a region responsible for working memory, decision-making, and cognitive control. Its activation further underscores the crucial role of the DLPFC in fusion tasks. General Linear Model (GLM) analysis supports this, showing that binocular color fusion involves a broader neural network and higher resource demands, including attention, perceptual integration, and cognitive control. These results highlight the greater neural demands of the fusion task compared to competition.

Research shows that binocular color fusion is a complex cognitive process that involves the collaboration of multiple brain regions. For instance, visual fusion requires the integration of visual information from both eyes, engaging the visual cortex and prefrontal cortex (29). This aligns with the enhanced functional connectivity found in this study, especially in the FEF and DLPFC, confirming their pivotal roles in the fusion process. Additionally, studies emphasize the importance of attention in visual integration, particularly in handling complex visual scenes (30, 31). The significant activation of the FEF during the fusion task further suggests widespread mobilization of attention resources. Our findings are consistent with these studies, demonstrating that binocular color fusion demands a higher degree of attention and cognitive control. Furthermore, research on binocular fusion mechanisms reveals that the brain must perform complex comparisons and matches of the two input signals, supporting the high cognitive demands of the fusion task (32). This helps explain the heightened neural activation observed under fusion conditions.

However, some studies present differing views on the difficulty and neural demands of binocular color fusion and competition. Blake and Logothetis (12) argue that while binocular competition has lower integration demands, it requires more inhibitory control and conflict management. They describe competition as a process where the brain continually suppresses input from one eye to ensure the dominance of the other. Other perspectives suggest that the duration and intensity of binocular competition are linked to an individual's cognitive control abilities, with stronger inhibitory functions potentially leading to significant activation in specific brain regions. This contrasts with the lower activation observed in our study under competition conditions (33). Additionally, binocular competition may involve active attention control and cognitive monitoring (34), which could explain the variation in brain activation levels during competition tasks.

In recent years, Brain-Computer Interface (BCI) research has made significant strides in decoding and utilizing brain responses to various visual stimuli (35, 36). The key regions identified in this study (CH12, CH13, and CH14) provide valuable insights into distinguishing binocular color fusion from competition, offering new directions for color-based BCI development. Binocular color fusion stimuli involve more complex perceptual integration, producing richer neural signals that may enhance the decoding of perceptual and attentional states. In contrast, neural responses to competition stimuli help us understand how the brain maintains selective attention while processing conflicting inputs (37). It is important to note that the study was conducted with a small sample size (12 participants), and small-sample studies can provide initial theoretical frameworks, exploratory findings, and methodological innovations. They help verify new technologies or theories, guide subsequent large-scale research, and offer a deeper analysis of specific issues under particular conditions. Additionally, the statistical methods used in this study were able to draw meaningful conclusions despite the small sample size. Furthermore, the experimental conditions may not fully capture the complexity of real-world visual environments, and individual differences in binocular fusion and competition have not been extensively studied, which may limit the generalizability of BCI applications (39). This study focused on the effects of visual stimuli on binocular fusion and rivalry but did not account for other sensory inputs. The fixed color settings, with the left eye always receiving green and the right always receiving red, may have introduced adaptation effects. Future research could employ randomized color presentations to explore functional connectivity and brain activation under varied conditions, providing a more comprehensive understanding of these complex visual cognitive processes.



5 Conclusion

This study integrates Experiment 1 and Experiment 2, utilizing brain network analysis and GLM methods to systematically examine the neural and behavioral differences between binocular color fusion and rivalry conditions. Non-parametric tests (Friedman Test and Wilcoxon Signed-Rank Test) were performed on the analysis results, with FDR correction applied to ensure the reliability of the statistical findings. Additionally, post hoc power analysis confirmed the appropriateness of selecting 12 participants, showing that their data were sufficiently robust to support the validity of this research.

Reaction time analysis revealed that binocular color fusion and rivalry elicit distinctly different subjective experiences. Participants were able to consistently and accurately distinguish between the two conditions, suggesting fundamental differences in their perceptual mechanisms. Further analysis revealed significant differences in brain connectivity and neural activation between binocular color fusion and rivalry, particularly in key regions (CH12, CH13, and CH14). CH12 is located in the DLPFC, while CH13 and CH14 are in the FEF. Compared to binocular color rivalry, binocular color fusion is a more demanding perceptual task that requires higher levels of neural integration and cognitive control. This is reflected in stronger functional connectivity and more pronounced neural activation in critical brain regions. The significant activation of the FEF and DLPFC further indicates that attention allocation and executive functions are vital in the integration process during fusion tasks. Visual fusion likely involves complex comparisons and matching of inputs from both eyes, increasing the demand for higher cognitive functions. The observed high functional connectivity suggests that the brain requires dynamic cooperation among multiple regions during fusion, reinforcing the idea that binocular fusion is a more complex perceptual task.

These findings offer key insights into the neural patterns that differentiate complex perceptual integration from simple conflict processing, deepening our understanding of the neural mechanisms underlying complex perceptual tasks. Future research could leverage these findings to develop personalized interventions or training strategies aimed at enhancing perceptual integration and cognitive control, particularly for individuals with weaker functional connectivity. Moreover, these results open new avenues for applying BCI technology. For example, in Virtual Reality (VR) and Augmented Reality (AR), BCI systems based on visual fusion signals could enhance user experience and reduce visual fatigue. In the medical field, such systems may be applied to diagnose and intervene in visual cognitive disorders, such as visual fatigue, attention deficits, or other neuro-related conditions. As technology evolves, BCI systems based on these findings are expected to become essential tools for future human-computer interaction and neurorehabilitation.
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Objective: The most prevalent types of dementia in older adults are Alzheimer's disease (AD) and Lewy body dementia (LBD), and they have overlapping clinical symptoms. We aimed to define amounts of cortical activation and to identify indicators of brain function to better distinguish between these types of dementia and aid diagnosis using functional near-infrared spectroscopy (fNIRS).
Methods: Oxygenated hemoglobin (HbO) concentrations in the brains of patients with AD and LBD were detected using fNIRS. Brain function was assessed using a verbal fluency task (VFT). Resting-state and task-state cortical activations were investigated to determine differences between AD and LBD. Blood samples were analyzed to identify relevant biomarkers. The clinical and HbO variables were compared between AD and LBD. Functional connectivity at rest and correlations between HbO variables and blood biomarkers were analyzed. The sensitivity and specificity of the parameters for differentiating the dementias were evaluated using areas under the receiver operating characteristic (ROC) curves (AUCs).
Results: This study recruited 28 inpatients with AD and 25 with LBD. Mean HbO concentrations did not significantly differ in the resting state (p > 0.05), whereas functional connectivity significantly differed (t = −3.449, p = 0.001) between the groups. Mean HbO concentrations during the VFT, were significantly lower in the left temporal (p = 0.031), right dorsolateral prefrontal (p = 0.001), and right temporal (p = 0.011) cortices of the AD, than the LBD group. Blood amyloid-β (Aβ)42 levels were significantly higher in the AD group (p = 0.023), whereas significantly more α-synuclein was expressed in the LBD group (p = 0.012). Correlation analysis of cognition-related blood biomarkers with HbO concentrations associated higher plasma Aβ42 level with lower HbO concentrations in the right pre-motor and supplementary motor cortex (r = −0.378; p = 0.005) and higher glial fibrillary acidic protein (GFAP) levels in the lower right pars triangularis (r = −0.378; p = 0.006) at rest. Levels of the blood biomarker Aβ significantly and negatively correlated with HbO concentrations in the right temporal cortex (r = −0.329, p = 0.016) during the VFT. The AUC was significantly higher for the combination of multiple fNIRS indicators compared with individual cognitive or blood indicators (AUC = 0.9314).
Conclusion: The characteristics of HbO measured using fNIRS can help distinguish AD from LBD in older adults.
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1 Introduction

Alzheimer's disease (AD) and Lewy body dementia (LBD) are the two most prevalent neurodegenerative diseases among older individuals (1). Some of their clinical manifestations are similar, such as impaired cognitive dysfunction, including memory, learning, orientation, comprehension, judgment, computation, language, and visuospatial functions; significant reductions in daily living, learning, and working abilities, social interactions, and mental, behavioral, and personality abnormalities, which are often accompanied by other symptoms at specific disease stages (2–5).

The differences between the clinical manifestations of AD and LBD include memory impairment. Paracrine amnesia dominates AD but not LBD, and attention and executive functioning might be more impaired during the early stages of AD. Patients with LBD are characterized by significant changes in cognitive functioning within a single day or over several days, whereas cognitive impairment in AD is usually gradual and fluctuation is not as pronounced as that in LBD. People with LBD often experience visual hallucinations, which are often very detailed and vivid. Patients with AD might also experience hallucinations, but they are not as prevalent or significant as in LBD. Symptoms of Parkinson syndrome, such as bradykinesia, resting tremors, or myasthenia gravis are more prevalent in LBD than in AD. Patients with LBD might have disordered rapid eye movement (REM) sleep behavior characterized by sleep movements and vocalizations that mimic dreams, whereas such manifestations are rare in patients with AD (6–8).

In addition to clinical manifestations, numerous biomarkers have been used to assist in the differential diagnosis of AD and LBD (9). Such biomarkers are detected by cerebrospinal fluid (CSF) analysis, blood-based assays, and noninvasive neuroimaging techniques such as magnetic resonance imaging (MRI), positron emission tomography (PET) imaging, and electroencephalography (EEG) (10–12). Functional near-infrared spectroscopy (fNIRS) has recently been applied to investigate brain activity in patients with cognitive impairment (13). Compared with MRI, fNIRS is portable comfortable, less noisy, inexpensive, insensitive to motion, and has high temporal resolution.

The fNIRS-based verbal fluency task (VFT) has been applied to study impaired phonemic fluency, which is associated with a higher Lewy body and tangle burden in the frontal, temporal, and limbic regions, and impaired semantic fluency, which is associated with greater limbic pathology. Although neurofibrillary tangles tend to be more dense in several regions in patients with impaired verbal fluency, increased Lewy body density is generally associated with verbal fluency deficits. Compared with patients with AD, patients with LBD have better verbal learning performance but worse verbal forgetting and recency effects (14, 15). These specific measures of verbal memory can be used as cognitive markers to differentiate these conditions. Blood biomarker levels of total tau are also higher in patients with AD than in those with LBD.

fNIRS has been used to investigate and distinguish between different types of dementia and healthy older individuals or those with mild cognitive impairment (16, 17). However, distinguishing between AD and DLB has not been investigated in detail, and more investigation is needed. This study used fNIRS to compare prefrontal, temporal, and partial parietal cortex activity in patients with AD and LBD during the VFT, and determined correlations among blood biomarkers, oxygenated hemoglobin (HbO) concentrations, and cortical activation. Our results showed that fNIRS combined with blood parameters significantly increased the sensitivity of a differential diagnosis.



2 Methods


2.1 Participants

We recruited 28 and 25 patients with AD and LBD, respectively, from the Geriatric Psychiatric Center of the Affiliated Kangning Hospital of Ningbo University between October 2023 and July 2024. Patients with AD or LBD were diagnosed using the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition. All participants met the following inclusion and exclusion criteria: diagnosis by two research psychiatrists, provided written informed consent, and disease course > 6 months. Caliper matching was implemented to match AD and LBD patients by age, sex, and educational attainment, permitting a specified tolerance range.



2.2 Neuropsychiatric evaluations

Memory, language, and other types of cognitive impairment in the patients were evaluated using the Mini-Mental State Examination (MMSE) scale and Alzheimer's Disease Assessment Scale-cognitive subscale (ADAScog) (18). The MMSE is a 30-point tool used to screen cognitive impairment. Severe dementia is often indicated by MMSE scores <11 (19). The ADAScog 70-point scale (higher scores indicate worse impairment) is primarily used to track cognitive decline. Scores > 49 indicate severe dementia.



2.3 Study protocols

Figure 1 shows the locations investigated in this study. The participants sat comfortably in a quiet room and remained calm during the 600 s detection period associated with the resting-state task. The VFT consisted of 30 and 70 s pre- and post-task baselines, respectively, during which the participants were required to repeat counting from one to five. During the task period, the participants were required to construct as many phrases as possible using three commonly used characters, such as “bai” (white), “xiao” (small), and “yun” (cloud). The three characters were changed every 20 s during the task to reduce the time during which the patients were silent.


[image: Two 3D brain models showing the left and right hemispheres, each labeled with numbered and colored markers indicating specific regions. The left hemisphere has markers 1 to 14, and the right hemisphere has markers 15 to 28. The text "left hemisphere" and "right hemisphere" accompanies the respective images.]
FIGURE 1
 Detection locations. Green: frontopolar area (channels 7, 8, 9, 11, 25, 26, 27, and 28). Purple: left and right pars triangularis Broca areas (right, 22, 24, 37, and 39; left, 31, 32, 46, and 47). Red: left and right pre-motor and supplementary motor cortexes (right, 20 and 38; left, 36 and 48). Blue: left and right temporal cortexes (right, 1, 2, 3, 5, 17, 18, and 19; left, 13, 14, 15, 16, 33, 34, and 35). Yellow: left and right dorsolateral prefrontal cortexes (right, 4, 6, 21, 23, 40, 41, and 42; left 10, 12, 29, 30, 43, 44, and 45).




2.4 fNIRS measurement and processing

The patients sat in a comfortable chair and adopted a relaxed posture. The experiment then started, and the patients moved minimally throughout the procedure. The test environment was rigorously controlled to ensure acoustic isolation, with all external auditory disturbances eliminated during data acquisition. The experimental procedure began with the acquisition of resting-state HbO data, followed by the VFT data.

We measured hemoglobin concentrations using a NirScan-6000A multichannel fNIRS brain imaging device (Danyang Huichuang Medical Equipment Co., Ltd., Huichuang, China). The sampling frequency was 11 Hz, and the wavelengths were 730, 808, and 850 nm, with 730 and 850 nm as the major and isotopic wavelengths for corrections, respectively, as described. We used the FPz channel (10/20 international system) as the center of the middle probe. Thirty-one source-detector (SD) probes (15 sources and 16 detectors) with a fixed 3-cm inter-probe distance were placed to cover the bilateral PFC and temporal cortices of the participants. A total of 48 NIRS channels were established.

The NIRS data were analyzed using NirSpark package (V1.7.5, Huichuang, China). The data were preprocessed as follows: motion artifacts were corrected using moving SD and cubic spline interpolation. Physiological noise was removed using a band pass filter with cut-off frequencies of 0.01–0.20 Hz. Optical densities were converted into altered HbO and deoxygenated hemoglobin concentrations using the modified Beer–Lambert law. Instead of deoxyhemoglobin (HbR), we used HbO as our primary indicator in the following analysis because of its high signal-to-noise ratio.

Based on the waveforms of individuals in all 48 channels, the average waveforms of HbO changes in each channel for all patients in four groups were obtained by linear fitting all baseline data. We minimized cutaneous blood flow signal artifacts by implementing advanced computational algorithms and an optimized multi-probe configuration design. The synergistic integration of these technological enhancements reduced hemodynamic interference while maintaining measurement fidelity.

For cerebral activation analysis during the VFT, a 70-s dataset was initially extracted (comprising 10 s of counting baseline and 60 s of verbal fluency task), with the 10-s counting period serving as the baseline to calculate the average HbO concentration during the 60-s VFT period. The slope of HbO concentration during VFT execution was defined as the ascending rate of HbO within the initial 5 s following verbal initiation. Based on Brodmann's parcellation scheme, the cerebral cortex was partitioned into 9 regions of interest (ROIs), where the HbO concentration for each ROI was determined by averaging HbO values across all channels within that specific region. Regarding brain network analysis, the Pearson correlation coefficients of HbO concentration variations among 48 channels during resting-state measurements were employed as quantitative indicators of functional connectivity strength.



2.5 Blood collection and plasma processing

Before breakfast, whole blood samples (5 mL) were obtained by phlebotomists into procoagulant tubes using a winged blood collection set, then immediately separated at 1,400 rpm for 10 min using a BY-600A type medical centrifuge (Beijing Baiyang Medical Devices Co., Beijing, China). The samples were processed within 30 min of collection and immediately frozen at −80°C. Blood samples were thawed immediately before analysis.

Serum amyloid-β (Aβ), Aβ40, Aβ42, total tau, phosphorylated tau (p-tau), p-tau181, α-synuclein (α-syn), neurofilament light (NFL), and glial fibrillary acidic protein (GFAP) levels were estimated using enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Yuanye BioTechnology Co., China) as described by the manufacturer. Absorbance was measured at 450 nm using a Sunrise-basic enzyme labeling instrument (Tecan Co., Männedorf, Switzerland) with a reference wavelength of 690 nm. These measurements were transformed into concentrations by comparing the optical density of the samples with standard curves.



2.6 Statistical analysis

Data are presented as means ± standard deviation (SD). Demographic and clinical variables as well as HbO changes to identify differences in cortical activation were compared between patients with AD and LBD using Student t-tests. Functional connectivity was analyzed using Pearson correlation coefficients between the time series of each channel-to-channel pair. Correlations between HbO variables and blood biomarkers were analyzed using Pearson correlations. Values with p < 0.05 were considered statistically significant. All data were analyzed using IBM SPSS Statistics for Windows, version 19.0 (IBM Corp., Armonk, NY, USA).




3 Results


3.1 Demographic and clinical data

The flowchart in Figure 2 shows the participant recruitment and measurement protocols. Twelve of 65 initially selected patients could not complete the VFT because of severe dementia. Therefore, we analyzed data from 53 patients. Table 1 shows the demographic characteristics of the participants. The variables of mean age (AD group: range from 62 to 87; DLB group: range from 62 to 84), sex ratio, and education did not significantly differ between the groups (p > 0.05). The mean total scores of neuropsychiatric scales in participants with AD were significantly lower for the MMSE (17.50 ± 4.18 vs. 21.20 ± 4.60, p = 0.003; AD group: range from 12 to 27; DLB group: range from 13 to 29) and higher for the ADAScog (34.42 ± 14.02 vs. 25.85 ± 16.60, p = 0.047; AD group: range from 13.5 to 61.33; DLB group: range from 6.83 to 59.13) compared with those of participants with LBD.


[image: Flowchart showing the study process with initial enrollment of 65 participants. Seventeen severe dementia patients are excluded, leaving 53 screened participants. These are divided into 28 with Alzheimer's disease (AD) and 25 with dementia with Lewy bodies (DLB). Both groups undergo fNIRS measurement, verbal fluency tests, and blood biomarker analysis, followed by data preprocessing.]
FIGURE 2
 Flowchart of study participant enrollment and measurement protocols. AD, Alzheimer's disease; fNIRS, functional near-infrared spectroscopy; LBD, Lewy body disease; VFT, verbal fluency task.



TABLE 1 Participant demographic and clinical data.

[image: Comparison table showing variables between two groups, Alzheimer's disease (AD, n=28) and Lewy body dementia (LBD, n=25). Variables include age, sex, education, MMSE score, and ADAScog score, with means, standard deviations, t/χ² values, and p-values. Age: AD 74.46±7.22, LBD 72.24±6.04, p=0.233. Sex ratio: AD 8/20, LBD 9/16, p=0.572. Education: AD 6.21±3.17, LBD 6.36±2.27, p=0.850. MMSE: AD 17.50±4.18, LBD 21.20±4.60, p=0.003. ADAScog: AD 34.42±14.02, LBD 25.85±16.60, p=0.047. Data are presented as mean ± standard deviation.]



3.2 Differences in resting-state HbO concentrations between AD and LBD

Figure 3A shows that mean resting-state HbO concentrations across the brain regions did not significantly differ between patients with AD and LBD. However, mean resting-state functional connectivity values of the whole brain significantly differed between the AD and LBD groups (0.18 ± 0.09 vs. 0.27 ± 0.11, t = −3.449, p = 0.001; Figure 3B).


[image: Panel A shows a bar chart comparing mean HbO levels across multiple brain regions between AD and LBD, with AD in blue and LBD in orange. Panel B presents a bar graph illustrating higher resting state functional connectivity in LBD compared to AD. Double asterisks denote statistical significance.]
FIGURE 3
 Mean resting-state HbO concentrations (A) and functional connectivity (B) in patients with AD and LBD. Blue and orange bars: AD and LBD, respectively. AD, Alzheimer's disease; HbO, oxygenated hemoglobin; LBD, Lewy body disease; HbO, oxygenated hemoglobin; FC, functional connectivity. **p < 0.01.




3.3 Differences in HbO concentrations during VFT

We investigated mean and slope HbO concentrations in different cortical regions in the patients during the VFT (Figures 4A, B). Compared with the LBD group, the mean HbO concentrations were significantly lower in the AD group in the left temporal cortex (p = 0.031), right dorsolateral prefrontal cortex (p = 0.001), and right temporal cortex (p = 0.011). The slopes of HbO concentrations did not significantly differ between the groups.


[image: Two bar graphs labeled A and B compare H2O levels in VFT. Graph A shows mean H2O in AD and LBD, with blue and orange bars. Graph B indicates slope H2O, also in blue and orange. Horizontal labels display brain regions. Statistical significance is marked with asterisks.]
FIGURE 4
 Mean HbO (A) and slope of HbO concentrations (B) in various brain regions during the VFT. AD, Alzheimer's disease; HbO, oxygenated hemoglobin; LBD, Lewy body disease; VFT, verbal fluency task. *p < 0.05; **p < 0.01.




3.4 Blood biomarker levels differ between the groups

We measured levels of Aβ, Aβ40, Aβ42, p-tau, p-tau181, α-syn, NFL, and GFAP that are indicators of cognition in blood (Figure 5). The value of Aβ42 was significantly higher in the AD group than in the LBD group (t = 2.336, p = 0.023), while α-syn expression was significantly higher in the LBD group than in the AD group (t = −2.602, p = 0.012).


[image: Bar chart comparing blood biomarkers between AD (blue bars) and LBD (orange bars). Biomarkers include Aβ1-40, Aβ1-42, p-tau181, α-synuclein, NFL, and GFAP. GFAP and NFL show the highest levels, with GFAP showing a significant difference between AD and LBD.]
FIGURE 5
 Blood parameters in the AD and LBD groups. We measured cognition-related blood biomarkers: total amyloid-β (Aβ), Aβ40, Aβ42, phosphorylated tau (p-tau), phosphorylated tau181 (p-tau181), α-synuclein (α-syn), neurofilament light (NFL), glial fibrillary acidic protein (GFAP). *p < 0.05.




3.5 Correlations between HbO concentrations and blood biomarkers

Figure 6 shows correlations between blood biomarkers and mean resting-state HbO concentrations in various brain regions (Figures 6A, B) during VFT (Figures 6C, D). Lower HbO concentrations in the resting state were associated with elevated plasma Aβ42 in the right pre-motor and supplementary motor cortices (r = −0.378; p = 0.005) and elevated GFAP in the lower right pars triangularis (r = −0.378; p = 0.006) (Figures 6A, B). Resting-state HbO concentrations were associated positively with p-tau181 and NFL in the frontopolar area, right dorsolateral prefrontal and right temporal cortices, and right pars triangularis (p-tau181 r = 0.285, p = 0.039; NFL r = 0.426, p = 0.001; r = 0.347, p = 0.011; r = 0.402, p = 0.003; r = 0.349, p = 0.010, respectively). During the VFT, Aβ levels correlated significantly and negatively with HbO concentrations in the right temporal cortex (r = −0.329, p = 0.016).


[image: Four heatmaps illustrate correlations between cerebral metrics and blood biomarkers. Heatmap A shows p-values for the correlation of HbO2_RS, with a color gradient from white to red. Heatmap B displays Pearson correlation coefficients for HbO2_RS, using a blue to red scale. Heatmap C presents p-values for HbO2_VTT correlations, similarly colored as A. Heatmap D shows Pearson correlation coefficients for HbO2_VTT, also using a blue to red scale. Each axis lists regions and biomarkers involved, with color bars indicating the strength and significance of correlations.]
FIGURE 6
 Pearson correlation analyses of cognition-related blood biomarkers with mean resting-state HbO concentrations in brain regions of interest (A, B) and VFT (C, D). Blood parameters comprised total amyloid-β (Aβ), Aβ40, Aβ42, phosphorylated tau (p-tau), phosphorylated tau181 (p-tau181), α-synuclein (α-syn), neurofilament light (NFL), and glial fibrillary acidic protein (GFAP). Scale bars: Pearson coefficient r and p-values, respectively.




3.6 Analysis of combined HbO concentrations and blood biomarkers (ROC curves)

The mean ages of the patients were matched between the AD and LBD groups. The accuracy of dementia diagnoses was enhanced using fNIRS parameters. The AUCs were 0.69 and 0.72 for MMSE and ADAScog, respectively. Figure 7 shows that the AUC was significantly higher after combining multiple fNIRS indicators compared with individual cognitive or blood indicators. The fNIRS indicators included HbO concentrations in the left temporal, right dorsolateral prefrontal, and right temporal cortexes during the VFT. The blood indicators included Aβ42 and α-syn levels. The AUC for these combined parameters was 0.9314.


[image: ROC curves comparing different sensitivity and specificity metrics for various parameters. The identity line is shown in black. Curves are color-coded, including pink, orange, green, blue, and others, with corresponding AUC values ranging from 0.6936 to 0.9071.]
FIGURE 7
 ROC curves of diagnostic parameters. The combination of fNIRS and blood parameters improved sensitivity and specificity. The fNIRS indicators included mean HbO concentrations of left temporal cortex (meanVFT_LTC), right dorsolateral prefrontal cortex (meanVFT_RDLPFC), and right temporal cortex (meanVFT_RTC) during VFT. The blood indicators included amyloid-β (Aβ)42 and α-synuclein (α-syn). fNIRS, functional near-infrared spectroscopy; ROC, receiver operating characteristic.





4 Discussion

Our findings showed that cortical activation measured using fNIRS during the VFT and blood biomarkers differed between patients with AD and LBD. Combining fNIRS findings and blood biomarkers significantly improved the sensitivity and specificity of differential diagnosis compared with either neuropsychiatric scales or clinical manifestations.

We assessed HbO concentrations reflected by fNIRS under resting state and during VFT. Mean HbO concentrations across the brain regions did not significantly differ between the patients at rest, whereas functional connectivity was stronger for those with LBD than AD. This result is consistent with the findings of an MRI study of the nucleus basalis of Meynert (NBM) that assessed functional connectivity in AD and LBD (20). During the VFT, the mean HbO concentrations were significantly lower in the right dorsolateral prefrontal cortex and left and right temporal cortices in the AD group compared with that of those in the LBD group. The semantic VFT can be used to distinguish between AD, LBD, and behavioral variants of frontotemporal dementia (14). Thus, these differences can be used as neuroimaging biomarkers to distinguish these types of dementia.

The results of investigations into AD pathology and LBD using plasma biomarkers suggested that abnormal levels of plasma NFL and GFAP are associated with increased amyloid levels (21, 22). Other blood biomarkers, including p-tau181, can accurately detect abnormalities in patients with LBD (5). We also investigated correlations between levels of the blood biomarkers amyloid and tau NFL, GFAP, and alpha-syn and HbO concentrations. The LBD group showed significantly higher α-syn expression and lower Aβ42 than did those in the AD group. In both groups, higher plasma Aβ42 levels were associated with lower HbO concentrations in the right pre-motor and supplementary motor cortices. The strength of correlations was lower in various brain regions during the VFT than while resting. This suggested that dementia confers greater effects on interactions between brain regions during tasks.

Various modalities have been proposed to distinguish AD from LBD (23, 24). Here, we investigated the ability of fNIRS combined with blood biomarkers based on AUC to differentiate LBD from AD. Impaired phonemic fluency in LBD is associated with a higher Lewy body and tangle burden in the frontal, temporal, and limbic regions (25). Patients with AD and white matter pathology in both frontal and parieto-occipital cerebral areas might also have impaired semantic fluency (26, 27). The fluctuation in cognition in patients with LBD might influence the difference in VFT results (28). Cognitive decline can persist for long periods in AD, whereas cognition might improve in LBD.

The strengths of the present study include the investigation of the resting-state characteristics of brain activity and VFT in patients with AD and LBD using fNIRS. Our findings revealed evidence of cognitive impairment and functional deficits in the prefrontal, local parietal, and temporal cortices under both conditions and suggests that fNIRS could serve as a reliable and valuable clinical diagnostic tool for differentiating LBD from AD. However, owing to the limited number of channels, the brain regions measured by fNIRS were restricted to the prefrontal and temporal cortex. Future studies with larger samples are needed. The interpretation of our findings should consider two key methodological constraints. First, the modest sample size may limit the statistical power to detect subtle between-group differences in functional connectivity, particularly in small brain regions. Second, our focus on prefrontal and parietal cortices (based on prior evidence of neurodegeneration in AD) precludes conclusions about other regions that may contribute to cognitive decline. Future studies with larger cohorts and whole-brain analyses are needed to validate these results and explore broader neural networks.



5 Conclusion

Non-invasive fNIRS indicators combined with blood biomarkers can differentially diagnose patients with AD and LBD. Levels of cognition-related blood biomarkers correlated with mean HbO concentrations while resting and during the VFT, suggesting their potential as indicators or biomarkers for different types of dementia.
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Modulation of cerebral cortex activity by acupuncture combined with continuous theta-burst stimulation in post-stroke upper limb spasticity: an fNIRS study
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Objective: To observe the modulation and clinical efficacy of acupuncture combined with continuous theta-burst stimulation (cTBS) on cerebral cortical activity in post-stroke upper limb spasticity.
Methods: Patients with upper limb spasticity after stroke were randomly divided into two groups. The control group (n = 15) received acupuncture treatment, and the experimental group (n = 15) received cTBS treatment of the premotor cortex of the healthy side in addition to acupuncture. The efficacy was evaluated before and after the first treatment and 2 weeks after treatment. MAS, FMA, MBI, fNIRS and F wave evaluation were observed in the two groups.
Results: After treatment, there were significant differences between the two groups in MAS, FMA-UE, MBI, F-wave amplitude, and the F/M amplitude ratio index of the experimental group (p < 0.05). Comparison between groups, the MAS-elbow flexor in the experimental group decreased significantly after the first treatment and 2 weeks after treatment. After 2 weeks of treatment, the HbO2 concentration in the CH4 channel exercise phase in the experimental group increased compared with the control group (pFDR <0.05). The strength of functional connection in the left primary motor area (M1)—the left primary somatosensory cortex (S1), the left S1—the right premotor cortex and supplementary motor area (PMC & SMA), and the left S1—the left PMC&SMA showed an increasing trend (0.05 < pFDR < 0.1). The F wave amplitude was significantly lower than before intervention, and the difference was significant (p < 0.05).
Conclusion: Acupuncture combined with cTBS can relieve upper limb spasticity, enhance motor function, improve daily living ability, and reduce excessive spinal cord excitability. It can also increase HbO2 concentration in the cerebral cortex. However, large-sample studies are still needed to prove the effect of this therapy on brain networks.
Significance: This study provides evidence for the potential of combined cTBS and acupuncture in stroke rehabilitation.
Clinical trial registration: identifier ChiCTR2400083631.
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1 Introduction

Post-stroke spasticity (PSS) refers to an elevation in the muscle tone in the hemiplegic limb following a stroke. It is characterized increased tensor reflex and hyperreflexia of the tendon reflexes, typical of upper motor neuron injury (1, 2). It is estimated that PSS can affect as many as 65% of stroke survivors, hindering their recovery of motor functions and resulting in severe physical disabilities (3). A study have demonstrated an increasing incidence of PSS, particularly in the upper extremities (4). Some studies have indicated that the incidence and severity of upper limb spasticity after stroke are higher compared to those of the lower limb (5). Consequently, early intervention for upper limb spasticity following stroke is deemed highly essential (6). Furthermore, spastic paralysis imposes a significant economic burden on patients. Stroke patients with spasticity incur medical costs four times higher than those without (7). The raising prevalence and treatment costs necessitates the search for the development of innovative rehabilitation programs targeting post-stroke upper limb spasticity.

Currently recognized treatments for PSS include pharmacological interventions with botulinum toxin and non-pharmacological approaches such as stretching maneuvers. However, these treatments primarily focus on peripheral interventions. Their efficacy is often limited and non-enduring. Studies have shown that while botulinum toxin can effectively treat PSS for up to 3 months, it cannot improve voluntary motor function (8). Although traction manipulation provides immediate relief for PSS, its short- and long-term effects remain uncertain (4). The identification of safe and effective treatment protocols for PSS continues to be an urgent challenge that needs addressing.

Acupuncture is recognized by the World Health Organization (WHO) as an alternative and complementary therapy for stroke treatment and has long been utilized for the management of PSS (9). The latest systematic review indicates that acupuncture can effectively enhance the recovery rate of spasticity and reduce scores on the Modified Ashworth Scale (MAS) (10). Notably, the incidence of adverse reactions associated with acupuncture is substantially lower than that observed with traditional Western medical therapies (11). Research suggests that acupuncture promotes the alleviation of spasticity by modulating pathways within the spinal cord. Specifically, acupuncture of the antagonist muscles of spastic muscles can reduce the excitability of α and γ neurons, thereby facilitating presynaptic inhibition. Additionally, acupuncture can decrease the Hmax/Mmax ratio and prolong the mean H-reflex recovery time, both of which contribute to the improvement of spasticity (12).

Continuous theta burst stimulation (cTBS), an innovative patterned variant of transcranial magnetic stimulation (TMS) (13), stands alongside high-frequency repetitive TMS (rTMS) and low-frequency rTMS as a powerful paradigm in neuromodulation (14, 15). Recent clinical investigations have underscored its efficacy in ameliorating upper limb spasticity symptoms in stroke patients when administered to the unaffected hemisphere of the brain. Notably, cTBS exhibits sustained superiority over low-frequency rTMS in this regard, demonstrating persistent therapeutic benefits (16). Since nerve fibers originating from the premotor area (PMA) of the brain play a pivotal role in regulating limb muscle tone, the unaffected PMA was targeted as the stimulation site (17).

Presently, the intricate pathogenesis of post-stroke upper limb spasticity remains enigmatic, with a multitude of studies underscoring its association with the dysfunctional imbalance of the reticulospinal tract (RST) (18, 19). However, some studies have also proposed that the occurrence of PSS is inextricably linked to the imbalance between excitation and inhibition within the cortex (3) or spinal cord (20). Functional near-infrared spectroscopy (fNIRS), an emerging brain imaging technique, represents a potent tool for assessing the functional status of the cerebral cortex in stroke patients. In comparison to functional magnetic resonance imaging (fMRI), fNIRS offers greater convenience and speed, facilitating the design of flexible task paradigms tailored to experimental needs. The F-wave, a polysynaptic spinal reflex, has been investigated by Wang et al. (21), who found that in stroke patients, prolonged F-wave latency and increased amplitude correlated positively with MAS scores. These findings suggest that the F-wave may serve as an objective and quantifiable neuroelectrophysiological indicator of motor neuron excitability in the anterior horn of the spinal cord.

The current study aims to explore the clinical efficacy of acupuncture in combination with cTBS for the treatment of PSS in the upper limbs. Furthermore, we intend to utilize fNIRS and F-wave assessments to delve into the changes in cortical and spinal excitability in PSS patients before and after treatment, aiming to provide preliminary mechanistic insights.



2 Methods


2.1 Patients

Stroke patients were recruited from the rehabilitation center of the First Affiliated Hospital of Tianjin University of Traditional Chinese Medicine between November 16, 2023 and March 31, 2024. All participants were informed of the study protocol and signed an informed consent form. The study was approved by the Ethical Review Board of the First Affiliated Hospital of Tianjin University of Traditional Chinese Medicine (Ethics No. TYLL2023[Z] 046). Meanwhile, the study has been successfully registered on the website of Chinese Clinical Trial Registry, with registration number ChiCTR2400083631.

The inclusion criteria were as follows: (1) patients with a confirmed first stroke by MRI or CT; (2) unilateral hemiparesis; (3) stable condition; (4) Brunnstrom’s stage III–IV; (5) MAS score >1; (6) age between 40–70 years old; (7) Minimum Mental State Examination (MMSE) score >23; and (8) good adherence to interventions. The exclusion criteria were as follows: (1) brainstem or cerebellar stroke; (2) history of an epileptic seizure, skull fracture, or skull defect; (3) metal or electronic device implanted in the body; (4) pregnant or breastfeeding women; (5) severe damage to organs such as the heart, lungs, liver, kidneys, etc., which could not tolerate the training; and (6) patients who were unable to communicate, such as those who had motor aphasia or mixed aphasia.



2.2 Experimental design and procedure

A prospective, single-blind, randomized controlled study was designed, assigning patients randomly to experimental group or control group, ensuring blindness to group allocation. Drawing upon the findings of a prior study (22), we set the two-sided significance level (α) at 0.05 and the power of the test (1 − β) at 0.9. Furthermore, we ensured that the ratio of sample sizes between the experimental and control groups remained 1:1. Utilizing the methodology proposed by Ye and Yi (23), we employed the R programming language to calculate the necessary sample size, yielding 11 cases for each of the experimental and control groups. Taking into account a potential 20% loss due to missed visits and refusals, we rounded up the required sample size to a minimum of 14 cases per group, resulting in a total sample size of 30 cases (rounded to the nearest whole number for practical purposes). Random allocation codes, generated using SAS 9.4 by an independent third party, sealed in envelopes, determined group assignment. Researchers sequentially enrolled subjects, unaware of their allocation, who then underwent daily cTBS or sham cTBS followed by a 30-min acupuncture session each day for 2 weeks, totaling 10 interventions. Evaluations were conducted at baseline, post-first treatment, and after 2 weeks of treatment. A blinded and trained researcher assessed outcomes using the Modified Ashworth Scale (MAS), the Fugl-Meyer Assessment for Upper Extremity (FMA-UE), the Modified Barthel Index (MBI), fNIRS, and F-wave analysis. The study protocol is depicted in Figure 1.

[image: Flowchart depicting a study process for patients with post-stroke upper limb spasticity. Subjects are screened and randomized into experimental and control groups, each with 15 participants. Both groups undergo baseline assessment involving MAS, FMA-UE, MBI, fNIRS, and F-wave measurements. The experimental group receives acupuncture plus continuous theta burst stimulation (cTBS), while the control group receives acupuncture plus sham cTBS. Initial intervention assessment follows, using MAS, FMA-UE, and F-wave. After a two-week intervention, post-intervention assessment includes the same measurements, and results are statistically analyzed in the full set.]

FIGURE 1
 Schematic diagram of the trial process. MAS, Modified Ashworth Scale; FMA-UE, Fugl-Meyer Assessment-Upper Extremity; MBI, Modified Barthel Index; fNIRS, functional near-infrared spectroscopy.




2.3 Therapeutic method

All patients underwent medication therapy tailored to address their underlying conditions and participated in conventional rehabilitation training (24). The rehabilitation protocol entailed positioning the affected limb in a functional posture, facilitating large joint mobilization, and performing passive stretching exercises to alleviate muscular spasticity. On this basis, the experimental group underwent “Regulating Yin and Yang” acupuncture treatment in combination with a real cTBS protocol, whereas the control group received the same acupuncture treatment but in conjunction with a sham cTBS protocol. Each participant received one treatment session daily for 2 weeks, totaling 10 treatment sessions.


2.3.1 “Regulating Yin and Yang” acupuncture program

All patients were positioned supine and underwent sterilization at the designated sites with single-use, sterile Huatuo acupuncture needles of varying sizes (0.25 × 40 mm and 0.30 × 75 mm). The primary focus of acupuncture was on the upper extremities, performed consistently by a qualified acupuncturist. Key acupuncture points identified included Jianyu (LI 15), Quchi (LI 11), Waiguan (TE 5), Shousanli (LI 10), Hegu (LI 4), and Houxi (SI 3). Following the attainment of “de qi,” needles were retained for 30 min. For Qingling (HT 2) and Bizhong (EX-UE), rapid needling techniques were applied without needle retention. Localization of acupoints adhered to the standardized guidelines outlined in “Acupoint Names and Localization” (GB/T 12346-2006) (25), with detailed point placement and procedural steps summarized in Table 1.



TABLE 1 “Regulating Yin and Yang” acupuncture method.
[image: A detailed table showing acupoints, operating methods, and selection basis for different acupuncture points. Each row provides information on a specific acupoint, including needle entry depth, technique, and associated benefits. Terms like "LI15", "TE5", and "HT2" refer to specific acupoints. Operative methods describe how needles are inserted and manipulated. The selection basis outlines the traditional reasoning behind choosing each acupoint, highlighting its effects on qi and bodily functions, such as balancing yin and yang or alleviating specific pains and conditions.]



2.3.2 cTBS and sham cTBS paradigm

The motor threshold (MT) was determined beforehand, and patients were then stimulated with a figure-8 coil of an rTMS stimulator (YRD CCY-I, Wuhan). In a relaxed sitting position, the stimulation targeted the area eliciting maximum motor evoked potential (MEP) in the contralateral first dorsal interosseous (FDI) muscle. MT was defined as the minimum intensity required to induce MEPs of ≥50 μV in at least 5 of 10 trials, specifically when stimulating for thumb abduction (26). Subjects then lay supine and relaxed while the therapist positioned the coil over the healthy PMA, the dorsal portion of the superior precentral sulcus (above the superior frontal sulcus) in the contralateral hemisphere. The cTBS parameters were designed based on the theta-burst stimulation paradigm proposed by Huang et al. (27), which induces long-term depression (LTD) to specifically suppress hyperexcitability in the contralesional motor cortex, thereby ameliorating interhemispheric inhibition imbalance (28). The stimulation intensity was set at 80% of the active motor threshold (AMT) to balance safety and neuromodulatory efficacy (29). Each subject received 40-s cTBS on the contralateral PMA at 50 Hz, with 3 pulses per cluster, 0.06 s per pulse, and intervals of 0.2 s (i.e., 5 Hz), totaling 600 pulses. The stimulation protocol was then repeated after a 10-min rest period. Figure 2 illustrates the cTBS stimulation paradigm used in the study.

[image: Diagram illustrating a continuous theta burst stimulation (cTBS) pattern lasting forty seconds, with vertical lines representing bursts. An inset shows a single burst: three pulses at fifty hertz, with intervals of zero point zero six seconds and zero point two seconds. An arrow diagram indicates cTBS leads to long-term depression (LTD) and premotor area (PMA) activation.]

FIGURE 2
 Continuous theta burst stimulation (cTBS) paradigm and neurophysiological effects. The fundamental element of cTBS comprises a burst of 3 stimuli delivered at 50 Hz (each lasting 60 ms), repeated every 200 ms, resulting in an uninterrupted 40-s TBS sequence (totaling 600 pulses). Following a 10-min rest period, the stimulation is repeated with an additional 600 pulses.


The sham stimulation mirrored the intervention parameters and stimulation site of cTBS, however, it involved a 90-degree rotation of the coil. This manipulation ensured that while the patient experienced the sensation of being stimulated, the stimulation itself did not penetrate to the deep surface of the skull.




2.4 Assessment method

To ensure rigor and objectivity, a blinded investigator systematically assessed all indicators at predefined time points: pre-treatment, immediately post-treatment, and 2 weeks ± 2 days post-completion.


2.4.1 Scale assessment

Primary outcome was the MAS, a validated tool adhering to the “one-second rule” for precise spasticity severity scoring (0–4+) (30). Secondary outcomes included FMA-UE (max 66) and MBI (100 = full independence), comprehensively evaluating motor function and the activities of daily living (31, 32).



2.4.2 fNIRS measurement and data processing

In this experiment, NirScan-6000B equipment (Danyang Huichuang Medical Equipment Co., Ltd., China) was used to continuously measure and record the concentration changes of brain oxygenated hemoglobin (HbO2) and deoxyhemoglobin (HbR) during the task. The system consists of a near-infrared light source (light emitting diodes, LED) and an avalanche photodiodes (APD) as detectors, with wavelengths of 730 nm, 808 nm and 850 nm, respectively, and a sampling rate of 11 Hz. The experiment uses 24 light sources and 24 detectors to form 63 effective channels (Figure 3), the average distance between the source and the detector is 3 cm (range2.7–3.3 cm), with reference to the international 10/20 system for positioning. During the resting state, the subject remained sedentary for 8 min. For the task paradigm, the subject was instructed to move the upper limb on the affected side. The subjects rested for 10 s in a quiet state, followed by a 15-s movement of the upper limb on the affected side. Afterward, they rested for 20 s. This task paradigm was repeated for a total of five groups. The task paradigm is illustrated in Figure 4. The NirSpark software (Danyang Huichuang Medical Equipment Co., Ltd., China) package was used to preprocess fNIRS signals and analyze data, it has been used in previous experiments (33). In this study, the frontopolar area (Fp), supplementary motor area & premotor area (SMA and PMA), primary motor cortex (M1), and primary somatosensory cortex (S1) were, respectively, regarded as eight different independent homologous motor networks, namely the regions of interest (ROIs). The functional connectivity of heterologous motor networks was calculated to investigate the strength of functional connectivity (FC) among different ROIs. The settings of ROIs and specific channels are presented in Table 2.

[image: Diagram featuring multiple interconnected diamond-shaped grids, each labeled with different nodes and numbers. The grids highlight a network structure with nodes alternating between blue and purple. Two smaller rectangular grids appear at the top, and a linear grid spans the bottom, indicating varying configurations.]

FIGURE 3
 Distribution of light sources, detectors, and channels.


[image: Diagram showing a sequence for moving the affected upper limb over 175 seconds. It begins with a 35-second preparation phase, followed by alternating phases of moving (blue) for 15 or 20 seconds and resting (red) for 15 or 20 seconds. Total time is 175 seconds.]

FIGURE 4
 fNIRS task-state design paradigm.




TABLE 2 Settings of region of interest (ROI) and corresponding channels.
[image: Table showing regions of interest (ROI) of cortical areas with associated channel numbers for left and right brain hemispheres. Frontopolar area lists channels 25, 23, 8, 10, 9, 24, 26, 12, 11 on the left, and 22, 6, 7, 20, 5, 18, 19, 4, 3 on the right. Pre-motor and supplementary motor cortex includes 54, 57 on the left, and 30, 32 on the right. Primary motor cortex has 15, 14, 56 on the left, and 17, 44, 48 on the right. Primary somatosensory cortex lists 40, 36, 38, 27 on the left, and 31, 33, 46, 47 on the right.]



2.4.3 F-wave detection and parameter selection

Additionally, F-wave electrophysiology, using the NeuroCare-D1 system, was employed to provide an objective, quantitative assessment of spasticity through standardized procedures and 20 stimulations, enhancing the accuracy of our evaluation (34, 35). Figure 5 shows the schematic diagram of F-wave detection.

[image: (A) A hand undergoing electrical stimulation with electrodes attached. (B) A graph showing wave patterns labeled with markers. (C) Multiple waveforms displayed on a screen with labeled axes. (D) Instructions for nerve conduction study: sensitivity at one millivolt per division, stimulation rate at five milliseconds per division, frequency at one hertz, intensity as ultra-maximal, and recording twenty stimulations. Outcomes listed are F-wave conduction velocity, mean latency, amplitude, and F/M-amp ratio.]

FIGURE 5
 Schematic diagram of F-wave detection. (a) Detection position schematic. Stimulation electrode: 1 cm proximal to wrist crease. Recording electrode: On abductor pollicis brevis belly. Reference electrode: On corresponding tendon. Grounding electrode: Attached to dorsal hand. (b) F-wave waveform diagram. (c) F-wave waveform after 20 superimposed stimulations. (d) Relevant parameters for F-wave assessment.




2.4.4 Assessment of adverse events

During the trial, all analysis of adverse events (AEs) including bleeding, hematomas, pain, and seizures were closely monitored for their potential association with the trial methodology. Detailed records were kept of AE symptoms, severity, onset, duration, management, and progression. In the event of serious AEs, investigators promptly implemented safety measures and reported the incidents to the subject study unit and ethics committee.




2.5 Statistical analysis

To validate our findings, rigorous statistical analysis was performed. The Shapiro–Wilk (S–W) test verified data normality, with continuous variables reported as mean ± SD (x̄ ± s) for normal distributions and median (IQR) for non-normal distributions. Categorical variables were analyzed by chi-square tests and presented as case numbers (ratios) [n (%)]. Group comparisons were approach-specific based on data distribution, utilizing the independent t-test for normal data and Mann–Whitney U-test for non-parametric data. For repeated measures fitting normal or near-normal distributions, two-way analysis of variance (ANOVA) was employed, considering treatment and time as independent variables. Our main hypothesis targeted the group-by-time interaction. Sphericity violations were adjusted using Greenhouse–Geisser correction, and Bonferroni-corrected post hoc tests identified significant group differences. Within-group changes were analyzed by paired t-tests. Multiple comparisons were corrected using the false discovery rate (FDR) (p < 0.05), that is, all results that rejected the null hypothesis were corrected for false positives. Statistical significance was set at p < 0.05, and all analyses were conducted using IBM SPSS Statistics 25, ensuring reliability and reproducibility.




3 Results


3.1 Baseline characteristics

This study included 30 patients with upper limb spasms after a stroke, of which males were predominant, accounting for 80% of the entire cohort. Meanwhile, patients with cerebral infarction outnumbered those with cerebral hemorrhage in the disease diagnosis, with a ratio of 5:1. The mean age of the patients was 58.97 ± 2.14 years, and the mean duration of a stroke was 6.5 months. The demographic characteristics and initial clinical assessment parameters of all subjects were evenly distributed between groups and were comparable (p > 0.05) (Table 3).



TABLE 3 Baseline characteristics of participants.
[image: Table comparing experimental and control groups, each with 15 participants. Variables include sex, diagnoses, hemiplegic side, age, duration of symptoms, MAS-elbow and finger flexor scores, FMA-UE, and MBI. p-values indicate significance levels, all above 0.05, suggesting no significant differences between groups.]



3.2 Therapeutic outcomes


3.2.1 MAS


3.2.1.1 MAS-elbow flexor

Data normality and sphericity (Mauchly’s W = 0.968, p = 0.645) were confirmed, allowing for univariate ANOVA. Repeated measures ANOVA revealed significant effects of groups (F = 5.664, p = 0.024), MAS-elbow flexor (F = 57.194, p < 0.001), and their interaction (F = 14.865, p < 0.001). Post-hoc simple effects tests indicated no group difference pre-intervention (p = 0.863), but cTBS significantly reduced MAS-elbow flexor compared to sham cTBS post-treatment (p < 0.01), persisting at 2 weeks. Within experimental group, MAS-elbow flexor declined progressively over time (p < 0.001). In the control group, a statistically significant reduction was solely observed at the 2-week time point (p ≤ 0.002) when compared to both baseline and immediately post-treatment measurements. For a detailed breakdown, please refer to Table 4 and Figure 6a.



TABLE 4 Primary and secondary outcomes for the cTBS and sham cTBS groups.
[image: Table comparing outcomes between experimental and control groups for various measures, including MAS-elbow flexor, MAS-finger flexor, FMA-UE, MBI, and neurophysiologic indicators like F-wave conduction velocity, latency, and amplitude. It lists baseline, instant, and two-week changes, alongside mean differences and p-values for significance. Key statistics include mean, standard deviation, and confidence intervals. Key outcomes show significant differences in specific measures.]

[image: Graphs display comparative data between experimental and control groups over three time points: Baseline, Instantly, and two weeks. Metrics include MAS for elbow and finger flexors (a, b), FMA-UE (c), MBI (d), F-wave conduction velocity (e), F-wave latency (f), F-wave amplitude (g), and F/M amplitude ratio (h). Significant differences noted in elbow flexor (a) and F-wave amplitude (g). The experimental group shows distinct trends compared to the control group.]

FIGURE 6
 Graph of outcome indicators. MAS, Modified Ashworth Scale; FMA-UE, Fugl-Meyer Assessment-Upper Extremity; MBI, Modified Barthel Index. Significance levels between-group comparisons: **P < 0.01, *P < 0.05.




3.2.1.2 MAS-finger flexor

The normality of the data was confirmed by S–W, skewness, and kurtosis tests. Mauchly’s W (0.840, p = 0.095) indicated adherence to sphericity assumptions, justifying the use of univariate ANOVA. Repeated measures ANOVA revealed non-significant group differences (F = 0.224, p = 0.639, η2 = 0.008), but significant effects of MAS-finger flexor (F = 58.504, p < 0.001, η2 = 0.676), with no significant interaction (F = 2.203, p = 0.120, η2 = 0.073). Multiple comparisons failed to show significant differences in MAS-finger flexor between groups at any time point (p > 0.05). In the experimental group, MAS-finger flexor declined progressively over time, with significant paired comparisons (p < 0.01). In the control group, significant reductions were observed from baseline to immediate post-treatment and 2 weeks post-treatment (p < 0.001), but the difference between these two time points was non-significant (p = 0.649). The experimental group exhibited a consistent decrease in MAS-finger flexor, while the control group showed a significant initial drop, with no further significant change at 2 weeks (Table 4 and Figure 6b).




3.2.2 FMA-UE

The S–W test confirmed normal distribution of data. Sphericity was assumed based on Mauchly’s W (0.819, p = 0.068), allowing univariate ANOVA. Repeated measures ANOVA found non-significant group effects (F = 0.127, p = 0.724, η2 = 0.83), but significant FMA-UE effects (F = 136.661, p < 0.001, η2 = 0.70) with significant interaction (F = 23.742, p < 0.001, η2 = 0.459). Simple effects tests were performed. Group effects were non-significant at all time points (p > 0.05), with no consistent FMA-UE differences between experimental group and control group. FMA-UE simple effects were significant in both groups (p < 0.001), with experimental group showing continuous improvement across time (p < 0.001). Control group exhibited significant improvement from baseline to 2 weeks post-treatment (p < 0.001), but not between baseline and immediate time (p = 0.310) (Table 4 and Figures 6c).



3.2.3 MBI

Between-group comparisons using the two-sample independent t-test revealed no significant difference in the MBI between the experimental group and control group at baseline (p = 0.917), which was comparable. The MBI of the experimental group was higher than that of the control group at both the immediate time and 2 weeks post-treatment, with no statistically significant difference (p > 0.05). Between-group comparisons using paired two-sample t-tests revealed that the MBI exhibited significant changes in experimental group and control group at 2 weeks post-treatment compared with the baseline period (p < 0.01) (Table 4 and Figure 6d).




3.3 Mechanism outcomes


3.3.1 F-wave


3.3.1.1 Conduction speed

Data normally distributed. Sphericity violated (Mauchly’s W = 0.769, p = 0.029), applying Greenhouse–Geisser correction. ANOVA revealed no significant effects of groups (F = 2.258, p = 0.144) or conduction velocity (F = 1.459, p = 0.243), and no interaction (F = 0.215, p = 0.761). Multiple comparisons showed no differences in conduction velocity between experimental and control groups at any time point (p > 0.05).



3.3.1.2 F-wave latency

Data normally distributed. Sphericity assumed (Mauchly’s W = 0.930, p = 0.378). ANOVA found no significant group effect (F = 0.022, p = 0.882) but a significant main effect of latency (F = 4.048, p = 0.023). No interaction effect (F = 1.981, p = 0.148). Experimental group showed significant latency reduction from baseline to immediate (p = 0.017), with no other significant changes. Control group showed no significant changes.



3.3.1.3 F-wave amplitude

Data normally distributed. Sphericity violated (Mauchly’s W = 0.353, p < 0.001), applying Greenhouse–Geisser correction. ANOVA revealed a significant main effect of amplitude (F = 34.567, p < 0.001) but no group or interaction effects. Experimental and control groups differed significantly in amplitude after 2 weeks (p = 0.026), with significant intra-group changes over time (p < 0.05).



3.3.1.4 F/M-amp ratio

Data normally distributed. Sphericity assumed (Mauchly’s W = 0.951, p = 0.506). ANOVA showed a significant main effect of ratio (F = 11.287, p < 0.001) but no group or interaction effects. Experimental group showed significant changes in ratio from baseline to immediate and 2 weeks (p < 0.05), with no change between these time points. Control group showed no significant changes (Table 4 and Figure 6 summarize these findings).




3.3.2 fNIRS


3.3.2.1 Cortical activation results

The integral value, mean value and difference value of the whole brain HbO2 concentration in the experimental group all increased after treatment, but there was no statistical significance (P > 0.05). In the control group, the mean, integral, difference and β values of wholebrain HbO2 concentration all increased after treatment, but there was no statistical significance (P > 0.05). Comparing between groups, there was no significant difference between the experimental group and the control group in the mean, integral, difference and β values before treatment. After treatment, there was no significant difference in the mean, integral and β values between the experimental group and the control group. There was a significant difference (P = 0.009) in the difference of channel CH4 (Figure 7), which is located on the right Fp and is arranged in Broca’s area according to the channel arrangement (Table 5).

[image: Illustration of a brain with colored regions and dots, depicting neural activity. Blue and red areas are labeled, with "CH4" marked in red. A vertical color scale on the right indicates varying levels of activity from 0.00 to 0.10.]

FIGURE 7
 The difference in brain activation between the experimental group and the control group.




TABLE 5 The detail information of CH4.
[image: Table displaying information about a specific brain region. The Channel is 4, Light sources and detectors are S2-D7. The Brodmann area is BA 45. The Region is R-pars triangularis, Broca's area. MNI coordinates are X: 58.608, Y: 33.374, Z: 5.662.]



3.3.2.2 Results of brain network connectivity


3.3.2.2.1 Comparison of regions of interest

3.3.2.2.1 Comparison of regions of interest. After treatment, there were significant differences in FC between the right S1 -the left PMA and SMA in the experimental group (p < 0.05), as shown in Figure 8. Left M1-left PMA and SMA (p = 0.085), right S1-left S1 (p = 0.067), and left M1-right S1 FC (p = 0.086) appeared marginally significant. There was no significant difference between the ROI before and after treatment in the control group.

[image: A diagram of brain connectivity with nodes representing regions: S1_R, S1_L, M1_R, M1_L, PMA & SMA_R, PMA & SMA_L, Fp_R, and Fp_L. Black, blue, and red lines indicate statistical significance levels of p > 0.05, 0.01 < p ≤ 0.05, and p ≤ 0.01, respectively. The nodes are interconnected with varying thickness lines corresponding to these significance levels. The head outline provides context.]

FIGURE 8
 The FC map of experimental group ROI.




3.3.2.2.2 Comparison among channels

3.3.2.2.2 Comparison among channels. After treatment, the functional connectivity (FC) in both groups increased compared with that before treatment, yet no significant differences were observed. For the comparison between groups, there were no obvious differences between the experimental group and the control group before treatment (see Figure 9). Also, there were no obvious differences between the experimental group and the control group after treatment (see Figure 10). However, it can be observed from the figures that the FC in the experimental group tended to be higher than that in the control group.

[image: Two heatmaps (a) and (b) display functional connectivity data with a color scale from blue (0) to red (0.8). Both show a grid with a diagonal line of denser red spots. Map (a) has an average FC of 0.4643 and a standard deviation of 0.14505, while map (b) shows an average FC of 0.37139 and a standard deviation of 0.10882.]

FIGURE 9
 FC of the experimental group (a) and the control group (b) before treatment.


[image: Two heatmaps, labeled (a) and (b), display correlation matrices with color gradients from blue to red representing varying correlation strengths. Both heatmaps show a diagonal pattern, indicating higher correlations along the diagonal. Heatmap (a) has an average functional connectivity of 0.48415 with a standard deviation of 0.12964. Heatmap (b) has an average functional connectivity of 0.43576 with a standard deviation of 0.12795. A color bar on the right indicates the correlation scale from 0 (blue) to 0.8 (red).]

FIGURE 10
 FC of the experimental group (a) and the control group (b) after treatment.







3.4 Security analysis

Throughout the trial, only one instance of subcutaneous bleeding was noted in the experimental group following acupuncture. The bleeding was promptly addressed by applying pressure with a sterile cotton ball, and no additional AEs were reported.




4 Discussion

Spasticity is a prevalent post-stroke limb movement disorder, significantly impeding the rehabilitation progress of hemiplegic patients. Recent research indicates that approximately half of stroke patients begin to exhibit symptoms of joint stiffness around the 10th day post-stroke. The incidence of spasticity in upper limb joints and the wrist joint increases from day 10 to the third month, remaining constant from month 3 to month 12 (36, 37). Investigating the progression patterns of spasticity contributes to the development of rehabilitation protocols for pre-hemiplegic stages, offering effective measures to mitigate the incidence and severity of spasticity.

Building upon the foundational principles of traditional Chinese medicine and contemporary rehabilitation theories, we invented the “Yin and Yang Regulation” acupuncture technique. According to the Brunnstrom stages of stroke, discernible differences in yin-yang dynamics exist across various stages. Employing channel pattern differentiation for treatment, distinct needling techniques tailored to each stage were applied. Spasticity predominantly manifests in stages III–IV post-stroke as “urgent yin and slow yang.” The needling approach primarily focuses on reducing the yin channels and supplementing the yang channels, with a notable emphasis on the characteristic technique of penetration needling during this stage. The specific rationale behind the selection of acupuncture points is outlined in Table 1. The clinical efficacy of this acupuncture technique has been confirmed by our previous research studies (38, 39). Clinical evidence supports acupuncture’s significant advantage in ameliorating distal limb spasticity, such as hand contracture and foot inversion after a stroke (40, 41).

Innovatively, our study focused on cTBS, a unique TMS mode that induces long-lasting depression-like reductions in MEP and corticospinal activity post-stimulation (42), offering a novel strategy for post-stroke neurological rehabilitation. cTBS applied to healthy hemispheres has been shown to enhance neurophysiological effects, positively influencing motor recovery in subacute stroke patients (29). When combined with early upper limb training, cTBS stimulation of the healthy primary motor cortex accelerated upper limb motor recovery and prognosis (43). Furthermore, cTBS over the right inferior parietal lobe facilitated hand function recovery (44). Notably, cTBS demonstrated improved upper limb spasticity symptoms compared to rTMS, with shorter application durations (16). Given its short stimulation time and pronounced modulation of cortical excitability, cTBS was chosen to optimize therapeutic effects on PSS.

The cTBS parameters adopted in this study (50 Hz intraburst frequency, 3 pulses per burst, 5 Hz interburst frequency, and 600 total pulses) are grounded in theoretical foundations and validated by prior research. Huang et al. (27) demonstrated that the 5 Hz theta rhythm aligns with the brain’s natural oscillatory frequency, thereby enhancing synaptic plasticity. Intraburst high-frequency stimulation (50 Hz) induces LTD in the target cortex by modulating NMDA receptor-dependent synaptic efficacy, effectively reducing contralesional motor cortex excitability (45). Furthermore, the 600-pulse protocol has been validated in multiple randomized controlled trials for stroke rehabilitation. For instance, Suppa et al. (45) reported that 600-pulse cTBS significantly improves upper limb motor function in stroke patients (Fugl-Meyer score increase ≥8 points), with sustained effects up to 3 months post-treatment. Additionally, the interburst interval (200 ms) was designed in accordance with international safety guidelines for non-invasive brain stimulation (46), ensuring focused stimulation energy on the target cortical area while mitigating coil overheating risks. This parameter combination leverages the synergistic effects of “high-frequency intraburst stimulation and low-frequency interburst rhythm” to achieve effective contralesional inhibition while avoiding neuronal overstimulation-induced fatigue (43). Notably, although the current parameters are well-supported by existing literature, future studies should explore individualized parameter optimization (e.g., dynamic adjustment based on resting motor threshold) to further enhance therapeutic outcomes.

The primary motor cortex (M1) region of the brain was used as a stimulation target in previous studies to promote neural function remodeling in the brain and improve limb motor function. However, no significant effect of this stimulation target on MAS score changes was found (39). Therefore, we attempted to identify new stimulation targets to relieve spasticity symptoms in stroke patients. The PMA, situated anteriorly to the M1 area, serves as the cortical hub of the extrapyramidal system, functioning as an advanced cortical center that governs reticulospinal tracts and modulates limb muscle tone (18, 47). Based on the principle of bi-directional hemispheric balance, we applied inhibitory stimuli to the PMA on the healthy side of the stroke patients, thereby attenuating the facilitating effect on the pontine reticular formation, which in turn reduces the hyperexcitability of retrosplenial tracts and results in the alleviation of spasticity symptoms.

We used cTBS combined with “regulating Yin and Yang” acupuncture method to stimulate the PMA of the healthy hemisphere and found that cTBS combined with acupuncture significantly improved upper limb spasticity in stroke patients, especially elbow spasticity, which was significantly better than that of the control group, after the evaluation of the MAS score and the measurement of the F-wave of the median nerve of the affected side at the baseline period, the immediate period, and 2 weeks post-intervention. This suggests that cTBS can significantly enhance the antispasmodic effect of “regulating Yin and Yang” acupuncture and make up for the insufficiency of acupuncture in relieving proximal limb spasms, and the advantages of the combined therapy are manifested in the immediate and short-term period after the intervention.

The minimal clinically important difference (MCID) defines the threshold of beneficial change perceived by patients, excluding adverse effects or costs (48, 49). Chen et al. (50) established MCID values for MAS at 0.48 (moderate) and 0.76 (good). Hsueh et al. (51), using criterion and distribution methods, determined the MCID for FMA-UE in 50 recent stroke survivors to be 1.0–8.4. Page et al. (52), in a study of 146 chronic stroke patients, reported clinically significant FMA-UE changes within 4.25–7.25 points. Chen et al. (53) reported an MCID of 4.6 points for FMA-UE in 56 stroke patients. Huang et al. (54) indicated an MCID of 5.34 points for MBI in ischemic stroke patients, suggesting a clinically meaningful change of ≥6 points, excluding measurement errors. The current trial yielded effect values of 0.77 for MAS change, 7.40 for FMA-UE change, and 7.60 for MBI change after 2 weeks of treatment with cTBS combined with acupuncture, which are all higher than the currently accepted MCID effect values. This indicates that acupuncture combined with cTBS can improve upper limb spasticity status, upper limb motor function, and daily life ability of patients with upper limb spasticity after a stroke, and there exists an important clinical value.

The cerebral cortex is regarded as the higher center of human life activities (55). For patients with upper limb spasticity after stroke, the functional state of their cerebral cortex has a decisive influence on the rehabilitation process and prognosis. As an emerging brain imaging method, fNIRS has become an important tool for evaluating the functional status of the cerebral cortex (56). Compared with fMRI, fNIRS is more convenient and can flexibly set the task-state activity paradigm according to the specific conditions of the patient and the specific needs of the experimental design. At the same time, this technology can also combine the functional connectivity in the resting state to conduct a comprehensive and in-depth assessment of the brain functional network of patients with spasticity. Therefore, fNIRS can be strongly recommended as a powerful tool to study and understand the mechanism of post-stroke motor function recovery (57). Research using fNIRS shows that physical intervention can effectively promote the activation level of the sensorimotor cortex in patients with stroke limb spasticity, and the activation changes in the contralateral SMA are particularly significant. This discovery not only reveals the remodeling process of cortical function in spastic patients during rehabilitation training, but also verifies the effectiveness and potential of fNIRS technology in exploring the mechanism of post-stroke motor function recovery.

In this study, we observed significant brain activation differences on channel CH4 between the two groups. The location of channel CH4 is the right Broca area. Therefore, the combined therapy of acupuncture and cTBS significantly could improve post-stroke upper limb spasticity by enhancing activation in the right Broca area. This mechanism contrasts with the findings of Mayorova et al. (58), who reported a negative correlation between compensatory activation of the SMA and spasticity severity in patients. Furthermore, Wei et al. (59) identified PMC plasticity as a core mechanism for spasticity improvement. Normally, we would expect that when a motor task is activated, the patient’s motor cortex would show significant changes, rather than Broca’s area. However, through in-depth research on the relevant literature, we found that at least part of Broca’s area overlaps with the ventral premotor cortex (55). In addition to common language functions, Broca’s area also has non-language related motor functions including complex hand movements, associative sensorimotor learning, and sensorimotor integration (60). This shows that Broca’s area is involved in the planning and control of complex movements to a certain extent. In this study, stroke patients were treated with acupuncture combined with cTBS of the ventral PMA, which further improved their ability to execute and control motor commands. We hypothesize that the therapeutic effects of the combined intervention may arise from remodeling of the Broca area-motor circuit, a pathway underexplored in prior studies. Notably, the lack of significant changes in motor cortex activation observed here may stem from insufficient statistical power due to the small sample size or indicate that the therapy preferentially targets higher-order motor planning networks. After treatment, the FC maps of the two groups of patients showed obvious differences. Although the results were at a marginally significant level, considering the small sample size of this study, we can still think that this combination therapy can cause patients to changes in brain functional status, thereby promoting the remodeling process of brain function.

F-wave analysis enhanced understanding of nerve conduction and excitability. No significant disparities in F-wave velocity or latency were noted between groups, possibly attributed to spasticity improvement primarily stemming from cortical modulation, rather than alterations in peripheral nerve conduction. Notably, acupuncture combined with cTBS induced marked variations in F-wave amplitude and F/Mamp ratio, indicative of modulated neural excitability and synaptic plasticity changes. These findings reinforce the neurophysiological rationale for acupuncture combined with cTBS in alleviating upper limb spasticity.

In conclusion, this study introduces novel treatment parameters (cTBS) and a specific stimulation target (PMA) combined with acupuncture for upper limb spasticity after stroke. Our study demonstrates that the combination of acupuncture and cTBS yields relatively satisfactory immediate and short-term improvements in upper limb spasticity among stroke patients, including enhancing upper extremity motor function and facilitating activities of daily living. This approach compensates for the limitations of acupuncture alone in addressing proximal limb spasticity and potentiates its antispasticity effects. At the same time, acupuncture combined with cTBS can affect the brain functional connection pattern, promote cerebral blood oxygen metabolism and cortical activation, especially in Broca’s area, and reduce the excitability of neurons in the spinal cord.

The utilization of cTBS to stimulate the PMA of the contralateral cerebral hemisphere as a means of augmenting the effectiveness of acupuncture represents a promising alternative therapeutic approach, offering potential advantages to both healthcare providers and patients alike. However, as a preliminary study, this research has several limitations: (1) the relatively small sample size may restrict statistical power and generalizability; (2) the short treatment duration and absence of long-term follow-up preclude conclusions on sustained therapeutic effects; and (3) the single-blind design, coupled with potential residual placebo effects from sham cTBS, introduces bias risks. Future investigations should prioritize large-scale, multicenter trials with extended treatment periods and multiple follow-up timepoints. Adopting a double-blind design would rigorously isolate treatment-specific effects from placebo influences. Additionally, integrating patient-reported outcome measures (PROMs) could refine efficacy quantification by capturing subjective improvements and placebo contributions. To comprehensively validate these findings, multimodal approaches—such as combining neurophysiological monitoring (e.g., TMS-EEG), functional neuroimaging (e.g., fMRI), and biomarker analysis—are essential to elucidate the neuroplasticity mechanisms underlying combined therapies and optimize personalized intervention strategies.
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Glossary

cTBS - Continuous theta burst stimulation

MAS - Modified Ashworth Scale

FMA-UE - Fugl-Meyer Assessment-Upper Extremity

MBI - Modified Barthel Index

F/M-amp - F-wave/M-wave amplitude

MD - Mean difference

PSS - Post-stroke spasticity

RST - Reticulospinal tract

TMS - Transcranial magnetic stimulation

rTMS - Repetitive transcranial magnetic stimulation

LTD - Long-term depression

PMA - Premotor area

MMSE - Minimum Mental State Examination

MT - Motor threshold

MEP - Motor evoked potential

FDI - First dorsal interosseous muscle

AMT - Active motor threshold

AEs - Adverse events

ADLs - Activities of daily living

S–W - Shapiro–Wilk

ANOVA - Analysis of variance

M1 - Primary motor cortex

MCID - Minimal clinically important difference

Fp - Frontopolar area

PMA and SMA - Pre-motor and supplementary motor cortex

M1 - Primary motor cortex

S1 - Primary somatosensory cortex

fNIRS - Functional near-infrared spectroscopy

fMRI - Functional magnetic resonance imaging

FDR - False discovery rate

FC - Functional connectivity

PROMs - Patient-reported outcome measures
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Background: To explore the characteristics of resting-state functional connectivity in patients with different outcomes of prolonged disorders of consciousness (pDoC) by studying resting-state near-infrared imaging in patients with pDoC.
Methods: 60 patients with pDoC were processed with resting-state near-infrared imaging and divided into unresponsive wakefulness syndrome/vegetative state (UWS/VS) group, minimally conscious state (MCS) group and escape minimally conscious state (EMCS) group according to the post-treatment state of consciousness, to analyze the difference of resting-state functional connectivity in patients with different outcomes of patients with pDoC.
Results: Functional connectivity (FC) between frontal lobe and left occipital lobe, frontal lobe and right occipital lobe, and left and right occipital lobes decreased in the UWS/VS group compared with the MCS group; functional connectivity between frontal lobe and left occipital lobe, frontal lobe and right occipital lobe, and left and right occipital lobes decreased in the UWS/VS group compared with the EMCS group; functional connectivity did not show any significant difference between the EMCS and MCS groups; and functional connectivity was more centralized in the MCS group and EMCS group.
Conclusion: Different outcomes of patients with pDoC have different degrees of decline in functional connectivity between frontal lobe and occipital lobe and between occipital lobe, resting-state functional near-infrared spectroscopy has a certain reference significance for the prognosis of patients with pDoC, and it is helpful for exploring the exploration of the conscious residual brain areas.
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1 Introduction

Over the past few decades, significant advances have been made in emergency procedures and techniques for the common causes of disorders of consciousness (DOC)-cardiac arrest, cerebral hemorrhage, massive cerebral infarction, and severe traumatic brain injury. However, the ensuing medical treatment of DOC patients from coma to recovery of consciousness is indeed a long and extremely costly process. Up to 40% of unresponsive brain-injured patients have their residual consciousness misjudged (1), leading to abandonment of subsequent treatment. Early identification or prediction of the prognosis and outcome of future awakenings in DOC patients is an appropriate pathway for rational treatment and rational control of healthcare costs.

According to the guidelines related to disorders of consciousness of the American Academy of Neurology and the implementation of the subcommittee system, the patient’s age, etiology, and duration of vegetative state are closely related to the recovery of consciousness (2). However, these are vague indicators, and in order to assess the value of treatment at an early stage, scholars have been trying to find more objective and accurate markers to assess the prognosis of patients with pDoC. In the study of consciousness in the brain, scientists have proposed the hypothesis of a “global neural workspace” based on a connectionist theoretical framework, and selective hypometabolism of the medial prefrontal cortex (mPFC), as the neural basis of consciousness, has been reported in a wide range of altered states of consciousness, such as sleep (3), drug-induced anesthesia (4), and acquired chronic pDoC states (5, 6). It can be used to assist in assessing the level of consciousness in DOC patients (7–9) and its functional connectivity strength is strongly associated with the prognosis of DOC patients (10). This suggests that enhanced functional connectivity of the mPFC predicts recovery of the neural network of consciousness. However, the recovery of the patient’s state of consciousness seems to be related not only to the internal cognitive network, but also to the external network of consciousness. For example, clinical means of awakening are often applied in terms of visual stimulation, and it has been observed that patients with earlier visual following, visual localization, and visual recognition seem to be more prone to awakening from the coma. Visual pursuit is considered to be one of the first signs that first appear during the recovery of consciousness (11). Studies have shown that moderate electroencephalography (EEG) frequencies dominated by alpha rhythms suggest a good prognosis for DOC patients (12). Some scholars have argued, based on their research, that the most representative α-rhythm is the occipital alpha rhythm from the visual cortex, which plays an important role in cognitive processes and sensory perception, and the occipital α-rhythm seems to reflect conscious perception and alertness in awake individuals (13–15). EEG studies have shown that loss of consciousness is associated with impaired information sharing over medium and long distances, reflecting the importance of long-distance cortical communication (16). Thus, long-range information transfer between the frontal-occipital lobes in the brains of DOC patients may reflect an internal orienting process of visual perception that is closely related to the patient’s awareness of the environment.

In recent years, techniques such as functional neuroimaging functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) and electrophysiology (EEG) have played a role in making prognostic judgments in patients with disorders of consciousness. Rundgree et al. found that patients with impaired consciousness after cardiac arrest had a correspondingly higher rate of poor prognosis as the severity of amplitude-integrated EEG increased (17). Moreover, a multicenter cohort study applying resting-state functional magnetic resonance imaging found that connectivity within the default mode network (DMN) in the patient’s brain was highly correlated with the probability of recovery (18). PET imaging studies in comatose patients following hypoxic or traumatic brain injury have demonstrated that early inflammatory components are predominantly located in key cortical and subcortical brain structures that are thought to be involved in the emergence of consciousness (19). The above functional brain imaging techniques have expanded the means of diagnosis and evaluation in the field of DOC, however, they also have certain limitations. fMRI and PET equipment are expensive, have high spatial resolution, and operate in a large space, which does not allow for bedside measurements. EEG is easy to operate at the bedside, but is susceptible to the magneto-electric environment and has low spatial resolution.

Function near-infrared spectroscopy (fNIRS) has become one of the key technologies to study the neural mechanism of brain processing because of its portable, inexpensive and non-invasive advantages (20). Molteni et al. (21) used three stimulation modalities to detect residual functional brain activity in two MCS, with passive motor stimulation having the strongest response, somatosensory stimulation the next strongest, and active stimulation the weakest, and Kempny et al. (22) found that patients with MCS possessed more of the typical fNIRS response (elevated HbO2 with a concomitant decrease in HbR) compared to patients with vegetative state. In relation to the prefrontal cortex, fNIRS showed a significant advantage due to no hair in detecting the cognitive tasks like mental arithmetic, music imagery, emotion induction, etc. (23). Therefore, fNIRS is more valuable in detecting changes in frontal and occipital functional connectivity in patients with pDoC.

Based on the above, we hypothesized that utilizing the functional network performance of fNIRS between the frontal-occipital lobes may reveal resting-state functional connectivity patterns in the pDoC. To the best of our knowledge, there are no studies that provide a complete and comprehensive assessment of this critical fronto-occipital lobe connection in coma, although this information may be valuable in the development of assessment tools for the neurologic prognosis of comatose patients. In the current work, we aimed to measure the residual integrity of the FC of frontal-occipital brain structures in a cohort of mixed-case coma patients to gain insights into the neural mechanisms underlying the recovery of consciousness and to explore the residual brain regions of consciousness.



2 Materials and methods


2.1 Participants

Sixty patients with chronic consciousness disorder who were hospitalized in the Department of Neurological Rehabilitation of Guangxi Jiangbin Hospital from January 2022 to January 2023 were included in this study. Inclusion criteria: (1) the patients met the internationally established diagnostic criteria for UWS/VS as assessed by a specialized physician (24); (2) the duration of the consciousness disorder was greater than 28 days; (3) the preservation of the brainstem reflexes and the sleep–wake cycle; (4) All participants were not on drugs that affected hemodynamics for the first 3 days of the experiment; (5) the patients’ family members signed the informed consent form. Exclusion criteria: (1) patients with previous neuropsychiatric disorders; (2) use of central stimulants or sedative drugs 1 week before the experiment; (3) unstable vital signs; (4) hospitalization less than 1 month.



2.2 Experimental method

Subjects were admitted to the hospital for resting state fNIRS scanning, and a comprehensive treatment plan was adopted during hospitalization, which included blood pressure control, blood glucose control, anti-infection and comprehensive rehabilitation. All subjects received the same combination of treatments during their hospitalization. Our experiments were conducted in a quiet, light-free stimulating environment. After 1 month then 2 professionally trained doctors assessed the level of consciousness of the subjects according to the modified Coma Recovery Scale (CRS-R), and the subjects were divided into UWS/VS group, MCS group and EMCS group according to their different levels of consciousness.



2.3 fNIRS data collection and processing

	1. Resting-state fNIRS scanning: NirScan-6000C model fNIRS brain functional imaging device from Danyang Huichuang Medical Company (Figure 1) was used for resting-state fNIRS collection, with a total of 27 two-wavelength (730 nm, 850 nm) measurement channels in the bilateral brain, including 11 receivers and 11 light sources covering the frontal-occipital lobe region, with 19 channels (CH9~CH27) in the frontal lobe, and 8 channels (CH1–CH8) in the occipital lobe, the specific distribution and brain areas are shown in Figure 2 and Table 1, and all the signals were acquired at 12 Hz. Experimental data collection process time between 20 and 30 min.
	2. fNIRS data processing: NirSpark software (HuiChuang, China) was used to analyze the fNIRS data. The steps were as follows: (1) correction for motion artifacts; (2) the initial light intensity data was converted to optical density; (3) removal of environmental and physiological noise with a bandpass filter of 0.01–0.20 Hz (25); (4) the filtered OD data was transmitted into the relative changes in the concentration of the HbO2 and HbR data based on the modified Beer–Lambert Law (26). Since HbO2 is a more reliable indicator of cortical blood flow changes (27) and exhibits a higher signal-to-noise ratio compared to HbR (28), it was selected for further analysis. (5) The Pearson’s correlation coefficient of the HbO2 concentration time series between each channel pair was calculated, and the coefficient was defined as the functional connectivity strength of the corresponding channel pair.

[image: A person wearing patterned pajamas and black socks is seated in a wheelchair against a green wall. Electrodes and monitoring equipment are attached to their head and connected to a machine with a display showing data. A pillow supports their arm.]

FIGURE 1
 Functional near infrared acquisition device.


[image: Diagram of neural networks and brain models.   A. Two network diagrams with numbered nodes labeled S and D, connected by lines in varied colors.  B. Brain model with blue nodes numbered 1 to 19, distributed across the brain.  C. Brain model with blue nodes numbered 20 to 27, clustered on the right hemisphere.]

FIGURE 2
 Channel arrangement of fNIRS brain functional imaging device. (A) The purple (S) and blue circles (D) represent the light source and the detector respectively, while the connecting lines between them represent the channels. (B) The layout diagram of 19 channels on the frontal lobe. (C) The layout diagram of 8 channels on the occipital lobe.




TABLE 1 The corresponding brain regions of 27 fNIRS channels.
[image: Table displaying three columns: "Label of Channel," "Aal Area," and "Percentage." Each row lists specific channels like CH1, CH2, etc., associated with brain regions such as "Frontal_Mid_Orb_R" and corresponding percentages like 0.030612. The data outlines the relationship between various channels and brain areas, showing varying percentage values.]



2.4 Statistical analysis

The gender differences of the three groups were compared using the chi-square test, and the age, education level, and disease duration of the three groups were analyzed using one-way ANOVA, with p < 0.05 being statistically significant; the fNIRS data were statistically analyzed using NirSpark software, and two-way ANOVA was used to compare the effects of different groups and types of connectivity (frontal lobe and left occipital lobe, frontal lobe and right occipital lobe, and left and right occipital lobe) on the functional connectivity. Comparisons of functional connectivity between connectivity channels were analyzed by one-way ANOVA with false discovery rate (FDR)-corrected p < 0.05.




3 Results


3.1 Comparison of general information

The differences between the three groups in terms of age, gender, education level, and disease duration were not significant (Table 2). It shows that there is no statistical significance between the general information of the subjects in the three groups and they are comparable.



TABLE 2 Demographic data.
[image: Table comparing characteristics of UWS/VS, MCS, and EMCS groups. Categories include gender ratio, age, education, and disease duration. P-values assess significance: gender 0.839, age 0.232, education 0.992, disease duration 0.635.]



3.2 Effects of different groups and connection types on functional connectivity

Functional connectivity between the frontal lobe and the left occipital lobe, the frontal lobe and the right occipital lobe, and the right and left occipital lobes decreased in the UWS/VS group when compared with the MCS group (p < 0.05). Functional connectivity between the frontal lobe and the left occipital lobe, the frontal lobe and the right occipital lobe, and the right and left occipital lobes decreased in the UWS/VS group compared with the EMCS group (p < 0.05). Compared with the EMCS group, no significant differences were observed in the functional connectivity between the frontal lobe and the left occipital lobe, the frontal lobe and the right occipital lobe, and the right and left occipital lobes in the MCS group (p > 0.05) (Table 3). The functional strengths of the different connection types in the three groups are shown in Table 4.



TABLE 3 Results of functional connection comparison among three groups with different connection types.
[image: Table comparing different groups based on connection types, T-values, and p-values. Groups compared include UWS/VS to MCS, UWS/VS to EMCS, and MCS to EMCS. Connection types involve the frontal and occipital lobes. T-values and p-values indicate statistical significance, with notable low p-values in comparisons involving the EMCS group.]



TABLE 4 Functional strength of three groups different connection types.
[image: Table comparing connection types between brain lobes across three groups: UWS/VS, MCS, and EMCS. Values for frontal lobe and left occipital lobe are 0.0689 ± 0.0138 (UWS/VS), 0.2654 ± 0.1267 (MCS), and 0.3888 ± 0.1132 (EMCS). Frontal lobe and right occipital lobe are 0.0745 ± 0.0205 (UWS/VS), 0.2013 ± 0.1012 (MCS), and 0.3657 ± 0.1445 (EMCS). Left and right occipital lobes are 0.0892 ± 0.0256 (UWS/VS), 0.2906 ± 0.1035 (MCS), and 0.3928 ± 0.1436 (EMCS).]



3.3 Functional connectivity diagrams of the three groups

Compared with the EMCS group, the channel connectivity strength of the MCS group and the UWS/VS group showed a decreasing trend in overall (Figures 3–5). The functional connectivity strengths of the MCS group and the EMCS group were large, distributed and more centralized, whereas the functional connectivity strengths of the UWS/VS group were small and discrete, and the histograms of mean functional connectivity strengths of the three groups are shown in Figure 6.

[image: Heatmap depicting a 28x28 grid with color-coded values ranging from blue to red, representing intensity levels from 0 to 0.5. Diverse color patches indicate varying correlations among channels, numbered 1 to 28, with axes labeled accordingly. A vertical color bar is on the right.]

FIGURE 3
 Functional connection of each channel in UWS/VS group. Connectivity matrix of 27 channels in UWS/VS group.


[image: Heatmap showing color-coded data across a 25x25 grid with channels labeled on both axes. Color bar on the right indicates values from 0 (blue) to 0.6 (red), with yellow representing mid-values.]

FIGURE 4
 Functional connection of each channel in MCS group. Connectivity matrix of 27 channels in MCS group.


[image: Heat map displaying a 25-by-25 grid with colors ranging from blue to red, representing values from 0 to 0.7. The x and y axes are labeled as "Channels". A diagonal pattern is visible from the top left to the bottom right, with more intense red and orange areas interspersed. A vertical color bar on the right indicates the color scale.]

FIGURE 5
 Functional connection of each channel in EMCS group. Connectivity matrix of 27 channels in EMCS group.


[image: Four histograms labeled A to D depict FC strength distribution across three groups: UWS/VS, MCS, and EMCS. A: UWS/VS is green, peaking around 0.10. B: MCS is red, peaking around 0.30. C: EMCS is blue, peaking around 0.35. D: Combined, showing overlapping distributions. Frequency ranges from 0 to 40, increasing to 80 in D.]

FIGURE 6
 Three groups of average functional connection strength distribution. (A) Average functional connection strength distribution in UWS/VS group. (B) Average functional connection strength distribution in MCS group. (C) Average functional connection strength distribution in EMCS group. (D) Average functional connection strength distribution in three groups.





4 Discussion

In this study, we found that the UWS/VS group showed a significant decrease in functional connectivity between the frontal lobe and the left occipital lobe, the frontal lobe and the right occipital lobe, and the right and left occipital lobes compared with the EMCS group; however, no significant functional connectivity differences were demonstrated compared with the MCS group. There were significant differences in functional connectivity between the frontal and left occipital lobes, frontal and right occipital lobes, and left and right occipital lobes between the MCS and UWS/VS groups. Patients with different outcomes of pDoC had different degrees of functional connectivity alterations in resting-state fNIRS, which may be the direction of our future research on patients with pDoC prognosis.

We chose two brain regions, the frontal and occipital lobes, for the study of patients with disorders of consciousness, and both showed that patients with disorders of consciousness have differences in both inter- and intra-brain functional connectivity between these two brain regions, and that this difference may be evidence for us to determine prognosis. Decreased functional connectivity may be associated with reduced efficiency of information transfer between brain regions. It was shown that the prefrontal cortex, an important node of the consciousness pathway, exhibited significant functional connectivity abnormalities in patients with UWS/VS and MCS, which may reflect the critical role of the prefrontal lobe in the recovery of consciousness (29). Thibaut et al. (30) reported for the first time that tDCS stimulation of the left dorsolateral prefrontal cortical area showed improvement in consciousness in some MCS patients, confirming that the left dorsolateral prefrontal cortical area is a key node in the network of disorders of consciousness. In an experiment by Silva et al. (6), a significant correlation between patients’ CRS-R scores and posterior cingulate-medial prefrontal cortex activity in the resting state, in particular a reduction in functional connectivity between the medial prefrontal cortex and posterior cingulate cortex, predicted poor outcome in patients with disorders of consciousness. All of these studies demonstrate the importance of the frontal lobe in brain function in patients with disorders of consciousness.

Most previous studies on disorders of consciousness have ignored the role played by the occipital lobe in disorders of consciousness, but this paper found that the occipital lobe has different degrees of decreased functional connectivity in patients with disorders of consciousness. An fNIRS study of patients with impaired consciousness found that functional connectivity between prefrontal and occipital regions was significantly elevated in patients after transspinal stimulation, which demonstrates that increased connectivity strength between prefrontal and occipital regions is associated with improved consciousness (31). The results of the present study also support that the functional connectivity between the occipital lobes and between the occipital lobes and frontal lobes decreased in patients with minimally conscious state and persistent vegetative state compared to awake patients. Daniel Golkowski et al. (32) simultaneously applied fMRI, deoxyglucose positron emission tomography (FDG-PET), and EEG to assess the prognosis of patients with disorders of consciousness, and found that glucose metabolism in the occipital lobe was significantly higher in patients with MCS than in patients with VS as measured by FDG-PET, suggesting that the occipital lobe plays an important role in the recovery of consciousness, similar to the results in this study.

The present study did not observe the differences in functional connectivity between the MCS and EMCS groups in the three connectivity modality, which may be due to the fact that some of the MCS patients were very close to the EMCS group in the level of the conscious state and the FNIRS could not capture the small differences in the brain. Although the overall level of consciousness is higher in MCS patients than in UWS/VS group, both may have a similar degree of impairment of underlying network connections in the resting state due to similar widespread cortical damage (33). On the other hand, it is possible that the sample size limitation resulted in the failure to statistically reflect the differences between the two groups.

The tendency for functional connectivity strength to decrease with the gradient of level of consciousness (EMCS>MCS > UWS/VS) suggests that resting-state fNIRS metrics may serve as a quantitative complementary tool for consciousness assessment. Compared to clinical behavioral scales that are susceptible to motor functional limitations, functional connectivity parameters may be more sensitive to underlying neurological remodeling.



5 Limitations

The present study still has some limitations, as the lack of sample size led to the failure of subgrouping according to the etiology to observe the differences in brain functional connectivity between different causes of disorders of consciousness. In addition, due to the limited hospitalization period of some patients, it was not possible to follow up the fNIRS data for each group.



6 Conclusion

Overall, fNIRS can be used in the future as a new functional brain imaging technique, which is expected to assess the prognosis of patients with disorders of consciousness by detecting the strength of connectivity in functional brain regions. The resting-state-based fNIRS data increase the understanding of neuroimaging in patients with chronic disorders of consciousness, and the results of this study provide a theoretical basis for neuroimaging to study disease prognosis in patients with chronic disorders of consciousness.



Data availability statement

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



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. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

YaL: Conceptualization, Data curation, Formal Analysis, Project administration, Supervision, Validation, Writing – original draft, Writing – review & editing. XL: Data curation, Investigation, Supervision, Writing – original draft, Writing – review & editing. YiL: Data curation, Formal Analysis, Software, Writing – review & editing. CW: Investigation, Software, Supervision, Writing – review & editing. YB: Investigation, Software, Supervision, Writing – review & editing. YX: Investigation, Software, Writing – review & editing. WJ: Conceptualization, Funding acquisition, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The study was supported by the grant from the Qingxiu District Science and Technology Program Project of Nanning (Grant No. 2018037).



Conflict of interest

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

The handling editor DW declared a past co-authorship with the author WJ.



Generative AI statement

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



Correction note

A correction has been made to this article. Details can be found at: 10.3389/fneur.2025.1642987.



Publisher’s note

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



References
	 1. Caroline, S, Audrey, V, Joseph, G, Ventura, M, Boly, M, Majerus, S , et al. Diagnostic accuracy of the vegetative and minimally conscious state: clinical consensus versus standardized neurobehavioral assessment. BMC Neurol. (2009) 9:35. doi: 10.1186/1471-2377-9-35 
	 2. Giacino, JT, Katz, DI, Schiff, ND, Whyte, J, Ashman, EJ, Ashwal, S , et al. Practice guideline update recommendations summary: disorders of consciousness: report of the guideline development, dissemination, and implementation Subcommittee of the American Academy of neurology; the American congress of rehabilitation medicine; and the National Institute on Disability, Independent Living, and Rehabilitation Research. Neurology. (2018) 91:450–60. doi: 10.1212/WNL.0000000000005926 
	 3. Horovitz, SG, Braun, AR, Carr, WS, Picchioni, D, Balkin, TJ, Fukunaga, M , et al. Decoupling of the brain's default mode network during deep sleep. Proc Natl Acad Sci USA. (2009) 106:11376–81. doi: 10.1073/pnas.0901435106 
	 4. Enrico, A, Francisco, G, Carol, PD, Vanhaudenhuyse, A, Lesenfants, D, Boveroux, P , et al. Posterior cingulate cortex-related co-activation patterns: a resting state FMRI study in propofol-induced loss of consciousness. PLoS One. (2014) 9:e100012. doi: 10.1371/journal.pone.0100012 
	 5. Audrey, V, Quentin, N, Tshibanda, LJ, Bruno, MA, Boveroux, P, Schnakers, C , et al. Default network connectivity reflects the level of consciousness in non-communicative brain-damaged patients. Brain J Neurol. (2010) 133:161–71. doi: 10.1093/brain/awp313
	 6. Stein, S, Francesco, PD, Corine, V, Riu, B, Loubinoux, I, Geeraerts, T , et al. Disruption of posteromedial large-scale neural communication predicts recovery from coma. Neurology. (2015) 85:2036–44. doi: 10.1212/WNL.0000000000002196 
	 7. Koenig, MA, Holt, JL, Ernst, T, Buchthal, SD, Nakagawa, K, Stenger, VA , et al. MRI default mode network connectivity is associated with functional outcome after cardiopulmonary arrest. Neurocrit Care. (2014) 20:348–57. doi: 10.1007/s12028-014-9953-3 
	 8. Pengmin, Q, Xuehai, W, Zirui, H, Duncan, NW, Tang, W, Wolff, A , et al. How are different neural networks related to consciousness? Ann Neurol. (2015) 78:594–605. doi: 10.1002/ana.24479 
	 9. Xuehai, W, Qihong, Z, Jin, H, Tang, W, Mao, Y, Gao, L , et al. Intrinsic functional connectivity patterns predict consciousness level and recovery outcome in acquired brain injury. J Neurosci. (2015) 35:12932–46. doi: 10.1523/JNEUROSCI.0415-15.2015 
	 10. Liu, X, Li, J, Gao, J, Zhou, Z, Meng, F, Pan, G , et al. Association of medial prefrontal cortex connectivity with consciousness level and its outcome in patients with acquired brain injury. J Clin Neurosci. (2017) 42:160–6. doi: 10.1016/j.jocn.2017.04.015
	 11. Fins, JJ. The minimally conscious state: definition and diagnostic criteria. Neurology. (2002) 59:1473. doi: 10.1212/WNL.59.9.1473 
	 12. Bagnato, S, Boccagni, C, Sant’Angelo, A, Prestandrea, C, Mazzilli, R, and Galardi, G. 2. EEG predictors of outcome in patients with disorders of consciousness. Clin Neurophysiol. (2015) 126:e1–1. doi: 10.1016/j.clinph.2014.10.021 
	 13. Cantero, LJ, Atienza, M, and Salas, MR. State-modulation of cortico-cortical connections underlying normal EEG alpha variants. Physiol Behav. (2000) 71:107–15. doi: 10.1016/S0031-9384(00)00334-6 
	 14. Lörincz, ML, Crunelli, V, and Hughes, SW. Cellular dynamics of cholinergically induced alpha (8-13 Hz) rhythms in sensory thalamic nuclei in vitro. Neuroscience. (2008) 28:660–71. doi: 10.1523/JNEUROSCI.4468-07.2008 
	 15. Hayashi, K, Mukai, N, and Sawa, T. Simultaneous bicoherence analysis of occipital and frontal electroencephalograms in awake and anesthetized subjects. Clin Neurophysiol. (2014) 125:194–201. doi: 10.1016/j.clinph.2013.06.024 
	 16. Bourdillon, P, Hermann, B, Guénot, M, Bastuji, H, Isnard, J, King, JR , et al. Brain-scale cortico-cortical functional connectivity in the delta-theta band is a robust signature of conscious states: an intracranial and scalp EEG study. Sci Rep. (2020) 10:14037–7. doi: 10.1038/s41598-020-70447-7 
	 17. Malin, R, Erik, W, Tobias, C, Rosén, I, and Friberg, H. Continuous amplitude-integrated electroencephalogram predicts outcome in hypothermia-treated cardiac arrest patients. Crit Care Med. (2010) 38:1838–44. doi: 10.1097/CCM.0b013e3181eaa1e7 
	 18. Sair, HI, Hannawi, Y, Li, S, Kornbluth, J, Demertzi, A, Di Perri, C , et al. Early functional connectome integrity and 1-year recovery in comatose survivors of cardiac arrest. Radiology. (2018) 287:247–55. doi: 10.1148/radiol.2017162161 
	 19. Sarton, B, Tauber, C, Fridman, E, Péran, P, Riu, B, Vinour, H , et al. Neuroimmune activation is associated with neurological outcome in anoxic and traumatic coma. Brain J Neurol. (2024) 147:1321–30. doi: 10.1093/brain/awae045 
	 20. Scholkmann, F, Kleiser, S, Metz, AJ, Zimmermann, R, Mata Pavia, J, Wolf, U , et al. A review on continuous wave functional near-infrared spectroscopy and imaging instrumentation and methodology. NeuroImage. (2014) 85:6–27. doi: 10.1016/j.neuroimage.2013.05.004 
	 21. Molteni, E, Arrigoni, F, Bardoni, A, Galbiati, S, Villa, F, Colombo, K , et al. Bedside assessment of residual functional activation in minimally conscious state using NIRS and general linear models. Annu Int Conf IEEE Eng Med Biol Soc. (2013) 2013:3551–4. doi: 10.1109/EMBC.2013.6610309 
	 22. Kempny, AM, James, L, Yelden, K, Duport, S, Farmer, S, Playford, ED , et al. Functional near infrared spectroscopy as a probe of brain function in people with prolonged disorders of consciousness. Neuroimage Clin. (2016) 12:312–9. doi: 10.1016/j.nicl.2016.07.013 
	 23. Naseer, N, and Hong, KS. fNIRS-based brain-computer interfaces: a review. Front Hum Neurosci. (2015) 9:3. doi: 10.3389/fnhum.2015.00003 
	 24. Kondziella, D, Bender, A, Diserens, K, van Erp, W, Estraneo, A, Formisano, R , et al. European academy of neurology guideline on the diagnosis of coma and other disorders of consciousness. Eur J Neurol. (2020) 27:741–56. doi: 10.1111/ene.14151 
	 25. Liu, X, Cheng, F, Hu, S, Wang, B, Hu, C, Zhu, Z , et al. Cortical activation and functional connectivity during the verbal fluency task for adolescent-onset depression: a multi-channel NIRS study. J Psychiatr Res. (2022) 147:254–61. doi: 10.1016/j.jpsychires.2022.01.040 
	 26. Keith, DK, Tatsuya, Y, Sato, C, Tagai, K, and Dan, I. Willingness-to-pay-associated right prefrontal activation during a single, real use of cosmetics as revealed by functional near-infrared spectroscopy. Front Hum Neurosci. (2019) 13:16. doi: 10.3389/fnhum.2019.00016
	 27. Hoshi, Y. Functional near-infrared spectroscopy: current status and future prospects. J Biomed Opt. (2007) 12:062106–09. doi: 10.1117/1.2804911 
	 28. Tong, Y, and Frederick, BD. 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. (2010) 53:553–64. doi: 10.1016/j.neuroimage.2010.06.049 
	 29. Cui, Y, Song, M, Lipnicki, DM, Yang, Y, Ye, C, Fan, L , et al. Subdivisions of the posteromedial cortex in disorders of consciousness. NeuroImage. (2018) 20:260–6. doi: 10.1016/j.nicl.2018.07.025 
	 30. Ledoux, D, Thibaut, A, Bruno, M-A, Demertzi, A, and Laureys, S. tDCS in patients with disorders of consciousness: sham-controlled randomized double-blind study. Neurology. (2014) 82:1112. doi: 10.1212/WNL.0000000000000260
	 31. Si, J, Dang, Y, Zhang, Y, Li, Y, Zhang, W, Yang, Y , et al. Spinal cord stimulation frequency influences the hemodynamic response in patients with disorders of consciousness. Neurosci Bull. (2018) 34:659–67. doi: 10.1007/s12264-018-0252-4 
	 32. Golkowski, D, Merz, K, Mlynarcik, C, Kiel, T, Schorr, B, Lopez-Rolon, A , et al. Simultaneous EEG-PET-fMRI measurements in disorders of consciousness: an exploratory study on diagnosis and prognosis. J Neurol. (2017) 264:1986–95. doi: 10.1007/s00415-017-8591-z 
	 33. Wang, Y, Chen, S, Xia, X, Peng, Y, and Wu, B. Altered functional connectivity and regional brain activity in a triple-network model in minimally conscious state and vegetative-state/unresponsive wakefulness syndrome patients: a resting-state functional magnetic resonance imaging study. Front Behav Neurosci. (2022) 16:519. doi: 10.3389/fnbeh.2022.1001519 


Copyright
 © 2025 Liang, Liang, Li, Wang, Bi, Xue 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.







 


	
	
CLINICAL TRIAL
published: 16 June 2025
doi: 10.3389/fneur.2025.1521687








[image: image2]

Cortical activation changes in supratentorial stroke patients during posture-cognition dual task

Jun He1†, Chen Gong2†, Xiang Zhu1†, Shizhe Zhu2,3, Ayan Geng2,3, Chaojie Kan1, Sheng Xu1, Tong Wang2, Chuan Guo2*, Lan Zhu2* and Qinglei Wang2,3*


1Department of Rehabilitation Medicine, Changzhou Dean Hospital, Changzhou, China

2Department of Rehabilitation Medicine, The First Affiliated Hospital with Nanjing Medical University, Nanjing, China

3School of Rehabilitation Medicine, Nanjing Medical University, Nanjing, China

Edited by
 Jan Kassubek, University of Ulm, Germany

Reviewed by
 Sun Im, Catholic University of Korea, Republic of Korea
 Alka Bishnoi, Kean University, United States
 Meiyun Xia, Beihang University, China

*Correspondence
 Chuan Guo, guochuan@njmu.edu.cn; Lan Zhu, zhulanrehab@126.com; Qinglei Wang, wang_qinglei0419@163.com 

†These authors have contributed equally to this work and share first authorship

Received 02 November 2024
 Accepted 26 May 2025
 Published 16 June 2025

Citation
 He J, Gong C, Zhu X, Zhu S, Geng A, Kan C, Xu S, Wang T, Guo C, Zhu L and Wang Q (2025) Cortical activation changes in supratentorial stroke patients during posture-cognition dual task. Front. Neurol. 16:1521687. doi: 10.3389/fneur.2025.1521687
 





Objective: To explore the effects of postural control and cognition interference on cortical activation during balance tasks in stroke patients.
Methods: fNIRS was used to measure cortical activation in the SMC, PMC, and PFC in 30 subjects with supratentorial stroke while performing a postural single task (PST), cognitive single task (CST), and postural-cognitive dual task (DT). Differences in activation and correlations with patient balance or cognitive performance were analyzed.
Results: CST induced a higher level of activation in the unaffected SMC and bilateral PMC compared to PST. While DT resulted in more activation of the bilateral SMC and bilateral PMC compared to PST. No difference was found between DT and CST. Correlation analysis showed that activation of ROIs during balance tasks showed a positive correlation with the balance ability and cognitive performance of subjects.
Conclusion: Both postural control and cognitive interference led to cortical activation changes during the tasks. Cognitive load was more likely to elicit greater cortical activation and approach the activation ceiling. These activations were intimately related to the patient’s ability to balance and cognitive performance. Subjects with better balance have a greater reserve of resources to allocate, enabling them to cope with tasks and improve task performance.
Clinical trial registration: ClinicalTrials.gov. Identifier ChiCTR2300077916.
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1 Introduction

Balance disorders are functional impairments that are prevalent following a stroke, with the highest prevalence rate reaching approximately 87.5% (1, 2). Even stroke patients with good functional recovery of the lower extremities also exhibit persistent impaired body sway control and postural control asymmetries (3). Patients with balance disorders commonly exhibit reduced balance self-efficacy and an increased fear of falling (4, 5). The challenges they meet not only impede their task performance but also significantly impact their quality of life, making it more difficult for them to return to normal community life (6, 7). One of the main reasons for this is that they face the dual difficulties of postural control and cognitive interference in their daily lives. Stroke patients are limited by impaired cortical resources, and the brain may exceed its central processing capacity when dealing with two tasks at the same time (8). When strokes patients are given a cognitive load, their motor performance tends to deteriorate and can even be accompanied by a decline in cognitive performance (9). Therefore, many studies use dual tasks (DTs) to explore the neural mechanisms related to balance and gait in stroke survivors. Such tasks can identify patients with balance disorders and at risk of falls and reveal ways to promote their recovery (10, 11).

Most previous studies using DTs have chosen walking as the designated motor task (12). When stroke patients perform dual-task walking, they usually exhibit increased gait variability and a decreased step speed (13, 14). This deterioration in dual-task ability tends to be more severe in stroke patients than in healthy subjects (15). However, dual-task postural control also needs to be assessed. The maintenance of a stable stance is a basic postural control requirement and is the foundation of the ability to walk. Many studies on postural control in stroke patients have focused on their level of control in response to postural perturbation tasks rather than cognitive interference (16, 17). Patients who have had a stroke experience many situations in their daily lives in which they must complete secondary tasks while maintaining their standing balance. Even for simple standing tasks, stroke patients present increased sway (18) and bilateral weight-bearing asymmetry (19), and much of their attention is focused on postural control (20) due to unilateral brain injury (21). This makes cognitive-motor interference a factor in postural control tasks. Bensoussan et al. (22) combined a simple standing task with a computational task and discovered that stroke patients had higher attentional demands for static postural control tasks than age-matched healthy subjects. Mehdizadeh et al. (23) measured the postural effects of a short-term memory task on different standing planes in stroke patients and found that increasing the task difficulty led to a decrease in cognitive and balance performance. Bhatt et al. (24) examined the degree to which semantic and working memory tasks interfered with balance control and observed that the stroke-related cognitive deficits may further significantly decrease the performance of dual task. Both authors quantified the degree of postural instability, but no studies have explored the associated central responses further. It remains unclear what changes occur in the cortex when cognitive interference is applied. In addition, several studies have applied dual-task training to improve postural stability in stroke patients, but the results achieved were inconsistent (25). Hence, measuring cortical activation during a standing balance task in the presence of cognitive interference may provide important insights into effective interventions (26, 27).

Functional near-infrared spectroscopy (fNIRS) is an advanced measurement tool that can help us to observe and measure cortical activation during balancing tasks (28). Using portable equipment, fNIRS monitors changes in cerebral hemodynamics during dynamic tasks in real time, and motion artifacts are easily accounted for Pinti et al. (29). Previous reports have used fNIRS to investigate stroke patients’ walking and balance control (30). Many brain regions have shown different activation levels and thus are likely to have important roles in postural control (17, 31). In studies using fNIRS monitoring of dual tasks, PFC was the most common region of focus, and this area has been strongly associated with cognitive and executive control (32). Studies have mainly found that it is activated in the presence of external perturbations in balance as well as during dual-task walking (33), and the activation of PFC correlates well with existing functional states (34). Following frontal lobe damage, patients have difficulty maintaining their postural balance during complex tasks (35). However, the changes related to postural control that occur under dual-task conditions in stroke survivors are not clear. The premotor cortex (PMC), anatomically localized between the anterior and posterior dorsolateral prefrontal cortex and primary motor cortex (M1), is another major cortical area involved in balance and movement (36). The PMC has been suggested to be involved in the temporal control and planning of locomotion and to play an important role in locomotor recovery after stroke (37). Liu et al. (38) drew a similar conclusion during a dual-task experiment, in which they observed a correlation between PMC activation and motor control performance. This is often observed in balance-related experiments but is less commonly addressed in dual-task studies. In addition, M1 and half of the primary sensory cortex are always in communication with the sensorimotor cortex (SMC), forming a major part of the motor cortex (39) that contributes to the higher-order control of motor behavior. Overall, the areas of brain that are active in stroke patients performing additional postural control or cognitive tasks have not been extensively explored. In addition, patients’ balance and cognition are closely related to the activation of brain regions (13, 40). Uncovering this partial association plays an important role in deepening our understanding of dual-task balance.

To address these issues, we added postural control requirements along with cognitive interference to the standing balance task, and fNIRS was used to observe the activation of brain regions related to balance and cognition during these processes. The activation patterns observed in stroke patients during balancing tasks will provide a reference for future assessments of balancing ability and the development of balance training programs.



2 Methods


2.1 Subjects

Thirty stroke subjects were recruited through publicity or medical record screening at the Rehabilitation Medicine Center of Changzhou Dean Hospital from August 2023 to December 2023. The inclusion criteria were as follows: (1) diagnosis of supratentorial stroke using computed tomography or magnetic resonance imaging; (2) first stroke located in a unilateral region; (3) unilateral limb paralysis; (4) 30–80 years of age; (5) disease duration between 1 month and 1 year; (6) mentally stable and cooperative, without evident cognitive impairments, and normal verbal functioning; (7) hemiplegic side of the lower limb meeting Brunnstrom III–V criteria; and (8) stance balance ≥Grade II (be capable of independently changing postures when standing and even resisting external disturbances) (41). The exclusion criteria were (1) cortical stroke; (2) suffering from progressive stroke or malignant progressive hypertension, severe visceral system diseases, malignant tumors, etc.; (3) previous history of organic brain diseases, mental disorders, or epilepsy; (4) presence of intracranial metal implantation or cranial defects; and (5) modified Ashworth score of the lower limb on the affected side ≥Grade III.

The experimental procedures were approved by the Human Ethics Committee of Dean Hospital of Changzhou (CZDALL-2023-013) and were performed in accordance with the ethical standards laid down in the 1975 Declaration of Helsinki (revised in 2008). The trial was registered at ClinicalTrials.gov (ChiCTR2300077916) on November 23, 2023.



2.2 Study design and experimental tasks

The subjects were required to adjust their posture, starting from the initial stance, to complete the following three balance tasks, (1) postural single task (PST), (2) cognitive single task (CST), and (3) postural-cognitive dual task (DT) (Figure 1A). For the initial stance, they were asked to stand quietly in an upright comfortable position while looking straight ahead. In the PST, subjects were instructed to comply with the therapist’s commands, moving the lower limbs from feet apart to feet together. In this posture, they should keep their heels close to the other heels and their toes close to the other toes until the end of the trial. It is worth noting that subjects needed to move the unaffected side to improve the efficiency and safety of the postural transitions. The CST consisted of serially subtracting 7 from a randomly chosen number between 200 and 300 with feet part in a regular standing posture. Subjects were asked to perform as many correct subtractions as possible while prioritizing correctness over speed, and the examiner counted the number of calculated answers and correct answers in each trial. The DT required the patient to perform a sequential calculation task with their feet together while the therapist recorded the number of calculated answers and correct answers. The accuracy and dual task cost is calculated by the following formula:

[image: Accuracy is calculated by dividing the number of correct answers by the number of calculated answers.]

[image: Formula for dual task cost: the difference between Accuracy (CST) and Accuracy (DT), divided by Accuracy (CST).]

[image: Diagram illustrating task types and fNIRS channel configuration. Section A shows silhouettes for postural, cognitive, and dual tasks involving rest, feet together, and serial subtraction. Section B displays the fNIRS channel setup with source and detector points in SMC, PMC, and PFC regions. Section C outlines fNIRS measurement paradigms with alternating baseline, task, and rest phases for three task sequences.]

FIGURE 1
 Diagram of balance task test. (A) Schematic representation of the components of the rest task and three balance tasks. (B) Distribution locations of all light sources and detectors. The channels are also divided into sensorimotor cortex (SMC), premotor cortex (PMC), and prefrontal cortex (PFC). (C) Paradigm of fNIRS acquisition. Task 1, Task 2, and Task 3 were randomized to postural single task, cognitive single task, and postural-cognitive dual task.




2.3 Balance ability assessment

The Berg Balance Scale (BBS), which consisted of 14 items, was used to assess the balance ability of the subjects. BBS is the most widely used scale in clinical practice for balance assessment (16). BBS can evaluate the ability of subjects to actively shift their center of gravity by observing a variety of functional activities, and permits a comprehensive examination of the dynamic and static balance of subjects in the sitting and standing positions. It was assessed by a trained therapist who was not aware of this study.

In addition, we used the Balance SD Dynamic and static balance test training system (Biodex, United States) to assess the ability of subjects to maintain stability. This system can objectively measure the balance performance of the subjects and make up for the deficiency that BBS is affected by subjectivity. Subjects were required to keep their center of gravity in a specified range as directed by the therapist. The evaluation index is the overall stability index (OSI). The OSI represents the displacement of the subject’s center of balance (COB) relative to the horizontal plane, recorded in degrees. The center of balance serves as the starting point for achieving an ideal state of balance. It can reflect the balance ability of the subject during the balance task objectively. Larger values indicate that the patient has a greater displacement of COB relative to the horizontal plane. And it reflects the poorer the balance ability.



2.4 fNIRS measurement

A continuous-wave fNIRS system (Nirsmart II, Danyang Huichuang Medical Equipment Co., Ltd., Zhenjiang, China), which is a 46-channel near-infrared spectroscopy detection system consisting of 19 light sources and 16 detector optodes, was used to measure changes in the concentration of oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR) in cerebral cortex. The distance between the sources and the detector optodes is 3 cm. The wavelengths of the NIR light sources were 730 and 850 nm, and a sampling rate of 11 Hz was used. An fNIRS test fiber optic cap was worn, and the CZ point of the 10/20 system of the internationally accepted EEG tracing method was used as the positioning point of the seventh source optode in the third row of the test optic caps. The light sources and the detector optodes were sequentially positioned to cover the bilateral PMC, SMC, and PFC, which were used as regions of interest (ROI). Channels that are not within the ROI will be dropped. All channels used for testing were within each ROI (Figure 1B).

The patient was positioned in a dimly lit, quiet room with the fNIRS cap on. The therapists introduced the three balancing tasks to fully familiarize the patient with them. Subjects performed 3 randomly ordered tasks successively: PST, CST, and DT. Prior to each measurement, the subjects were required to remain an initial stance as a rest for baseline measurements. Baseline data were collected for 10 s before each task. Afterward, a beep sounded, and a computerized voice told the patient to “start the task.” The patient then completed the corresponding balance task for 30 s. The computer sounded a beep and instructed the patient to “end the task.” The patient returned to the pre-task state, and they stayed standing and relaxed for 30 s. Then they waited for the next beep to begin another task. The whole process was repeated three times (Figure 1C). When measurements were completed for each task, the next task was assigned according to a previously randomized order. The rest interval between tasks was 5 min, during which time the patient sat down and rested to eliminate the effects of the previous task (15).



2.5 fNIRS data analysis

We used HbO as an indicator of the hemodynamic response, as it is more sensitive to changes in cortical activity than HbR (42). Data preprocessing was performed using the Homer2 toolbox of Matlab 2013b software. The preprocessing steps were as follows Brigadoi et al. (43). First, raw NIRS light intensity was converted to an optical density signal. Then we detected and corrected any motion artifacts caused by head motion during data acquisition using a motion artifact reduction algorithm, while the spline interpolation algorithm was used to correct for further motion artifacts. To remove the effects of physiological noise and drift, a low-pass bandpass filter with a frequency of 0.01–0.1 Hz was applied. Finally, the filtered optical density data were converted to HbO concentrations using the modified Beer–Lambert law. The hmrBlockAvg function was used to perform baseline corrections and to calculate the block averages for HbO changes over all trials and for each measurement channel. We chose 5 s prior to the trial onset as the baseline and 40 s after the trial onset to calculate the baseline-corrected block average. Following preprocessing, we used the baseline-corrected block averages to calculate the average values across a period of 5–35 s after trial onset due to the response delay of 3 to 4 s in the hemodynamic reaction (44). And they were defined as the ΔHbO of each trial. To distinguish the effects of the affected hemisphere from the unaffected hemisphere, we uniformly considered the right hemisphere as the affected hemisphere. For subjects with left hemispheric impact, the ΔHbO of the channel was flipped. Finally, the ΔHbO for all trials and all channels within the same ROI were averaged and used in the following statistical analysis.



2.6 Statistical analysis

The Shapiro–Wilk test was used to confirm the non-normal distribution of the basic characteristics and ΔHbO data. Paired t-tests were used to compare parameters consistent with normality. And the paired Wilcoxon test was used to compare parameters that did not conform to normality. Cortical activation data from the same ROI in three balance tasks were compared by the Friedman test. Post-hoc testing of pair-wise comparisons of cortical activation (i.e., PST vs. CST, PST vs. DT, and CST vs. DT) was then performed using the paired Wilcoxon test. The Spearman correlation test was then conducted to establish the potential correlations. For the above test, we also used false discovery rate correction for multiple comparisons across multiple brain regions and the three balance task conditions. The level of statistical significance for all analyses was set at α < 0.05.




3 Results

The characteristics of the participants are shown in Table 1. All subjects were able to perform all balancing tasks in the study successfully, and there were no adverse events such as falls during this study.



TABLE 1 Basic characteristics of the participants.
[image: Table showing characteristics of a study group: Average age is 56.5 years with a standard deviation of 11.094. Gender distribution is 26 males to 4 females. Stroke type includes 18 ischemic and 12 hemorrhagic. Post-stroke period median is 3 months with an interquartile range of 1.750 to 6.500. Hemiparetic side is equally distributed with 15 cases on each side. Values are expressed as mean, standard deviation, median, interquartile range, or ratio.]


3.1 Balance and cognitive performance

The balance ability was reflected by the BBS and OSI. All included subjects had a BBS score of 43.000 (38.000, 47.250). And the OSI they measured was 1.000 (0.575, 1.225).

The cognitive performance of subjects is shown in Table 2. The number of calculated numbers performed by the patient in the DT was less than in the CST (p < 0.05), reflecting a decrease in the speed at which subjects counted subtractions. There was no significant change in the accuracy of calculations (p > 0.05).



TABLE 2 Cognitive performance in CST and DT.
[image: Table comparing calculated and correct numbers, accuracy, and dual task cost for CST and DT balance tasks. CST shows calculated number 13.600 ± 6.652 and correct number 12.767 ± 6.730, with accuracy 1.000 and dual task cost not applicable. DT shows calculated number 12.433 ± 6.246, correct number 11.333 ± 6.326, accuracy 0.932, and dual task cost 0.000. The t/Z values and p-values are provided for each comparison. Values are means with standard deviations and medians with interquartile ranges. CST refers to cognitive single task, DT to postural-cognitive dual task.]



3.2 Cortical activation

The activation data for each ROI in the three tasks are shown in Table 3. We observed different activation patterns in the unaffected SMC, affected SMC, unaffected PMC, and affected PMC among the three tasks. No significant differences were found between the affected PFC and the unaffected PFC groups. The activation of unaffected SMC (Z = −2.437, pfdr = 0.020), affected PMC (Z = −2.705, pfdr = 0.014), and unaffected PMC (Z = −2.972, pfdr = 0.012) during CST was higher than that during PST. The activation of affected SMC (Z = −2.314, pfdr = 0.028), unaffected SMC (Z = −2.602, pfdr = 0.019), affected PMC (Z = −2.808, pfdr = 0.019), and unaffected PMC (Z = −1.985, pfdr = 0.047) during DT was higher than that in PST. However, there was no significant difference in activation between CST and DT. The above results are shown in Figure 2.



TABLE 3 Cortical activation during three tasks.
[image: Table showing statistical results for three tasks (PST, CST, DT) across six regions of interest (affected and unaffected SMC, PMC, PFC) with 30 participants each. Values include effect sizes, confidence intervals, chi-squared, and p-values, indicating significant and non-significant findings across regions.]

[image: Violin plots showing cortical activation levels in different brain regions for affected and unaffected hemispheres across tasks: PST, CST, and DT. Six plots presented in two rows, comparing activation for SMC, PMC, and PFC in the affected and unaffected hemispheres. Significant differences are marked with asterisks.]

FIGURE 2
 Comparison of cortical activation between two balance tasks. The black dots are the cortical activation values of each individual under this task and region of interest. Cortical activation was compared between the two groups (* indicates pfdr < 0.05). PST, postural single task; CST, cognitive single task; DT, postural-cognitive dual-task; SMC, sensorimotor cortex; PMC, premotor cortex; PFC, prefrontal cortex.




3.3 Correlation analysis

In the three tasks, the balance ability of the subjects showed similar correlations with different ROIs (Table 4). During PST, the activations of unaffected SMC, affected SMC, unaffected PMC, and affected PMC were significantly and positively correlated with BBS but negatively correlated with OSI. During CST, the activations of unaffected PMC, affected PMC, unaffected PFC, and affected PFC were significantly and positively correlated with BBS but negatively correlated with OSI. Additionally, the activations of affected SMC and unaffected SMC were significantly and negatively correlated with OSI. During DT, the activations of unaffected SMC, affected SMC, unaffected PMC, affected PMC, unaffected PFC, and affected PFC were significantly and positively correlated with BBS but negatively correlated with OSI.



TABLE 4 Correlation between cortical activation and balance ability.
[image: Table presenting correlation data on balance tasks (PST, CST, DT) with regions of interest (ROI) such as sensorimotor cortex (SMC), premotor cortex (PMC), and prefrontal cortex (PFC). It includes balance abilities (BBS, OSI), correlation coefficients, and significance values (p, p_fdr). The data compares affected and unaffected conditions.]

For cognitive performance, the activations of unaffected SMC, affected PMC, un-affected PMC and affected PFC were significantly and positively correlated with the number of correct numbers during CST. The activations of all ROIs were significantly and positively correlated with the number of correct numbers during DT (Table 5).



TABLE 5 Correlation between cortical activation and cognitive performance.
[image: Table showing correlation coefficients, p-values, and adjusted p-values for cognitive performance during balance tasks. Regions of interest (ROI) include affected and unaffected areas of the sensorimotor cortex (SMC), premotor cortex (PMC), and prefrontal cortex (PFC). Tasks are categorized as cognitive single task (CST) and postural-cognitive dual task (DT). Metrics include the number correct, accuracy, and dual task cost. Each entry lists correlation coefficient, p-value, and adjusted p-value across different conditions.]

Additionally, correlation analyses of subjects’ balance ability with corresponding cognitive performance showed that OSI was negatively correlated with the number of correct answers during CST and DT (p < 0.05). No significant correlation was found be-tween cognitive performance and BBS (p > 0.05) (Table 6).



TABLE 6 Correlation between balance ability and cognitive performance.
[image: Table showing correlation coefficients and p-values for balance tasks and cognitive performance. The table compares cognitive single tasks (CST) and dual tasks (DT) using Berg Balance Scale (BBS) and overall stability index (OSI) with correct number and accuracy. Specific values include correlations like 0.236 and -0.381 and p-values like 0.210 and 0.038.]




4 Discussion

In contrast to previous studies of cortical activation in stroke patients during dual-task walking, we used a dual-tasking paradigm consisting of a cognitive task combined with a postural control task to explore the differences in cortical activation in patients given different balance tasks. We found that attempting posture control simultaneously with a single cognitive task resulted in higher cortical activation than a postural control only task in stroke subjects, and the pattern of activation more closely resembled that under a dual cognitive and postural load.


4.1 PST vs. CST

Generally, an increase in cognitive load or postural control requirements bring about an increase in the difficulty of the balancing task. First, standing with feet together can be a good postural control test, increasing the difficulty of static standing (45). As the support surface decreases, the patient’s standing instability increases. Hyndman et al. (46) indicated that, compared to the preferred posture, patients standing with their feet together had an increased sway index, which manifested in the medial lateral direction more than the anterior-posterior direction. Thus, patients must increase the degree of control over their bodies to avoid falling. When the difficulty of the task increases, brain regions tend to display increased activation that enhances their control of body posture (47). In our study, we observed the widespread increased activation of brain regions during the PST compared to the preferred stance, which is consistent with previous studies. Serial subtraction is a commonly used cognitive task paradigm in dual-task studies (48). Our previous study found that, among many types of dual-task paradigms, walking combined with serial subtraction more readily activates the PFC (49). Concurrently, in this study, we discovered more intense PFC activation in subjects performing the CST than the preferred stance, and the activation of other brain regions increased at the same time.

However, in the comparison with CST, we did not observe a significant difference in the PFC. This may have been related to the fact that the PFC is also intricately involved in the simple task of posture control, as evidence shows that PFC activation is required for upright posture in healthy humans (50). The increased activation of the PFC was also reported for a task that required more posture control but without cognitive tasks (51). The evidence suggested that PFC activation may be closely related to the relative increase in postural sway amplitude and frequency during unstable postures. The task of standing with feet together in our study similarly exacerbated the patients’ postural sway and resulted in the overactivation of the PFC. Another of our discoveries was the greater activation of motor-related cortical areas, such as the PMC and SMC, during CST compared to PST. A study that added either a motor task or a cognitive task to the original task, similar to the PST and CST in our study (38), also found higher PMC activation in the cognitive DT than the motor DT. Therefore, performing a second cognitive task while standing may require higher levels of attention and executive functioning than the PST and may interfere with postural control performance to a greater extent.



4.2 PST vs. DT

After adding further cognitive load to the PST, we found increased activation of the bilateral SMC and bilateral PMC, but no significant increase was found in the PFC. This differs from the results of previous dual-task walking studies, whose results typically show increased PFC activation when comparing DTs to single tasks. It is worth noting that most of these studies included chronic stroke patients with a disease duration usually greater than 6 months or even more than 1 year. A study exploring dual-task walking in subacute stroke patients found that PFC activity did not increase in dual tasking compared to single tasking, which is consistent with our results (15). Of the 30 subjects included in our study, only 7 had a disease duration of more than 6 months, while the others were in the subacute phase (<6 months) (52). This indicates that the brains of patients at this stage tend to follow a “postural prioritization” strategy. In the task prioritization strategy, a variety of factors influence the selection of tasks to be prioritized (53). Due to their poorer balancing ability, patients prioritize controlling their body to avoid the risk of falling when coping with difficult and complex tasks (54), and they allocate more resources to postural control. This explains why the activation of SMC and PMC was significantly higher in DT than PST in the present study. In addition, Liu et al. (38) observed changes in motor-related brain regions processing a single task versus a cognitive task and confirmed the activation of most of these brain regions. This suggests that a dose of cognitive load given to patients during training will help to improve the effectiveness of balance training. Moreover, a possible strategy to improve motor performance in stroke patients using motor or cognitive dual-task training may be to promote plasticity in the motor cortex.



4.3 CST vs. DT

When further postural control was required with the CST, there was no further activation of the brain regions. This phenomenon can be explained by the brain capacity model. Previous studies have pointed out that the capacity of the brain, which is analogous to the availability of resources, is limited (55). There may be a “ceiling” for the degree of cortical activation induced, which is mainly related to the resource competition and compensation mechanism (56). Stroke patients need to handle both cognitive and motor needs simultaneously in dual tasks, resulting in resource competition in brain. In addition, the cerebellum of the patients in our study was not affected. So, the cerebellum may also be involved and play an important compensatory role through the cerebellar-thalamus-brain circuit (57). They may compensate for the decline in function through excessive activation of bilateral brain regions, but this compensation fails at high task loads, manifested as the inability to further increase activation (58). In this case, the complex dual-task requirements cannot be dealt with. The interference effect will further increase and cause the deterioration of task performance (49). Brain hyperactivation in the poorly functioning stroke patients may have been triggered by the cognitive task of standing and could not be further enhanced by the additional demands of postural control. Alternatively, the postural control load may not have been sufficient to have a large impact on tasks involving an already existing cognitive load. In our study, it was also observed that subjects did not differ in the accuracy of answers when performing the DT compared to the CST. Although there was a difference in the number of answers, the DT was only about one less than the CST. It could be due to the delayed responses caused by the subjects’ simultaneous completion of the postural transitions as well as the calculations at the beginning. Cognitive performance may not be significantly affected during the actual subsequent sustained standing. Brown et al. (59) tested the behavioral performance of stroke survivors in a cognitive task versus a standing task. They found a significant difference in reaction time scores for combined cognitive tasks, but only between the sitting and side-by-side standing conditions, and no difference was found between standing and standing with feet together. This observation could be analogous to the comparison of PST and CST. The PST showed a low activation state compared to the CST.



4.4 Correlation with balance ability

We investigated the correlations between cortical activation in subjects and their balance abilities. In this study, stroke patients with better balance had a higher degree of SMC and PMC activation while performing PST, but there was no such correlation with PFC. It is understandable that SMC and PMC play important roles in purely postural balance standing tasks, as this has been shown in previous studies (12). The increased activation of the supplementary motor area (SMA) and SMC has also been observed during lower limb movement and gait recovery after stroke (60). Tests used to examine postural perturbations also revealed a significant positive correlation between SMA activation and BBS in stroke patients (40). These results further suggest that these regions are associated with postural balance recovery.

When a cognitive task component was present in the CST and DT, the activation of the PFC, besides the SMC and PMC, showed a significant correlation with the ability of balance. In addition, those subjects with better balance stability also had better cognitive performance. And the cognitive performance was also positively correlated with cortical activation in various brain regions. This could be explained by the fact that subjects with better balance may have more reserves of resources and allocate more re-sources to tasks to improve task performance. Subjects can flexibly adjust their priority strategies according to their own abilities. Therefore, this difference of activation may be a compensatory strategy for maintaining standing balance or an indicator of the upper limit of resources during recovery (40, 61). Helping patients to improve their task performance and promote their recovery through more active brain activity will be one of the strategies of rehabilitation in the future.




5 Limitations

Our study explored the feasibility of using fNIRS to measure cortical activation in stroke patients during a postural control task combined with a cognitive task in a dual-task paradigm. However, there were some limitations. First, a larger sample size could be included in the future to increase the reliability of the data. Second, there may be some correlation between brain area activation and current balance performance; however, studying this would require the patient to switch between two balance tasks during one test. This is not feasible with current balance-measuring instruments, as the patient’s center of gravity can change significantly with postural changes. Therefore, it is difficult to quantify balance performance under different balance tasks. In addition, patients in the chronic and subacute phases may exhibit different task strategies. This factor could not be differentiated in the present study. Furthermore, fNIRS can only measure the activation of the cortex. Due to the insufficient number of channels and the difficulty for near-infrared light to penetrate the thicker skull at this location. The parietal cortex and subcortical structures, especially the important structures involved in balance such as the cerebellum, have not been observed. It might ignore the crucial role of the cerebellum in tasks. Lastly, in future trials, more subjects in the chronic phase will be included, and subgroup analyses will be performed, to ascertain the differences brought about by their disease course. Meanwhile, we will control confounding factors such as drugs and underlying diseases that may affect the test results. Moreover, future investigations will employ functional magnetic resonance imaging to measure activation patterns in subcortical structures, particularly cerebellar and basal ganglia. This multimodal approach will allow comprehensive elucidation of the neurophysiological mechanisms underlying dual-task balance control, with specific emphasis on cortico-cerebellar interplay during postural challenge paradigms.



6 Conclusion

In this study, we observed cortical activation in supratentorial stroke patients under a situational balance task with postural control requirements, cognitive load, and both. The results suggested that the addition of cognitive interference while maintaining standing balance may require more brain area activation than the addition of postural control requirements. Moreover, PMC and SMC activity associated with movement were significantly involved in this process. However, the posture-cognition DT did not result in more prominent activation than the single cognitive load. This may reflect the existence of an activation ceiling that occurs in stroke patients when performing tasks. The extent of this activation may also be closely related to the balance ability and cognitive performance. This study has improved our understanding of the dual-tasking abilities of stroke patients. Further studies on stroke patient rehabilitation, including the optimum exercises to improve dual-tasking ability, and the effects of choosing more difficult postural balance tasks or different types of cognitive interference are warranted.
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This review provides a comprehensive synthesis of the application of functional near-infrared spectroscopy (fNIRS) in pediatric developmental disorders, with a particular emphasis on its potential for clinical translation. fNIRS is a portable and non-invasive brain imaging technique that detects the relative concentration changes of oxyhemoglobin (HbO2), deoxyhemoglobin (HbR), and total hemoglobin in the cerebral cortex. These measurements effectively reflect cortical activation, making fNIRS a valuable tool in the field of pediatric neurodevelopmental research. The inherent resistance of fNIRS to interference, coupled with its adaptability to naturalistic settings, renders it particularly well-suited for pediatric populations. In this context, we undertook a meticulous and comprehensive literature search, employing predefined strategies and stringent inclusion/exclusion criteria (which are elaborated upon in the text). Our aim was to identify and review fNIRS studies across a wide range of developmental disorders. These disorders encompass cerebral palsy (CP), autism spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD), conditions related to preterm infants, hypoxic–ischemic encephalopathy (HIE), and idiopathic language disorders. Our synthesis uncovers distinct hemodynamic patterns associated with specific developmental disorders. For example, autism spectrum disorder (ASD) is marked by atypical activation within social brain networks, whereas attention deficit hyperactivity disorder (ADHD) is characterized by diminished activation in the prefrontal cortex. These findings not only shed light on the neurophysiological foundations of these disorders but also highlight the potential of fNIRS as a diagnostic biomarker. This review aims to inform the clinical application of fNIRS by providing a critical evaluation of its mechanistic insights and potential clinical pathways, thereby advancing its role in the diagnosis and management of developmental disorders.
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1 Introduction

In the field of pediatric rehabilitation, many children experience varying degrees of abnormal brain development and dysfunction, which can significantly impair their learning and daily living. Early and effective rehabilitation interventions for these children can substantially enhance their functional abilities and overall quality of life. Therefore, the early detection of abnormal brain development and dysfunction in children, followed by timely rehabilitation treatment, is an urgent social issue that demands immediate attention and resolution (1). Nowadays, there are many ways to detect neurological diseases, such as functional magnetic resonance imaging (functional magnetic resonance imaging, fMRI), positron emission tomography (positron emission tomography, PET), electroencephalogram (electroencephalogram, EEG), and functional near infrared spectroscopy(fNIRS). Each of these tests has its own characteristics (Table 1) (2). fNIRS is an emerging non-invasive optical imaging technology that can indirectly reflect neural activity in the brain by detecting real-time levels of HbO2 and reduced HbR levels in the cerebral cortex (3). fNIRS is highly user-friendly and convenient to operate, with strong anti-interference capabilities and high compatibility. It imposes minimal requirements on the examination environment, allowing for assessments in a wide range of natural settings, such as schools or hospitals. Notably, it can even be conducted while infants and young children are held in their parents’ arms. These features make it particularly suitable for studying infants, young children, and those with developmental disorders. As such, fNIRS stands out as one of the most promising methods for investigating pediatric brain function (3). Currently, there is a growing body of research exploring the application of fNIRS in studying childhood developmental disorders. However, the development of fNIRS in this specific area remains inadequate. Against this backdrop, this paper reviews the current application and research status of fNIRS in the study of children’s developmental disorders. It elucidates the mechanisms underlying fNIRS in these disorders and aims to enhance the diagnostic and therapeutic approaches for pediatric developmental disorders. Ultimately, this review seeks to provide valuable insights and references for the clinical application and in-depth research of fNIRS in the context of children’s developmental disorders. At present, more and more studies on the application of fNIRS in childhood developmental disorders, but the development of fNIRS in childhood developmental disorders is lacking. Therefore, this paper reviews the application and research status of fNIRS in children’s developmental disorders, and explains the mechanism of fNIRS in children’s developmental disorders, improve the diagnosis and treatment level of children’s developmental disorders, in order to provide reference for the clinical application and in-depth research of fNIRS in children’s developmental disorders.



TABLE 1 Comparison of fNIRS with other neuroimaging methods (2).
[image: Table comparing neuroimaging methods: fMRI, PET, EEG, and fNIRS. Parameters include spatial resolution (fMRI: 3 mm, PET: 4 mm, EEG: 6–9 cm, fNIRS: 2–3 cm), temporal resolution (fMRI: 0–2 Hz, PET: <0.1 Hz, EEG: >1,000 Hz, fNIRS: 0–10 Hz), anti-motion interference, and anti-electromagnetic interference. Both interferences are weak for the first three methods and strong for fNIRS. Detection parameters vary, including hemodynamic responses and glucose metabolism.]



2 Methods

To ensure a comprehensive and transparent review of the literature on fNIRS in children with developmental diseases, a systematic approach was employed. The following steps outline the methodology used in this review (Figure 1).

[image: Flowchart illustrating the selection process of studies. Initially, 145 records were identified through PubMed and Embase, and 30 from the Cochrane Library. After removing 20 duplicates, 155 records were screened by title and abstract. Twelve records were excluded due to inappropriate research types and population, leaving 143 full-text articles for eligibility assessment. Seventy-two articles were excluded for irrelevant focus and poor quality, leading to 71 eligible studies. Ten studies published in non-English languages were excluded, resulting in 61 final included studies.]

FIGURE 1
 PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram of the selection and screening process.



2.1 Search strategy

The search strategy involved the use of logical combinations of the following key terms in Medline, PubMed, and Scopus to identify articles related to neuromodulation protocols combined with fNIRS: fNIRS, developmental diseases, cerebral palsy, autism spectrum disorders, neurostimulation, attention-deficit hyperactivity disorders, high-risk infants (HRIs), Developmental Coordination Disorder, Specific language impairment, transcranial magnetic stimulation (TMS), transcranial direct current stimulation (tDCS), and neurofeedback. References in the articles retrieved through manual searches were used to identify additional published articles. Studies were limited to non-conference academic publications published in English. The last date for this literature search was November 30th, 2024. Studies reporting the application of fNIRS in developmental diseases in children were included (Figure 2).

[image: Pie chart titled "Distribution of Studies Across Application Scenarios". It shows six segments: CP (pink), ASD (light green), ADHD (light blue), HIE (dark gray), DCD (light purple), and SLI (black). Total studies equal 61.]

FIGURE 2
 Distribution of studies across application scenarios.




2.2 Inclusion and exclusion criteria


2.2.1 Inclusion criteria

	1. Study type: all types of research studies related to on the application of fNIRS in children with developmental diseases were considered, including randomized controlled trials, cohort studies, case–control studies, and case series.
	2. Studies published in English.
	3. Articles that provided detailed methodology and results related to fNIRS.
	4. Studies involving human subjects, particularly children with developmental disorders.



2.2.2 Exclusion criteria

1. Language: studies published in languages other than English were excluded to ensure consistency and manageability of the review.

2. Duplication: duplicate publications were removed to avoid double - counting of data.

3. Incomplete data: studies with insufficient or incomplete data to extract relevant information were excluded.




2.3 Data extraction processes

Two independent reviewers (Author 1 and Author 2) performed the data extraction. A standardized data extraction form was developed based on the research questions and the PRISMA - ScR checklist. The following information was extracted from each eligible study:

	Study characteristics: Author(s), year of publication, study design, setting, sample size.
	Patient characteristics: age, sex, primary diagnosis, severity of illness.
	fNIRS: detection methods and analysis methods.
	Outcome measures: specific outcome variables reported, measurement methods, and results.
	Any disagreements between the two reviewers were resolved through discussion and, if necessary, consultation with a third reviewer (Author 3).



2.4 Framework for data synthesis

The extracted data were synthesized to identify common themes, trends, and gaps in the literature. The findings were categorized based on the type of developmental disorder and the specific applications of fNIRS. The results were analyzed to highlight the potential of fNIRS as a diagnostic and research tool in pediatric developmental disorders.




3 The principles and characteristics of fNIRS

The application of near-infrared (NIR) spectroscopy for detecting brain function has undergone remarkable advancements over the years. As early as 1977, Jobsis et al. (4) from Columbia University in the United States introduced the groundbreaking concept that NIR light could be used to detect changes in blood flow within relevant brain regions. Subsequently, fNIRS has garnered extensive attention and has been extensively investigated across a wide range of fields. As an optical neuroimaging technique, fNIRS measures changes in cerebral hemodynamics and oxygenation that occur in response to neuronal activity (5). The technique is founded on the principle that near-infrared (NIR) light exhibits relative transparency to human tissues and can penetrate through bones and skin. As NIR light traverses these tissues, a portion is absorbed by the medium, while the remaining unabsorbed light is detected by sensors. fNIRS capitalizes on the distinct absorption characteristics of HbO2 and HbR in brain tissue at varying NIR wavelengths. By measuring the intensity of diffuse light that passes through the cortex and applying the modified Beer–Lambert law, changes in hemoglobin concentration can be accurately estimated. This, in turn, offers valuable insights into brain function. Importantly, this process is intricately linked to neurovascular coupling, a physiological mechanism wherein neural activity elicits localized alterations in cerebral blood flow (6). In terms of measurement principles, fNIRS shares similarities with functional magnetic resonance imaging (fMRI) as both are functional brain imaging techniques that rely on blood flow mechanics. However, they differ in their specific approaches: fMRI detects paramagnetic changes induced by variations in hemoglobin levels, while fNIRS utilizes optical means to detect spectral absorption changes resulting from hemoglobin fluctuations (7). Therefore, fNIRS has unique technical advantages over commonly used functional brain imaging techniques. fNIRS is applicable to a wide range of people, and has better applicability to special people, such as metal implants (pacemakers, cochlear implants, etc.) in the body are not affected, and can be widely used in the clinical examination of infants and young children and patients with medical conditions; it supports long-time continuous detection and multiple examinations within a short period of time, and can be widely used in brain function monitoring and evaluation of the efficacy of the treatment; fNIRS has a good tolerance for motion interference, and has unlimited application scenarios, which makes it convenient for many patients with brain function disorders to be examined under various natural states. With the development of technology, portable fNIRS devices are smaller in size and lighter in weight, and have better tolerance to physical movement (8, 9). fNIRS is an optical device that does not interfere with electromagnetic fields, making fNIRS particularly suitable for Multi-Modality Imaging [e.g., fNIRS-fMRI (10), fNIRS-EEG (11)]. In addition, the presence of electromagnetic fields in clinical therapeutic applications does not interfere with fNIRS examinations and can be widely used in conjunction with clinical Multi-Modality nervous regulation techniques (transcranial magnetic stimulation, transcranial electrical stimulation, etc.) as a powerful tool for immediate assessment of therapeutic efficacy. In summary, fNIRS is increasingly being utilized in clinical fields such as rehabilitation, psychiatric disorders, children’s developmental disorders, and neurodegenerative diseases, thanks to its technical strengths of high spatial and temporal resolution, strong anti-interference capabilities, broad applicability to diverse populations, versatile application scenarios, and excellent mobility (12).



4 fNIRS applications in children with developmental disorders


4.1 fNIRS applications in cerebral palsy

Cerebral Palsy (CP) is a group of persistent central movement disorders and syndromes of postural abnormalities and activity limitation caused by non progressive injury to the brain of the developing foetus or infant (13). CP is the most prevalent motor disability, with an incidence rate of approximately 2–3 cases per 1,000 live births. Neurophysiological evidence indicates that children with CP often exhibit reorganization of their central motor pathways. This reorganization is typically a response to abnormal development, disease, injury, or learning processes, as the brain adapts to these challenges (14, 15). Advanced neural imaging techniques [e.g. fMRI and diffusion tensor imaging (DTI)] are commonly used for the diagnosis of pathological brain states. However, conventional brain imaging techniques typically require subjects to maintain a fixed posture and position for extended periods. This is challenging even for typically developing children, and the motor impairments associated with CP further restrict the feasibility of using these techniques to assess the anatomy and function of the brain in children with CP. The advantages of fNIRS, which is resistant to interference, simple to operate, and less affected by body posture and movement, make fNIRS more feasible for detecting children with CP. Campos et al. employed fNIRS to investigate cortical activation and functional correlates during a bilateral motor task in individuals with hemiplegia. Their findings revealed that cortical activation was significantly more pronounced in individuals with hemiplegia compared to healthy controls, particularly in both hemispheres during the bilateral asymmetric task and in the damaged hemisphere during the bilateral symmetric task. Notably, the damaged hemisphere exhibited greater activity than the non-damaged hemisphere. Additionally, higher cortical activity was correlated with more synchronous arm activation during the bilateral symmetric task. This study highlights the unique characteristics of brain activity in hemiplegic patients, such as elevated activation levels during specific functionally relevant tasks. It further suggests that fNIRS can serve as a powerful tool for assessing the degree of neurological dysfunction in affected children (16). A study evaluating the effects of progressive tests of lower limb functional muscle strength on prefrontal cortex (PFC) hemodynamics activity found lower PFC hemodynamics activation in children hemodynamicsn with CP compared with normally developing controls, suggesting that the pattern of PFC hemodynamics activity during progressive lateral step-up tests differs between children with CP and typically developing children and may be influenced by task-specific physiological and/or psychological demands (17). A study employing fNIRS to explore cortical activity changes during gait in children with spastic cerebral palsy revealed that those with spastic diplegic CP exhibited heightened activation in the sensorimotor cortex and superior parietal cortex while walking. While fNIRS may not be essential for the initial diagnosis of CP, it offers a convenient and practical approach to monitor cortical plasticity changes during and after treatment. Additionally, it plays a crucial role in assessing the severity of dysfunction and predicting outcomes in children with CP (18, 19). However, the current research on the application of fNIRS in CP is limited by small sample sizes, which precludes the assessment of potential confounding factors such as age, gender, and type of CP. Moreover, while the research samples were matched for age and gender, there is a notable absence of supplementary data collection regarding the type and timing of brain injury. Such information is crucial, as it can significantly influence functional outcomes. Additionally, cardiopulmonary indicators and emotional states, which have the potential to affect fNIRS results, have not been evaluated in the current study. Future research should address these gaps by incorporating such factors, thereby enhancing the robustness and reliability of the findings (Table 2).



TABLE 2 The representative application of fNIRS in developmental diseases.
[image: Table comparing studies on different disorders, detailing analysis methods, sample sizes, cortical areas focused, and findings. Disorders include cerebral palsy, autism spectrum disorders, ADHD, hypoxic-ischemic encephalopathy, developmental coordination disorder, and specific language impairment. Each row specifies the study's method, group size, brain areas studied, and summarized findings about brain activation, connectivity, and developmental differences.]



4.2 fNIRS applications in autism spectrum disorders

Autism Spectrum Disorder (ASD) is a group of neurodevelopmental disorders characterized by impairments in social interaction, communication, and a narrow range of interests or activities, as well as repetitive and stereotyped behavior. The etiology and pathogenesis of ASD are still unclear, and there is a lack of objective physiological indexes for the diagnosis of ASD. Currently, the diagnosis of ASD is mainly based on the diagnostic and statistical manual of mental disorders-5(DSM-5) diagnostic criteria, through behavior observation and the combination of behavior assessment scales (20). Meanwhile, the behavior manifestations of children with ASD are highly heterogeneous, and the early diagnosis of ASD is difficult, which leads to the failure of diagnosis in the early stage and the miss of optimal time for intervention in some patients (21). Several fNIRS studies on ASD have already shown that children with ASD present atypical cortical activity, even in resting state (22). Previous studies have demonstrated that as compared to typically developing (TD) children, children with ASD show weaker resting-state functional connectivity (RSFC) between the bilateral temporal lobes and asymmetry between the left and right hemispheres in the power spectrum of the low-frequency hemodynamics fluctuations (23). The other limitation of this study is that it cannot completely rule out the possibility that the differences in RSFC are due to differences in intelligence quotient (IQ). One study applied narrow-pass filters with varying bandwidths to resting-state fNIRS data and discovered that the RSFC of children with ASD was significantly weaker than that of TD children across all frequency bands. The difference in RSFC between ASD and TD children was most pronounced in the 0.01–0.02 Hz frequency band compared to other bands, suggesting that RSFC in the 0.01–0.02 Hz range may serve as a robust characteristic feature for distinguishing ASD children from TD children (24). Hirata et al. found that HbO2 in the left frontotemporal region of ASD patients was significantly lower than that of normal children in an emotional face recognition task by fNIRS, suggesting reduced activation of the left frontotemporal region (25). However, the study did not analyze the behavioral manifestations and brain activation of individual emotions such as sadness, anger, and fear, which is not conducive to conducting reliable statistical analysis. Future research should use a larger sample size to investigate the detailed brain activation responses to each emotional stimulus. Activation of the right inferior frontal gyrus and middle frontal gyrus in the Go/no-go task was significantly lower in children with ASD than in healthy children (26). Hyper-scanning technology, which allows for the simultaneous monitoring of brain activity in two or more people, has become a popular tool for assessing the neural characteristics of social interactions. One study used fNIRS as a technique for performing hyper-scanning to simultaneously measure prefrontal activation in 16 pairs of children with autism and their parents during a cooperative task. The study found that children with autism showed increased interpersonal neural synchronization in the prefrontal cortex during cooperative interactions with their parents, and that this neural synchronization was modulated by the children’s autism symptoms. Children with autism who had more severe symptoms showed lower levels of motor and neural synchronization when cooperating with their parents. This study provides important advances in understanding the neural correlates of social deficits in autism and provides important insights into the treatment and behavioral training of autism (27). The hemodynamics changes in different brain regions of ASD patients during social, language and executive tasks can be detected by fNIRS, which may provide a theoretical basis for further research on the pathogenesis of ASD. Meanwhile, the data of HbO2, HbR, total hemoglobin, and RSFC detected by fNIRS may become effective physiological indexes for the diagnosis of ASD.



4.3 fNIRS applications in attention-deficit hyperactivity disorders

Attention-deficit Hyperactivity Disorder (ADHD) is the most prevalent neurobehavioral disorder in childhood (27). Studies showed that the global prevalence of ADHD in children and adolescents was 8.0% (28). Nowadays, the diagnosis of ADHD is mainly based on the diagnostic criteria of DSM-V, and relies on clinical symptom observation and behavior assessment scales, which are subject to certain subjectivity, and there is still a lack of reliable objective evaluation indexes (29). The meta-analysis of fNIRS studies suggests consistent hypoactivity in the right lateral prefrontal cortex across executive function (EF) tasks associated with ADHD (30). One study measured fNIRS during a Go/No-Go task in 21 TD and 21 age-matched children with ADHD. The ADHD children tended to show decreased strong connectivity in the frontoparietal network and increased strong connectivity in bilateral medial frontoparietal cortex (31). Miao et al. (32) found that activation of prefrontal cortical functions was significantly diminished in ADHD children during the Go /no-go task and the Stroop task compared to normal children. The fNIRS was also used to detect changes in brain functional activation levels in children with ADHD before and after treatment, and Doi et al. (33) found that the performance of improved right hemisphere function after treatment was associated with activation of right prefrontal cortical function. Some children with ASD may co-morbidly suffer from inattention. fNIRS testing has also been used to differentiate ASD from ADHD. Yasumura et al. (34) found that children with ADHD had diminished functional activation of the right prefrontal cortex during the Stroop task, but this was not present in children with ASD during the Stroop task. Razoki et al. (35) used fNIRS to detect changes in cerebral blood flow in children with ADHD during biofeedback therapy to determine the effectiveness of the treatment and to develop an personalized treatment plan, and they found that the combination of fNIRS with biofeedback therapy significantly improved the therapeutic effect. As an emerging brain functional imaging technology, fNIRS plays an important role in the diagnosis, differential diagnosis, and evaluation of therapeutic effects of ADHD, and has a good application prospect. However, current research primarily focuses on the PFC, with less investigation into other cortical areas. Additionally, fNIRS is unable to detect the activity of deep subcortical structures because near-infrared light cannot reach these regions. Therefore, future studies should include a broader range of cortical areas. Moreover, this technique must be combined with other imaging methods to investigate the relationship between PFC activity and responses to stimuli.



4.4 fNIRS applications in high-risk infants (HRIs)

High-risk Infants (HRIs) are generally defined as (1) preterm infants; (2) infants with extremely low birth weight (ELBW) or very low birth weight (ELBW) or small for gestational age (SGA);(3) developmentally borderline children (DBCs), defined as those who are more than 2–3 months behind in their central motor functions or have abnormalities of muscle tone and reflexes or postural abnormalities;(4) neonates with special healthcare needs or dependence on life support (36). Preterm infants and hypoxic–ischemic encephalopathy(HIE) are common types of HRIs. Preterm infants are newborns born at a gestational age of less than 37 weeks. However, with the development of neonatal intensive care unit (NICU) technology and perinatal medicine, the success rate of preterm infant resuscitation has increased significantly, but surviving preterm infants face greater neurodevelopmental disorders than term infants due to the immaturity of their postnatal organs (37). Therefore, early and accurate identification of preterm infants with neurodevelopmental impairments and early and effective rehabilitation interventions using the biological basis of brain plasticity are of great importance to the prognosis of these children. Early postnatal monitoring of local oxygen saturation in brain tissue is helpful to predict the occurrence of brain injury in premature infants and determine the prognosis. If the local oxygen saturation in brain tissue is significantly reduced, it indicates that the possibility of brain injury in children is large, The local oxygen saturation level of brain tissue detected by fNIRS has high stability andrepeatability. fNIRS can be used to detect local oxygen saturation data of brain tissue in preterm infants of this period (38). At the same time, the relationship between the difference between the changes in blood oxygen levels in brain tissue detected by fNIRS and the mean arterial pressure can determine the function of cerebral blood flow autoregulation, which is important for determining the prognosis of preterm infants (39). HIE is caused by insufficient oxygen supply to the brain and disruption of blood supply during the prenatal, intrapartum or postnatal period. HIE occurs in 1 to 2 out of every 1,000 live births (40). HIE is one of the most serious birth complications affecting full-term newborns and a major cause of neonatal death and long-term disability, including cerebral palsy, epilepsy, and a variety of impairments (41). Bulgarelli et al. (42) studied the functional networks in HIE and showed that the strength of inter-and intra-hemisphere functional connectivity in the brains of HIE is reduced, especially in primary motor areas. Zhang et al. (43) reported that fNIRS examination of 13 HIE neonates showed reduced resting-state functional connectivity (RSFC) and reduced long-range connectivity compared to healthy neonates. Tang et al. (44) found utility in terms of fNIRS-detected RSFC as a potential biomarker for assessing HIE brain function. The above studies suggest that data from fNIRS assays may be a potential biomarker for early diagnosis in HRIs. fNIRS at the bedside could be complementary to other imaging modalities in terms of characterizing neonatal brain function. However, the aforementioned studies also have limitations such as small sample sizes, which to some extent limit statistical power. Moreover, current research has yet to conduct a more in-depth pathological analysis of HRIs. In future studies, fNIRS could be combined with the clinical manifestations of HRIs to assess the relationship between the lesion network and core symptoms.



4.5 fNIRS applications in developmental coordination disorder

Developmental Coordination Disorder (DCD) is a group of neurodevelopmental disorders that affect daily life and learning due to dysfunctional motor development (45). It is one of the most prevalent neurodevelopmental disorders in childhood, affecting 2–7% of school-age children (46). Previous studies have primarily utilized fMRI and EEG to identify neurophysiological correlates in the cerebral cortex of children with DCD. However, these techniques impose strict physical constraints that are often challenging for children with motor dysfunction to meet. As a result, detecting DCD children using these tools can be difficult. Additionally, any motor artifacts present during the examination can significantly influence the results in this population (47). fNIRS is an emerging alternative non-invasive functional brain imaging technique that can address these issues. Querne et al. (48) data on the Go-Nogo task that children with DCD exhibited more activation in the left middle prefrontal area, anterior cingulate, and inferior parietal area and less activation in the right striatum and right parietal area. Caçola et al. applied fNIRS to study the cortical activation levels of children with DCD and TD children during three tasks: Finger Tapping (FT), Curve Tracing (CT), and Paragraph Writing(PW). They found that the activation levels of different regions of the brain in children with DCD differed significantly from those of TD children when performing the above tasks, and that there were differences in the right premotor cortex and supplementary motor areas when performing FT, and differences in the right lateral dorsal prefrontal cortex when performing PW (49). Koch et al. used fNIRS to detect activation in the dorsolateral prefrontal cortex (DLPFC) in 10 children with DCD and 11 TD children performing tasks. Both groups showed similar accuracy on Stroop and Wisconsin Card Sorting (WCST), but their underlying neural activation differed. TD children modulated DLPFC activity over time and showed rightward lateralization during Stroop but no lateralization during WCST. The DCD group exhibited high and sustained activation across hemispheres and tasks, which they suggest is a compensatory effort to maintain response accuracy (50). Due to poor motor performance and participation limitations in children with DCD, the use of fNIRS can provide a window to inform neurobasic research in DCD. These results add to the body of research exploring neurological alterations in children with DCD, and establish the feasibility of using fNIRS technology with this population. The number of studies exploring the application of fNIRS in DCD remains relatively limited, and existing research often involves heterogeneous participant samples. Moreover, sudden head movements and improper placement of the head cap can introduce measurement errors. It is anticipated that technological advancements will address these challenges, thereby enhancing the reliability and accuracy of fNIRS. Ultimately, these improvements may position fNIRS as a valuable tool for both research and clinical practice in the context of DCD.



4.6 fNIRS applications in specific language impairment

Specific Language Impairment (SLI) is an unexplained developmental language disorder manifested by marked deficits in the acquisition and use of spoken and written language in the absence of hearing, intellectual, emotional, or acquired neurological deficits, which affects approximately 7% of the school-age population (51). Fu et al. study used fNIRS to detect differences in neural activation between children with SLI and normal children and the ability to detect differences in hemodynamic responses recorded by fNIRS by means of Functional Data Analysis (FDA), which found significant differences in mean trends in oxygenated hemodynamic in the bilateral subfrontal and left subparietal brain regions in children with SLI, and significant between-group differences in mean trends in HbR in the right posterior subparietal cortex and a significant between-group difference in mean trends in HbR in the left temporo-parietal junction (52). This study lays the groundwork for further investigation into functional brain activation in children with Specific Language Impairment (SLI) using fNIRS. It also introduces a more advanced statistical analysis method for examining the hemodynamic data collected via fNIRS. This method enables us to identify and compare the specific brain regions that are significantly engaged in grammatical comprehension ability between the two groups of participants. By employing the FDA strategy to decompose the oxygen saturation curves into mean curves and functional components to represent overall trends and variation structures, the FDA method is expected to serve as an analytical approach that can capture the overall average trends and variation trends of hemoglobin concentration over time within and between groups. Another study used fNIRS and complex network analysis to assess the dynamics of functional brain networks in dyslexia. The study found that there were differences in the topological organization and dynamics of functional brain networks, which distinguished control and dyslexic subjects, achieving an area under the ROC curve (AUC) as high as 0.89 in classification experiments (53). This indicates that fNIRS can be used to reveal differences in the neural network level of individuals with dyslexia. The article may not have detailed the potential biases in the study design, such as whether other variables that could affect brain network dynamics were considered, such as the severity of dyslexia, individual reading experience, etc. Future research needs to improve in these areas to enhance the accuracy and reliability of the study.



4.7 fNIRS combined with neuromodulation techniques in children with developmental diseases

Non-invasive neuromodulation techniques are biotechnological engineering methods that use non-implantable technology to physically or pharmacologically stimulate nerve fibers to regulate neuronal activity, thereby achieving a certain therapeutic effect (54). In recent years, non-invasive neuromodulation technology has developed rapidly, with technologies such as transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) being widely applied in the field of pediatric rehabilitation medicine, becoming an effective “weapon” in clinical treatment (55). However, the absence of an ability to quantify stimulation effects, particularly outside of the motor cortex, has led clinicians and researchers to pair noninvasive brain stimulation with noninvasive neuroimaging techniques. fNIRS, as an optical and wearable neuroimaging technique, is an ideal candidate for integrated use with neuromodulation techniques. A study has combined inhibitory control training with tDCS technology to intervene in the inhibitory control abilities of children with ASD, and used fNIRS to detect changes in hemodynamics in the target cortical areas during task states before and after the intervention. The research found that the training effects and transfer effects of the inhibitory control training tasks combined with real tDCS stimulation were significantly higher than those of the sham tDCS stimulation group. After receiving inhibitory control training tasks combined with real tDCS stimulation, there were significant changes in the concentration of oxygenated hemoglobin in the bilateral dorsolateral prefrontal cortex and the frontal pole area during the relevant tasks (56). This study revealed the enhancing effect of tDCS technology on the efficacy of traditional intervention methods (inhibitory control) and transfer effects (sustained attention), and emphasized the feasibility of using fNIRS neuroimaging methods to assess the effects of intervention, paving a new direction for the rehabilitation intervention methods for children with autism. Another systematic review article examined the current landscape of integrated fNIRS and TMS studies, highlighting that fNIRS, as an optical and wearable neuroimaging technology, is an ideal complement to TMS. The combination of TMS with fNIRS can assess the effects of neural stimulation in therapy. The review also discussed the application of fNIRS in monitoring changes induced by TMS and the relationship between fNIRS and cortical excitability itself (57). In summary, monitoring specific cortical response patterns related to neuromodulation with fNIRS imaging is of great significance for guiding the establishment of stimulation parameters and achieving personalized rehabilitation treatments. The application of fNIRS combined with neuromodulatory techniques such as TMS/tDCS in pediatric rehabilitation has shown potential, and these studies provide a scientific basis for further exploration of the application of fNIRS in pediatric rehabilitation. The current scope of research applications and usage, as well as the diversity in subject groups, stimulation sites, and parameters, may further exacerbate the lack of standardization between research objectives and methods. Therefore, large-scale, multicenter clinical studies with homogeneous research subjects should be conducted to clarify the role of fNIRS and neuromodulation techniques such as tDCS/rTMS in pediatric rehabilitation (Table 3).



TABLE 3 Number of studies conducting different tasks in each application scenario.
[image: Table showing the distribution of tasks conducted in various application scenarios: Cerebral Palsy (CP), Autism Spectrum Disorder (ASD), Attention Deficit Hyperactivity Disorder (ADHD), Hypoxic-Ischemic Encephalopathy (HIE), Developmental Coordination Disorder (DCD), and Systemic Lupus Erythematosus (SLE). Categories include cognitive, motor, social interaction, language, executive function, neurodevelopmental monitoring, and resting state tasks. CP focuses mainly on motor and social tasks. ADHD focuses on social and executive function tasks. ASD covers several categories. The chart helps understand neural correlates and informs interventions.]



4.8 The hyper-scanning based on fNIRS in children with developmental diseases

Hyper-scanning is an innovative technique that enables the simultaneous measurement of brain activity in multiple individuals during social interactions, providing valuable insights into the neural mechanisms underlying social cognition and behavior. In the context of children with developmental diseases, hyper-scanning research using advanced fNIRS has emerged as a powerful tool to explore the neural correlates of social and cognitive impairments. A study using hyperscanning technology based on functional near-infrared spectroscopy (fNIRS) has found that the inter-brain synchronization patterns of individuals with autism during social interactions are different from those of typical people, and the synchronization in brain regions such as the prefrontal cortex shows abnormalities (62). The results showed that children with ASD exhibited significantly reduced inter-brain synchronization in the prefrontal cortex compared to their typically developing peers, suggesting that the neural mechanisms underlying joint attention may be disrupted in ASD. This finding is consistent with previous research that has implicated the prefrontal cortex in social cognition and joint attention processes. In addition to ASD, hyper-scanning research has also been applied to other developmental disorders such as ADHD (58). A study by Chen et al. (59) used fNIRS hyper-scanning to examine the brain-to-brain synchrony between children with ADHD and typically developing children during a sustained attention task. The researchers found that children with ADHD showed altered patterns of inter-brain synchronization in the frontal lobe, which is involved in attention and executive function. These results suggest that hyper-scanning can provide valuable information about the neural mechanisms underlying attention deficits in children with ADHD. Moreover, hyper-scanning research can also help to identify potential biomarkers for developmental diseases. By analyzing the patterns of inter-brain synchronization, researchers may be able to identify specific neural signatures that are associated with different subtypes or severities of developmental disorders. This advancement has the potential to drive the development of more accurate diagnostic tools and personalized treatment strategies for children with developmental disorders. In the context of pediatric developmental disorders, fNIRS hyper-scanning technology has been employed to investigate interbrain neural synchronization (INS) during both cooperative and competitive tasks. For instance, Funane et al. found in their 2011 study that during a cooperative button-pressing task, there was a significant increase in interbrain neural synchronization in the prefrontal cortex areas of the interacting parties, and this synchronization was positively correlated with the quality of cooperation. Subsequent studies further explored the impact of gender differences on interbrain synchronization during cooperative tasks, discovering that opposite-sex pairs exhibited stronger interbrain synchronization during cooperation (60). Furthermore, fNIRS hyper-scanning technology has also been employed to investigate interpersonal neural synchronization during father-child problem-solving processes. Research indicates that there is a significant positive correlation between the neurobehavioral synchronization between fathers and preschool children and the scores on fatherhood role questionnaires, suggesting that a father’s attitude toward his parental role may affect the neural synchronization during father-son cooperation (61). However, it should be noted that hyper-scanning research in children with developmental diseases also faces several challenges. One limitation is the relatively low spatial resolution of fNIRS compared to other neuroimaging techniques such as fMRI, which may limit the precise localization of neural activity. Another challenge is the complexity of analyzing and interpreting the patterns of inter-brain synchronization, which requires advanced statistical methods and careful consideration of confounding factors. Despite these challenges, hyper-scanning research using fNIRS holds great promise for advancing our understanding of the neural mechanisms underlying developmental diseases in children. Future research in this domain should prioritize enhancing the spatial resolution of fNIRS, devising more sophisticated data analysis techniques, and undertaking larger-scale studies to corroborate the findings of prior investigations. Through these efforts, we can achieve a more profound understanding of the neural underpinnings of developmental disorders and ultimately develop more effective interventions to enhance the quality of life for children affected by these conditions.




5 Conclusion and perspective

With the advent of the Brain Initiative, an increasing number of studies are now concentrating on the neural foundations of brain science, the diagnosis and treatment of brain disorders, as well as brain-inspired artificial intelligence. fNIRS is an emerging brain imaging technology that detects brain function by non-invasive, continuous monitoring of data such as blood oxygen saturation and hemoglobin concentration in brain tissue, mainly through near infrared light. Leveraging its high safety, ease of operation, portability, low noise levels, minimal interference, high spatial and temporal resolution, broad applicability across various disease types, and minimal influence from location and posture, fNIRS has been extensively utilized in the study of childhood developmental disorders. It has emerged as a highly promising analytical and research tool, significantly advancing the continuous development of research in this field. In addition to disorders covered in the main text above, fNIRS has been widely used for epilepsy, stuttering, post neonatal surgery, visual impairment, traumatic brain injury, and child psychological research in recent years. By detecting the abnormal functional states of the brain associated with childhood developmental disorders, fNIRS has the potential to provide valuable physiological data. These data may serve as an effective biomarker for developmental dysfunctions. Their significance extends to multiple aspects of clinical practice and research, including early identification, diagnosis, assessment, treatment, efficacy evaluation, and prognosis prediction of such disorders. Furthermore, fNIRS data can facilitate a deeper exploration of the relationship between childhood developmental disorders and underlying brain mechanisms, ultimately guiding the development and refinement of clinical treatment protocols. In addition, when applying fNIRS to the study of developmental disorders in children, it is crucial to consider the applicability of the study content. Since fNIRS examines the cerebral cortex, multiple repetitions of the examination are necessary to ensure data accuracy. Moreover, the data collected by fNIRS require analysis by professionals. It is important to note that fNIRS results can be easily influenced by factors such as the subjects’ body temperature, heartbeat, and external stimuli, which may compromise data accuracy. In future studies, we should aim to expand the sample size further, minimize external interference to the subjects, and rigorously screen the original data during analysis to enhance the reliability and validity of the findings. The accuracy and precision of fNIRS in more complex clinical applications are limited by several factors. Specifically, fNIRS does not provide a comprehensive view of cortical activation, nor does it capture detailed images of deeper cortical tissues and subcortical structures. Additionally, hemodynamic responses measured by fNIRS can be influenced by systemic blood flow, further complicating data interpretation. In future research, employing precise sensor placement, anatomical co-registration, and multi-dimensional signal processing techniques can significantly enhance the sensitivity of fNIRS. These advancements have the potential to expand its utility as a versatile clinical tool for assessing brain function across a broader range of applications. As a neuroimaging tool suitable for infants, fNIRS can monitor the hemodynamic responses of the brain during the neonatal period and is a promising tool for studying the trajectory of neurodevelopment. Future research can utilize fNIRS to track the neurodevelopmental trajectories of children, providing support for early identification of neurodevelopmental disorders, elucidating the neural mechanisms behind the diseases, and predicting developmental outcomes. Further exploration of fNIRS technology’s early diagnostic and differential capabilities for children with different neurodevelopmental disorders can offer potential biomarkers for neurodevelopmental disorders. We could also initiate multicenter, large-sample clinical studies, which would help address the widespread issue of low statistical power in neuroscience research. Furthermore, the lack of standardized signal processing procedures for fNIRS data means that analysis methods vary widely across studies, thereby affecting the comparability and reproducibility of existing research. To foster future research, it is imperative to reach a consensus and standardize fNIRS signal processing methods, facilitating the replication and interpretation of results. Additionally, exploring the potential of integrating fNIRS with other imaging modalities, such as fMRI and EEG, to establish a multimodal neuroimaging approach is essential. Applying this multimodal approach to neuromodulation techniques could lead to more precise brain function detection, contributing to the development of more effective rehabilitation intervention strategies.
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Alterations in frontotemporal cerebral activity specific to auditory verbal hallucination during verbal fluency task in schizophrenia: a fNIRS study
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Background: Patients with auditory verbal hallucination (AVH) may experience significant occupational and social functional disabilities, which bring a heavy burden to their families and society. Although neuroimaging studies have explored the brain regions associated with AVH and proposed models to explain AVH, the potential pathological mechanisms are not clear. Functional near-infrared spectroscopy (fNIRS) is a portable and suitable measurement, particularly in exploring brain activation during related tasks. Hence, our researchers aimed to explore the differences in the cerebral hemodynamic function between patients with schizophrenia with AVH (SZ-AVHs) and patients with schizophrenia without AVH (SZ-nAVHs) through fNIRS to examine neural abnormalities associated more specifically with AVH.
Methods: A 52-channel functional near-infrared spectroscopy system was used to monitor hemodynamic changes in SZ-AVHs (n = 178) and SZ-nAVHs (n = 172) during a verbal fluency task (VFT). Clinical history, and symptom severity were also noted. The original fNIRS data were analyzed using NirSpark to obtain the brain functional eigenvalues including the integral value, which represents the degree of brain activation, and the centroid value, which represents the speed of blood oxygen response.
Results: Our results showed that the integral values of the SZ-AVHs were significantly higher than those of the SZ-nAVHs in the left STC [t = 3.16, p = 0.014] while the centroid values of the SZ-AVHs were significantly higher than those of the SZ-nAVHs in the right vlPFC [t = 2.78, p = 0.046].
Discussion: Our findings indicate that SZ-AVHs exhibited lower activation in the left STC and Slower response speed in the right vlPFC than SZ-nAVHs.
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 schizophrenia; auditory verbal hallucination; near-infrared spectroscopy; verbal fluency task; integral value; centroid value


1 Introduction

Auditory verbal hallucination (AVH), as one of the characteristic symptoms of Schizophrenia (SZ), is characterized as the experiences of hearing a voice or any other sounds for languages under the conditions of conscious state with no external stimulus (1). The prevalence of AVH reported rates of 60–80%, while roughly 30% of patients with AVH (2) are not responded well for current clinical treatments. As the disease progresses, patients may experience significant occupational and social functional disabilities, which bring a heavy burden to their families and society. At present, the potential pathological mechanisms are not clear, but a series of studies have explored the brain regions associated with AVH and proposed models to explain AVH.

Among them, the predictive-coding model believes that hallucination represents inner speech misattributed to an external agent due to a failure to adequately monitor and label verbal thoughts as coming from the inside rather than from the outside of the patient’s head (3). The temporal cortex is related to inner speech and the frontal cortex is related to monitoring.

Here are some studies on the relationship between the temporal cortex and AVH. A meta-analysis found that the severity of AVH is significantly correlated with a reduction in GMV in the left superior temporal gyrus (STG), and slightly correlated with a reduction in GMV in the right STG (4). In addition, the cortical thickness of the left middle temporal gyrus (MTG) has also been found to be negatively correlated with the severity of AVH in SZs. This suggests a distributional structural abnormality pattern in the temporal cortex that is specific to AVH (5). In addition to structural differences, there have also been studies comparing the differences in cerebral blood flow (CBF) between patients with schizophrenia with auditory verbal hallucination (SZ-AVHs) and patients with schizophrenia without auditory verbal hallucination (SZ-nAVHs), and found that SZ-AVHs had increased CBF in the right STG at rest (6). There are also functional magnetic resonance imaging (fMRI) studies exploring brain activation during AVH, but the result is heterogeneous (7). Some studies have found an increase in activation of the bilateral STG. But there are also studies showing significant activation of the right STG, while there is no significant activation of the left STG (8). In summary, the above studies indicate a specific relationship between the temporal cortex and AVH, but the specific brain region is still uncertain.

The frontal cortex is involved in auditory information processing and decision-making, and is also a very important brain area related to AVH. Recent studies have found that the GMV of the right ventrolateral prefrontal cortex (vlPFC) is significantly negatively correlated with the severity of AVHs (9), while the GMV of the left inferior frontal gyrus (IFG) is positively correlated with the severity of AVHs (10), indicating a specific relationship between the frontal cortex and AVH; fMRI studies investigations have revealed increased activation in the frontal cortex during AVH (7),while decreased CBF in the bilateral superior frontal gyrus (SFG) of SZ-AVHs (5), compared with SZ-nAVHs. This also indicates that the frontal cortex is involved in the occurrence of AVH, and its hemodynamic disorders may be the cause of AVH.

Currently, with the rise of functional near-infrared spectroscopy (fNIRS) which is a non-invasive imaging device to evaluate brain function, an increasing number of studies are being used to monitor changes in brain function. While the VFT is considered as the sensitive indicators of language (11) function and frontal and temporal cortex function, a large number of fNIRS studies have explored and compared the frontotemporal cortex activation between SZs and HCs by VFT. Suto found that during the VFT task, SZs had a smaller increase in oxyhemoglobin concentration (HbO) in the bilateral temporal cortex compared to HCs (12) while Tran found the same decrease in activation in the left prefrontal cortex (13). Additionally, Liang Nana explored the differences in the cerebral hemodynamic function in SZ-AVHs, SZ-nAVHs and HCs during VFT, and found that the abnormal activation in the right postcentral gyrus was correlated with severity of AVH (14). A recent study selected the integral and centroid values of brain cortical activity in the bilateral frontotemporal regions during the VFT as features for classifying SZs and HCs, with an accuracy rate of 70% (15). The above results all indicate that using fNIRS to detect brain activity during the VFT is an effective method. However, the sample size of the above studies is relatively small, and most of them only have indicators of oxyhemoglobin. Meanwhile, only a very small number of studies compare SZ-AVHs with SZ-nAVHs, lacking reproducibility, thus requiring further research.

In the present study, we utilized multi-channel fNIRS to compare the brain functional activity differences between SZ-AVHs and SZ-nAVHs during the VFT, as well as their relationship with AVH, in order to obtain AVH-specific neural mechanisms. We hypothesize that abnormal activation of the temporal lobe cortex is related to internal speech production, while functional deficits in the frontal lobe cortex may lead to decision-making errors, attributing internal speech errors to external stimuli and resulting in AVH.



2 Methods


2.1 Participants

The sample size was determined a priori based on power calculations for detecting between-group differences in brain activation. Assuming a medium effect size (Cohen’s d = 0.4) between hallucinators and non-hallucinators in fMRI activation patterns, with α = 0.05 (two-tailed) and 80% power, According to the formula n = 2 × (Z1-α/2 + Z1-β)2/d2, a minimum of 100 participants per group was required for independent samples t-tests. To enhance robustness against potential fMRI data variability (e.g., head motion artifacts, signal noise) and to accommodate multiple comparison correction (family-wise error rate p < 0.05) across whole-brain analyses, we recruited approximately 170 participants per group (total N = 340). This sample size provides >90% power to detect effects as small as d = 0.3 while allowing for covariate adjustment and exploratory subgroup analyses.

A total of 350 inpatients with Schizophrenia during Nov. 2011 to Sep. 2019 from Peking University Sixth Hospital were enrolled from inpatient ward in this study. All patients fully met the DSM-V diagnostic criteria for schizophrenia, with the following exclusion criteria: (1) alcohol or substance disorder; (2) Traumatic brain injury; (3) Neurological damage or intellectual disability. After being diagnosed and interviewed by a professional psychiatrist, the patients were divided into two groups based on whether they had auditory hallucinations: 178 patients with auditory hallucinations (SZ-AVHs) and 172 patients without auditory hallucinations (SZ-nAVHs) This study has been approved by the Ethics Committee of Peking University Sixth Hospital (Table 1).



TABLE 1 Demographic, clinical, and psychosocial characteristics of all participants [mean (SD)].
[image: A table compares variables between two groups: SZ-AVHs (n=178) and SZ-nAVHs (n=172). Variables include gender, age, education, length of illness, chlorpromazine equivalent, and various clinical scales (CGI-SI, CGI-GI, CGI-EI, BPRS-illusion, HAMD, HAMA). Statistical metrics such as p-values and effect sizes with confidence intervals are provided. Bolded p-values indicate statistical significance. Details on statistical tests and abbreviations are provided in the table notes.]

The relevant scales will be evaluated by well-trained psychiatrists less than 1 week before fNIRS measurement. The overall clinical status and treatment response of patients were evaluated using the Clinical Efficacy Inventory (CGI), which focuses on disease severity (CGI-SI), overall improvement (CGI-GI), and treatment efficacy index (CGI-EI); The Hamilton Depression Rating Scale (HAMD) and Hamilton Anxiety Rating Scale (HAMA) are used to assess the severity of depression and anxiety. The Brief Psychiatric Rating Scale (BPRS) is used to assess the severity of the disease, and the severity of AVH is quantified using the Brief Psychiatric Rating Scale Illusion (BPRS- Illusion) score. Medication dosages are presented as chlorpromazine-equivalent doses calculated using the DDD conversion factors (WHO Collaborating Centre for Drug Statistics Methodology); All participants are native Chinese speakers and able to read Chinese.



2.2 Verbal fluency task

We adopted a Chinese version of phonological VFT. This measurement was taken under a quiet environment. Participants were asked to remain seated with their eyes open, avoid excessive body, minimize head movements, and focus on a cross-displayed during the measurements. It comprised a 30-s pre-task period, a 60-s task period, and a 70-s post-task period. During the pre- and post-task periods, the participants were asked to constantly say “1, 2, 3, 4, 5” repeatedly. During the task period, the participants were asked to generate as many four-character idioms or phrases as possible, which begin with the designated Chinese characters (such as, “大,” “白,” and “天,”) indicating big, white, and sky, respectively. There was a total of three cue characters that were changed every 20 s during the 60-s task period.



2.3 NIRS measurement

A 52-channel fNIRS system (ETG-4100. Hitachi Medical Co., Tokyo, Japan) uses 2 NIR light wavelengths (695 and 830 nm) to measure the hemodynamic responses in the prefrontal cortices and superior temporal cortices. This system had 16 light detectors and 17 light emitters, all of which were arranged in a 3 × 11 array to form 52 measurement channels according to the international 10–20 system. This arrangement allowed for hemodynamic response covered mainly in the entire bilateral prefrontal cortices, and the anterior and superior parts of the temporal cortex to be measured.



2.4 NIRS data analysis

We used the NirSpark software package (16) to analyze NIRS data. Data were preprocessed via the following steps. Motion artifacts were corrected by a moving SD and a cubic spline interpolation method. A bandpass filter with cut-off frequencies of 0.01–0.20 Hz was used for resting state data and a 0.2 Hz low-pass filter was used for VFT state data to remove physiological noise (e.g., respiration, cardiac activity, and low-frequency signal drift). The modified Beer- Lambert law was used to convert optical densities into changes in the deoxyhemoglobin and oxyhemoglobin concentrations.

Integral and centroid values of the Regions of Interest (ROIs) during VFT were generated from the NirSpark (17) by evaluating the hemodynamic changes in the concentrations of oxyhemoglobin (HbO), deoxyhemoglobin (HbR), and total hemoglobin (HbT) of the 10-s pre-task,60-s task, and 55-s post-task period from the original 160-s VFTs. And the frontotemporal region was segmented into eight ROIs: (1) right dorsolateral prefrontal cortex (dlPFC); (2) dorsal frontopolar cortex (dFPC); (3) left dlPFC; (4) right superior temporal cortex (STC); (5) right ventrolateral prefrontal cortex (vlPFC); (6) ventral FPC (vFPC); (7) left vlPFC; and (8) left STC. Integral value, measured in mmol/L * mm * s, was calculated using the hemodynamic response of HbO, HbR and HbT during the 60-s activation task period by averaging the signal from channels within each region (18); The centroid value is an index of time-course changes throughout the VFT, which refers to the point in the waveform where the hemoglobin positive direction reaches half of the integral value, with periods representing the timing of the hemodynamic response.



2.5 Statistical analysis

SPSS (Statistical Package for the Social Sciences for Windows, version 26; IBM SPSS Statistics, New York, United States) was used to compare basic information and clinical data in each group. For categorical variables (presented as frequencies), between-group differences were assessed using χ2 tests, with effect sizes reported as Cramer’s V and 95% confidence intervals. Continuous variables (e.g., age, education, illness duration, and scale scores) (presented as mean ± SD) were compared using independent samples t-tests, with effect sizes reported as Cohen’s d and corresponding 95% confidence intervals. Non-normally distributed olanzapine-equivalent [presented as median (IQR)] were compared using a Mann–Whitney U test, with effect sizes reported as Cliff’s Delta and corresponding 95% confidence intervals (15). The brain functional eigenvalues between the two groups were compared using the t-test, with effect sizes reported as Cohen’s d and corresponding 95% confidence intervals, and Pearson’s correlation coefficient was used to determine the relationship between brain functional activity and the severity of AVH. For multiple comparisons of multiple channels, False Discovery Rate (FDR) correction method is used to correct a class of error probabilities. p(FDR) < 0.05 was considered statistically significant.




3 Results


3.1 Demographic and clinical characteristics

The basic information and clinical data of the participants are shown in Table 1. There were no significant differences in gender, age, education, disease duration, as well as HAMD and HAMA scores, CGI-GI and CGI-EI scores between the two groups of participants. The CGI-SI scores showed a small but significant effect (d = 0.36, 95% CI [0.16, 0.56]), indicating slightly greater illness severity in the SZ-AVHs group. Most notably, hallucination scores demonstrated a large and highly significant effect (d = 1.36, 95% CI [1.14, 1.58]), reflecting substantially more severe psychotic symptoms in SZ-AVHs patients.



3.2 The brain functional eigenvalues in ROI

After FDR correction, the integral values of the SZ-AVHs were significantly higher than those of the SZ-nAVHs in the left STC [t = 3.16, p = 0.014, d = 0.20, 95% CI [0.04, 0.36]] while the centroid values of the SZ-AVHs were significantly higher than those of the SZ-nAVHs in the right vlPFC [t = 2.78, p = 0.046, d = 0.21, 95% CI [0.05, 0.37]] (Figure 1).

[image: Two bar graphs comparing data between two groups: SZ-AVHs (in blue) and SZ-nAVHs (in brown). (a) Displays HbR Integral Values across various brain regions, with significant differences marked by red asterisks, notably in the Left STC. (b) Shows HbT Centroid Values, with a significant difference in the Right STC, also marked by a red asterisk. Error bars indicate variability.]

FIGURE 1
 Comparison of frontotemporal integral and centroid value of fNIRS signals between SZ-AVHs and SZ-nAVHs. (a) The integral values of HbR during the VFT period. (b) The centroid values of HbT during the VFT period; Error bars represent standard error of measurement, *p < 0.05.


The three-dimensional topographic map of brain regions with significant differences in brain activation levels is shown in Figure 2.

[image: Three 3D brain models are shown from different angles: right, front, and left. Colored heat maps indicate varying levels of activity or intensity, with red and yellow highlighting specific regions on each side. A color bar represents the scale from black to yellow, denoting intensity from low to high.]

FIGURE 2
 Three-dimensional cerebral maps of significant differences between two groups. The scale bar represents p-value. White represents the coverage of brain regions (p > 0.1). Panels (a–c) show the right view, front view, and left view, respectively.




3.3 Correlation between demographic characters and fNIRS variables

For the left STC with significant differences in integral values after FDR correction, Pearson correlation analysis was performed on the integral values of all channels in the region and their corresponding BPRS Illusion scores, with CGI-SI scores as the control variable. The BPRS- Illusion scores was found to be significantly correlated with the HbR integral values of channel 33 (R = 0.140, p = 0.018), while there was no significant correlation with other channels.




4 Discussion

This study used fNIRS to explore the association between hemodynamic response in the frontotemporal cortex and AVH in patients with SZ. Our findings indicate that SZ-AVHs exhibited lower activation in the left STC and Slower response speed in the right vlPFC than SZ-nAVHs.

First, in terms of HbR, our study observed that the SZ-AVHs had lower brain activation in left STC in contrast to the SZ-nAVHs, which were similar to the previous fNIRS studies showing the lower brain activation in similar brain cortices during the related task (19), But for HbO, there was no significant difference, which may indicate that HbR is more sensitive than HbO in this study. This speculation was predicted from the theoretical grounds of the BOLD response and is in agreement with several previous works (20). The consistency between the fNIRS results in this study and the fMRI research results also indicates that fNIRS is a suitable research tool to explore the underlying neural alterations of patients with AVH during related tasks (21). However, other studies have reported contradictory results, suggesting that HbO may be a better indicator than HbR. This may be due to the long task time, which cannot reflect the advantage of HbR’s fast response speed, and the high signal-to-noise ratio of HbO measurement (17). In all, there is still controversy over which of the three concentrations of HbO, HbR, and HbT is more sensitive. There have also been studies on patients with mental disorders such as depression using VFT through fNIRS, and it was found that their corresponding brain regions were activated. There are also studies exploring the changes in brain activity of mental disorders such as depression during VFT using fNIRS (12), and finding that their corresponding brain regions produce similar activations. There was no significant difference in HAMA and HAMD scores between the two groups in this study, indicating that the results were not affected by depression or anxiety.

We also detected changes in frontal cortex blood flow during VFT in patients with and without AVH, and found that SZ-AVHs had a significant delay in reaching the peak of HbT in the right vlPFC, This is similar to a previous study that distinguished schizophrenia from other mental disorders by centroid values, with an accuracy rate of up to 84% (22). This indicates that SZ-AVHs have significant deficits in frontal lobe function (23), which is related to semantic control (24). A study suggested that disruption to medial anterior PFC, may be at least partly responsible for an impairment in making similar discriminations that might account for the hallucinations associated with schizophrenia (25). However, there was also a significant difference in the severity of the disease between the two groups, so slower frontal cortex response may also be related to the severity of the disease.

The above neuroimaging results can also provide an explanation for the predictive-coding model. The predictive coding model states that AVH in SZ is associated with increased baseline activity in the associative auditory cortex (3), such as temporal cortex. But when internal speech is perceived by the same receptors, the corresponding brain regions will be inhibited, and the degree of inhibition will be lower compared to healthy individuals (26). In this study, SZ-AVHs activation was reduced compared to SZ-nAVHs. The above also indicates that functional defects in the temporal cortex can lead to auditory hallucinations. The slower response speed of the frontal lobe also indicates hemodynamic disorders and functional decline in this area, leading to dysregulation of monitoring ability (27) and causing internal speech to be mistakenly attributed to external stimuli, resulting in auditory hallucinations.

Nevertheless, there are still several limitations associated with our research. Firstly, the coverage of brain regions is limited, with only the frontotemporal cortex being studied and no mention of brain activity related to other areas. Second, the scale used to assess auditory hallucinations is not the most commonly employed measure in clinical practice, which may limit the accuracy of our hallucination evaluations. This could contribute to the modest correlation coefficients observed (Table 2), potentially reducing their clinical applicability. Meanwhile, the differences in disease severity (as indicated by CGI-SI scores) between the two groups also preclude the certainty that the study findings are specifically attributable to the effects of AVH. Further research is required to control for disease severity in order to clarify this issue. And there is not the information of behavioral performance on the VFT, which could differ between groups and impact neural activation patterns. Finally, although there was no significant difference in olanzapine equivalent doses between the two groups, the potential impact of different medication types and unknown drug–drug interactions on the outcomes cannot be ruled out. Future studies should control for specific antipsychotic agents and their dosages with standardized medication protocols to clarify these effects. Despite these challenges, our research findings still provide additional support for the identification of brain region biomarkers of AVH and offer more possibilities for the subsequent treatment of AVH (28). We also believe that future research and technological innovation will help overcome these limitations, and provide more evidences for the common theories regarding the AVH.



TABLE 2 Correlation analysis between HbR integrated values of left STC and BPRS- Illusion scores.
[image: Table showing Pearson correlation results. Channels (Ch): Ch31, Ch41, Ch42, Ch51, Ch52. Correlation coefficients (R): 0.039, 0.140, 0.041, 0.102, 0.061. Corresponding p-values: 0.649, 0.018*, 0.489, 0.086, 0.300. Asterisk denotes significance at p < 0.05.]
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Background: Functional near-infrared spectroscopy (fNIRS) is a promising non-invasive neuroimaging tool for assessing cortical activity in children with attention-deficit hyperactivity disorder (ADHD). While Verbal Fluency Tasks (VFTs) are widely used in adolescents and adults, their application in younger children remains underexplored. This study aimed to examine cortical activation during a VFT in children with ADHD and its association with attention-related behavioral symptoms.
Methods: Thirteen children with ADHD (aged 7–9) and 13 matched neurotypically developed controls completed a VFT while undergoing fNIRS. Activation in the dorsolateral prefrontal cortex (DLPFC) was analyzed using mean amplitude, center of gravity (COG), and initial slope. Associations with the Swanson, Nolan, and Pelham Rating Scale (SNAP-IV) and Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) scores were examined.
Results: Children with ADHD showed significantly lower DLPFC activation and widespread negative patterns compared to neurotypically developed peers (p < 0.05). Mean activation amplitude was significantly correlated with inattention scores on both the SNAP-IV and DSM-V scales.
Discussion: fNIRS revealed altered DLPFC activation in children with ADHD during VFT, underscoring its potential as an objective tool to support clinical assessment of attention deficits in younger populations.
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1 Introduction

Attention-deficit hyperactivity disorder (ADHD) is a prevalent neurodevelopmental disorder characterized by persistent patterns of inattention, hyperactivity, and impulsivity that interfere with functioning or development. Children with ADHD exhibit deficits in executive functions, including impaired verbal fluency, working memory, and cognitive flexibility, which manifest as difficulties in academic performance and social interactions (1). Additionally, behavioral symptoms such as frequent task switching, lack of sustained attention, and excessive motor activity make clinical diagnosis and functional assessment particularly challenging (2). Despite advancements in diagnostic tools, the subjective nature of symptom evaluation—relying heavily on parent- and teacher-reported questionnaires—poses a significant limitation to accurately identifying ADHD-related deficits (3). This underscores the need for objective, neurophysiological measures that can complement traditional assessments, offering insights into the underlying mechanisms of cognitive dysfunction in children with ADHD.

Neuroimaging techniques have been extensively employed to explore the neural correlations of ADHD. Functional imaging methods, such as functional magnetic resonance imaging (fMRI) and electroencephalography (EEG) (4), have revealed hypoactivation in the prefrontal cortex (PFC) and default mode network (DMN) during tasks requiring sustained attention, alongside altered connectivity patterns between task-positive and task-negative networks (5). In contrast, functional near-infrared spectroscopy (fNIRS) measures changes in oxygenated and deoxygenated hemoglobin within the cerebral cortex, offering insights into brain activity with high temporal resolution (6). Compared to other neuroimaging techniques, fMRI or EEG, fNIRS provides a unique balance of portability, cost-effectiveness, and tolerance for movement artifacts, making it particularly well-suited for research involving children with neurodevelopmental disorders (7, 8). Furthermore, its non-invasive nature and use of near-infrared light minimize discomfort, increasing compliance among pediatric populations.

In the context of ADHD, fNIRS has been increasingly utilized to investigate cortical hemodynamic responses during cognitive tasks, such as verbal fluency or sustained attention tasks (9, 10). Studies highlight altered activation patterns in the PFC, a region critical for executive functioning, which aligns with the theoretical underpinnings of ADHD-related deficits. For instance, a study demonstrated reduced PFC activity in children with ADHD during working memory tasks, correlating with diminished task performance (9). Such findings suggest that fNIRS can serve as an objective biomarker to assess functional impairments in ADHD, offering a complementary perspective to traditional behavioral assessments.

Recently, fNIRS has emerged as a valuable tool that can be utilized to assess cortical activity in children with ADHD during cognitive tasks. Studies utilizing fNIRS consistently demonstrate diminished PFC activation during tasks involving verbal fluency, working memory, and inhibitory control, corroborating the executive dysfunctions observed in ADHD populations (11, 12). Reduced hemodynamic responses have been observed in the PFC of children with ADHD during a Go/NoGo task, highlighting deficits in inhibitory control—a hallmark of the disorder (13). Furthermore, fNIRS studies have indicated that these functional impairments are not static but may fluctuate with task complexity and external demands, underscoring the dynamic nature of neural activity in ADHD (14).

fNIRS, therefore, may significantly advance the assessment of children with ADHD. However, before applying it to the assessment of core symptoms, it is crucial to understand brain activation differences between ADHD and neurotypically developed children. To address the limitations of traditional assessments and leverage the advantages of fNIRS in pediatric populations, we selected the Verbal Fluency Task (VFT) as a cognitive paradigm well-suited for the evaluation of executive function in children. By examining cortical activation during VFT using fNIRS, this study aimed to uncover neural markers associated with attentional deficits in children with ADHD.



2 Materials and methods


2.1 Participants

From January to September 2022, 13 children with ADHD aged 7–9 years old and 13 age- and gender-matched neurotypically developed controls were recruited from the Shanghai Children’s Medical Centre. To ensure comparability between groups and reduce potential confounding effects, participants in the ADHD and neurotypically developed groups were individually matched on age (7–9 years), sex, and intellectual function. All participants completed the Chinese version of the Wechsler Intelligence Scale for Children (WISC), and only those with a full-scale IQ ≥ 70 were included. Group-level comparisons confirmed no significant differences in language IQ, performance IQ, or total IQ between the ADHD and neurotypically developed groups (all p > 0.05).

We included children in the ADHD group who were clinically diagnosed by licensed pediatric psychiatrists according to the DSM-V criteria, and symptom severity was further assessed using the Swanson, Nolan, and Pelham Rating Scale (SNAP-IV) and the Weiss Functional Impairment Rating Scale-Parent Form (WEISS-P). Neurotypically developed participants were recruited through school-based screening and confirmed to have no history of neurological, psychiatric, or developmental disorders. We excluded all children with (1) current or prior treatment with stimulant medication or behavioral therapy; (2) comorbid diagnoses such as autism spectrum disorder, specific learning disorder, or language impairment; (3) history of epilepsy, traumatic brain injury, or other major neurological or systemic conditions; (4) uncorrected vision or hearing impairments; (5) inability to complete the task due to comprehension or behavioral issues; and (6) poor fNIRS data quality resulting from excessive motion artifacts or channel loss. The detailed assessment information for both the ADHD and control groups is presented in Table 1. Written informed consent was obtained from all participants, and the study was approved by the Medical Ethics Committee of Shanghai Children’s Medical Center affiliated with Shanghai Jiao Tong University School of Medicine (SCMCIRB-Y2020136).


TABLE 1 Demographics of participants.


	Patient characteristics
	ADHD group (n = 13)
	Control group (n = 13)
	
p




	Mean ± SD, %
	Mean ± SD, %

 

 	Sex (% male)* 	0.69 	0.85 	0.64


 	Age (year) 	9.00 ± 1.84 	8.62 ± 1.78 	0.62


 	WISC-R


 	Language IQ 	88.08 ± 15.05 	98.15 ± 19.69 	0.17


 	Operational IQ 	95.38 ± 27.58 	105.92 ± 15.39 	0.26


 	Total IQ 	93.23 ± 12.50 	101.85 ± 18.11 	0.19





*p < 0.05.
 



2.2 Experimental procedure

During the fNIRS scanning, all participants completed a VFT task (Figure 1). The test was conducted in a quiet and comfortable environment. To minimize motion-related artifacts in participants, all fNIRS caps used in this study were child-sized and designed to fit the average head circumference of 8-year-old children. Optodes were securely affixed to the scalp using adjustable elastic straps and soft, foam padding to ensure stable contact and optimal light transmission throughout the recording. This setup helped reduce signal noise caused by movement and maintained data quality across participants.

[image: Diagram A shows a timeline of tasks over 160 seconds, including baseline counting and word generation tasks using specific characters. Image B depicts a child seated at a computer setup with EEG equipment and two monitors, performing a task.]

FIGURE 1
 fNIRS tasks. (A) Verbal fluency test task. (B) Scanning setup.


Throughout the experiment, trained researchers remained present to supervise and support each participant during task execution. Prior to data acquisition, task instructions were explained clearly and a practice trial was provided to ensure comprehension. During the task, verbal prompts were given in a neutral tone when participants appeared distracted or paused speaking, to maintain engagement and optimize compliance without introducing bias. The VFT task consisted of three consecutive phases: a 30-s pre-task baseline, a 60-s task period, and a 70-s post-task baseline (Figure 1A). During the pre-task baseline, participants were instructed to repeatedly count from 1 to 5. During the task period, participants were asked to generate as many words as possible using the Chinese characters for “white,” “sky,” and “big.” To prevent extended pauses, the three given characters were changed every 20 s during the 60-s task period. Finally, in the post-task baseline, participants repeated the action of counting from 1 to 5. Participants’ verbal responses during the VFT were audio-recorded and transcribed offline (Figure 1B). The number of valid words generated in each 20-s sub-block was counted, and trials with fewer than five words across the entire task period were excluded from the fNIRS analysis to ensure sufficient task engagement. To control for potential order effects in cognitive performance, the sequence of task presentation was randomized across participants, reducing the influence of fatigue, learning effects, or anticipation bias on neural activation outcomes.

Continuous-wave fNIRS measurements (ETG-one, Hitachi, Ltd.) were used to capture cortical oxyhemoglobin (HbO) deoxyhemoglobin (HbR) signals from participants. The sampling rate was set to 11 Hz, with wavelengths of 730 nm and 850 nm. The cap used for brain imaging included a 22-channel probe (eight emitters and seven detectors) covering bilateral frontal areas. To obtain Montreal Neurological Institute (MNI) coordinates for each fNIRS channel, representing the midpoint positions of the source-detector pairs, an electromagnetic three-dimensional (3D) digitization system (FASTRK, Polhemus, Colchester, VT) was used to record spatial coordinates of the sources, detectors, and anchor points (Cz, Nz, Iz, AL, and AR) (Figure 2).

[image: Diagram showing two brain models labeled A and B, with electrode points marked. Model A features a mix of red and blue points, while model B has red points only. Each point is labeled with identifiers such as S1, D1, and CH1.]

FIGURE 2
 (A) fNIRS probe design: sources are represented by red dots labeled with “S” and a number, while detectors are represented by blue dots labeled with “D” and a number. The optodes are arranged with a 30-mm spacing between them. (B) Channels are indicated by red dots labeled “CH” followed by a number.




2.3 fNIRS data analysis and statistics

The fNIRS data were preprocessed and analyzed using the Homer2 software package (15). Raw light intensity signals recorded at two wavelengths (730 nm and 850 nm) were first converted into optical density. Subsequently, concentration changes in oxyhemoglobin and deoxyhemoglobin were calculated using the modified Beer–Lambert law, with a differential path length factor (DPF) of 6. Although DPF can vary by age, a value of 6 is widely used in pediatric studies (16, 17). To minimize noise and motion-related artifacts, a 0.01–0.2 Hz band-pass filter was applied to remove low-frequency drifts (e.g., Mayer waves, respiration) and high-frequency physiological noise (e.g., cardiac signals). Motion artifacts were identified both visually (sudden spikes or baseline shifts) and algorithmically, and were corrected using spline interpolation and wavelet-based filtering. Baseline correction was performed via linear detrending, using two stable reference periods: the last 10 s of the pre-task baseline and the 50–55-s interval after the task. Channels were excluded from further analysis if the HbO amplitude was below 0.01 μM, if the signal showed reversed polarity (e.g., downward response during the task), or if the coefficient of variation exceeded 15%. Only clean, reliable channels were retained for further activation extraction. The oxyhemoglobin signal was used to represent the results because it typically has a better signal-to-noise ratio than the deoxyhemoglobin signal (18).

Task-related cortical activation was quantified using three key temporal features extracted from the HbO signal: mean activation amplitude, center of gravity (COG), and initial slope. These metrics were chosen to capture the intensity and timing of the hemodynamic response. (1) Mean activation amplitude: this metric reflects the overall strength of the hemodynamic response during task execution, calculated as the average HbO concentration within the 60-s task period (from 30 to 90 s), after subtracting a linear baseline. The baseline was defined by fitting a linear trend using two reference segments: the final 10 s of the pre-task period (20–30 s) and the 50–55 s segment of the post-task period (90–145 s). The subtraction of this trend removes slow drifts and offsets in the signal. The resulting mean amplitude represents the net increase in cortical oxygenation during verbal generation. (2) COG: mean activation amplitude COG measures the temporal centroid of the positive HbO response across the full trial duration (0–125 s). COG is expressed in seconds and reflects the timing of peak engagement. A lower COG indicates early peak activation, while a higher COG suggests sustained or delayed activation. (3) Initial slope: to estimate the rapidity of the cortical response to task onset, the initial slope of the HbO curve was calculated over the first 5 s of the task period (30–35 s). A linear regression was fitted to the HbO signal over this window, and the slope coefficient was used as the feature (19). This parameter reflects how quickly prefrontal cortical regions begin to respond to the cognitive demand. Each of these features was calculated separately for the 22 channels. To enhance interpretability, channels were grouped into predefined left/right dorsolateral prefrontal cortex (DLPFC) based on Montreal Neurological Institute coordinate registration and 3D optode localization; feature values were obtained by averaging across valid channels. For group-level comparisons (ADHD vs. Neurotypically Developed), two-sample t-tests were used with false discovery rate (FDR) correction for multiple comparisons. In addition, Spearman correlation analyses were performed to examine the relationships between fNIRS activation metrics and behavioral symptom scores (SNAP-IV and DSM-V). Data analysis was performed using SPSS version 26.0 (IBM Corporation, Armonk, NY), with p < 0.05 indicating statistical significance. These methodological components enabled a detailed analysis of hemodynamic responses in prefrontal regions during a structured VFTs.




3 Results


3.1 Demographics and clinical characteristics

Based on the demographic data, the ADHD group consisted of 13 participants with a mean ± standard deviation age of 9.00 ± 1.84 years, while the control group included 13 participants with a mean age of 8.62 ± 1.78 years. Gender distribution was similar between the groups, with the ADHD group comprising nine males and four females, and the neurotypically developed group comprising 11 males and two females. There were no significant differences between the ADHD and control groups in terms of language IQ (ADHD: 88.08 ± 15.05; CG: 98.15 ± 19.69), operational IQ (ADHD: 95.38 ± 27.58; CG: 105.92 ± 15.39), and total IQ (ADHD: 93.23 ± 12.50; CG: 101.85 ± 18.11). All p-values for these comparisons were greater than 0.05, indicating no significant differences between the two groups in these baseline characteristics.

Scales used in this study included DSM-V, SNAP-IV, and WEISS (Table 2). Patients with ADHD showed impairment in at least one functional domain on these scales compared to neurotypically developed individuals. Significant differences were observed in SNAP-IV (p < 0.001), DSM-V (p < 0.01), and WEISS (p < 0.05).


TABLE 2 Clinical characteristics.


	Scales
	ADHD (N = 13)
	Control (N = 13)
	
p


 

 	DSM-V (inattention) 	7.15 ± 1.03 	2.77 ± 1.25 	0.000***


 	DSM-V (hyperactivity) 	4.77 ± 1.93 	2.00 ± 1.25 	0.002**


 	SNAP-IV (inattention) 	2.09 ± 0.47 	0.93 ± 0.44 	0.000***


 	SNAP-IV (hyperactivity) 	1.80 ± 0.45 	0.76 ± 0.73 	0.000***


 	SNAP-IV (mix/total) 	1.93 ± 0.44 	0.87 ± 0.56 	0.000***


 	WEISS (family) 	1.17 ± 0.66 	0.41 ± 0.28 	0.001**


 	WEISS (learning and school) 	1.10 ± 0.48 	0.45 ± 0.28 	0.000***


 	WEISS (life skills) 	1.24 ± 0.40 	0.59 ± 0.29 	0.000***


 	WEISS (self-management) 	1.22 ± 0.88 	0.39 ± 0.48 	0.008**


 	WEISS (social activities) 	0.91 ± 0.42 	0.57 ± 0.34 	0.040*


 	WEISS (adventure activities) 	0.46 ± 0.21 	0.20 ± 0.16 	0.002**





*p < 0.05; **p < 0.01; ***p < 0.001.
 



3.2 DLPFC characteristics of ADHD and neurotypically developed groups

Children with ADHD had lower dorsolateral prefrontal activation and generally showed negative activation bilaterally (Figure 3A), implying that children with ADHD had lower brain activation than at baseline (counting from 1 to 5) when performing the VFT. In contrast, neurotypically developed children had higher dorsolateral prefrontal activation and positive activation bilaterally (Figure 3B), and had higher brain activation than baseline (counting from 1 to 5) when performing the VFT. Children with ADHD had significantly lower activation of channels (CH8 and CH14) in the dorsolateral prefrontal lobes bilaterally compared to neurotypically developed children (p < 0.05, FDR corrected).

[image: Two brain scans labeled A and B show a color-coded gradient. In A, the left scan transitions from blue to yellow, indicating lower to higher activity levels. In B, the right scan shifts from yellow to red, indicating increased activity. Both maps include a color scale ranging from blue to red.]

FIGURE 3
 (A) Level of brain activation in children with ADHD performing a verbal fluency task, with color bars indicating t-statistics, colors that are approximately cooler indicating lower t-values, and warmer colors indicating higher t-values. (B) Level of brain activation in neurotypically developed children performing a verbal fluency task, color bars represent t-statistics, colors that are approximately cooler indicate a lower t-value, and colors that are warmer indicate a higher t-value.




3.3 fNIRS eigenvalues in ADHD and neurotypically developed groups

Figure 4A shows the oxygenation curves of oxyhemoglobin in the ADHD group and the Neurotypically Developed group during the VFTs. The neurotypically developed children showed an upward trend in the oxygenation curves while performing the VFT and a decrease in the oxygenation curves at the end of the task, whereas the children with ADHD showed the opposite trend. The mean values, indicators that reflects the degree of activation during the task, are shown in Figure 4B. Neurotypically developed children had a greater degree of activation, whereas children with ADHD had significantly less activation (p < 0.05). COG responded to the temporal bias of the overall level of activation during the performance of the task, and both groups of children showed rapid activation in the first and middle periods of the task; however, there was no significant difference (p > 0.05) (Figure 4C). The slope indicator, which responds to the rate of brain activation during the performance of the task, showed that both groups of children had rapid activation during the performance of the task (Figure 4D), but the rate of activation was not significantly different (p > 0.05).

[image: Four panels labeled A, B, C, and D show graphical data comparing ADHD and TD groups. Panel A displays time-series data with overlapping red and blue lines and shaded areas. Panels B, C, and D show violin plots comparing mean value, slope, and center of gravity metrics, respectively. Red represents ADHD, and blue represents TD.]

FIGURE 4
 (A) HbO time-series curve over the full task sequence. This line plot shows mean HbO concentrations over time in the ADHD group (red) and neurotypically developed group (blue) across a 125-s trial window, including the pre-task baseline (first 30 s), the 60-s active VFT period, and the post-task baseline (final 35 s). Neurotypically developed children displayed a clear task-induced increase in HbO during the activation phase, followed by a gradual return to baseline. In contrast, children with ADHD showed a flat or declining HbO pattern during the task phase. (B) Mean HbO amplitude during task period. This bar chart compares the mean HbO signal intensity in the DLPFC during the 60-s VFT activation window between the ADHD and Neurotypically Developed groups. The neurotypically developed group showed significantly higher mean HbO levels compared to the ADHD group (p < 0.05). (C) Center of gravity (COG) of the HbO signal. This measure captures the temporal distribution of the hemodynamic response, reflecting when the “center” of the activation occurs during the trial period. Both ADHD and neurotypically developed groups showed similar COG values, with peak response occurring in the early-to-mid phases of the VFT period (p > 0.05). (D) Initial slope of HbO response after task onset. This metric represents the rate of increase (or decrease) in HbO concentration within the first 5 s of the VFT task period. Both groups demonstrated a rapid rise in HbO, and no significant difference was observed in the slope between ADHD and neurotypically developed children (p > 0.05).




3.4 fNIRS eigenvalues and behavioral scales in ADHD

By correlation analysis, we found that significant correlations emerged between the mean values of oxygenated hemoglobin and DSM-V (Inattention) scores (Figure 5A) and SNAP-IV (Inattention) scores (Figure 5B) in both groups of children while performing the VFT (p < 0.05). However, there were no significant correlations (p > 0.05) between the mean values and the other subscales of the DSM-V and SNAP-IV, and between all subscales of the WEISS scale. Furthermore, there were no significant correlations (p > 0.05) between the centroid of the mean value of oxyhemoglobin and all subscales of the DSM-V, SNAP-IV, and WEISS-P scale in the children with ADHD and neurotypically developed children during the VFT. The slope values for mean oxyhemoglobin during the VFTs were also not significantly correlated (p > 0.05) with all the subscales of the DSM-V, SNAP-IV, and WEISS-P scales.
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FIGURE 5
 (A) Mean values of oxyhemoglobin during a verbal fluency task in children with ADHD and neurotypically developed children correlated significantly (p < 0.05) with scores on the DSM-V (Inattention). (B) Mean values of oxyhemoglobin during a verbal fluency task in children with ADHD correlated significantly (p < 0.05) with scores on the SNAP-IV (Inattention).





4 Discussion

Our results demonstrate that children with ADHD exhibit significantly lower DLPFC activation during the VFT and that these neural differences are meaningfully associated with behavioral indicators of inattention. This study is the first to explore the use of the VFT paradigm with younger children with ADHD, demonstrating its feasibility and potential to capture task-related differences in cortical activation between children with ADHD and children with neurotypical development. Given that younger children with ADHD face unique challenges in attention and language development, the use of VFT in conjunction with fNIRS provides an innovative approach to assessing these attentional and cognitive domains. This approach fills a gap in existing research and provides a more versatile and developmentally appropriate paradigm for the assessment of younger children. Expanding the scope of the fNIRS paradigm for the study of ADHD may deepen our understanding of the neural mechanisms underlying attention-related symptoms in different age groups.

Children with ADHD exhibited significantly lower activation in the dorsolateral prefrontal cortex (DLPFC) bilaterally, with widespread negative activation during the VFT, whereas neurotypically developed children demonstrated higher activation and positive patterns in the same regions. Both groups showed rapid initial activation and similar temporal activation patterns, as indicated by the COG and slope metrics; however, children with ADHD exhibited significantly reduced mean activation amplitudes. Furthermore, a significant correlation was observed between the mean activation amplitude in the DLPFC and inattention scores on the DSM-V and SNAP-IV scales in the ADHD group.

Children with ADHD exhibited significantly reduced activation and widespread deactivation in the DLPFC during the VFT compared to neurotypically developed children. This aligns with prior research highlighting hypoactivation of the DLPFC in ADHD, a region critical for executive functions such as working memory, cognitive flexibility, and response inhibition (20, 21). The observed widespread deactivation in children with ADHD contrasts sharply with the robust positive activation patterns seen in neurotypically developed children, suggesting fundamental differences in task-related neural engagement. The DLPFC is a core component of the frontoparietal network, implicated in top-down attentional control and goal-directed behavior. Hypoactivation in this region may reflect deficits in maintaining task goals and suppressing irrelevant information, which are hallmark characteristics of ADHD (22, 23). The presence of negative activation, or deactivation, observed in children with ADHD could indicate impaired allocation of cognitive resources or dysfunctional recruitment of auxiliary brain regions to compensate for executive deficits (24, 25). This phenomenon may also reflect disruptions in the DMN, which is known to exhibit aberrant connectivity with the DLPFC in ADHD populations (26). The observed bilateral differences further emphasize the role of interhemispheric functional asymmetry in ADHD. While neurotypically developed children exhibit balanced and coordinated activation across hemispheres during VFTs, children with ADHD demonstrate asymmetrical or deficient engagement, which may exacerbate their difficulties in integrating complex cognitive processes (27). Reduced bilateral DLPFC activation has also been associated with poor performance in VFTs, as this region is critical for semantic retrieval and phonological processing (28). fNIRS demonstrated that children with ADHD exhibit significantly lower levels of activation during mean-response tasks compared to neurotypically developed children. This result aligns with previous studies that have consistently reported reduced cortical activation in ADHD populations during cognitive tasks requiring executive function and attentional control (29, 30). The DLPFC, which is crucial for maintaining task goals, inhibiting irrelevant responses, and integrating information, is particularly implicated in these deficits. Hypoactivation in this region may reflect difficulties in sustaining cognitive effort and engaging task-relevant neural circuits (22, 31). The significant difference in activation levels between ADHD and neurotypically developed children observed in our study may also highlight impaired resource allocation or reduced efficiency in task engagement in the ADHD group. Such findings are consistent with prior fNIRS and fMRI studies showing that children with ADHD struggle to recruit and sustain neural activity in prefrontal regions during tasks that demand consistent focus and self-regulation (23). Moreover, the observed group differences in activation are consistent with theoretical models suggesting that ADHD is characterized by inefficient neural processing and disruptions in the balance between task-positive and default mode networks (32, 33).

Our study indicated no significant group differences in the temporal COG for overall activation during the response task, with both ADHD and neurotypically developed children showing immediate activation in the early-to-mid phase of the task. Additionally, the slope of initial activation, reflecting the speed of post-task brain activation onset, did not differ significantly between the two groups. Both ADHD and neurotypically developed children demonstrated rapid initial activation, suggesting that ADHD-related differences in neural processing may not manifest in the early-phase response dynamics captured by fNIRS. The observed similarity in temporal activation patterns aligns with studies reporting that children with ADHD can engage neural circuits efficiently in task initiation under certain conditions (34, 35). Rapid initial activation may reflect intact low-level sensory and motor processes required for immediate task engagement, which are relatively preserved in ADHD populations (36). Moreover, task-specific demands and the simplicity of initial activation requirements could mitigate the manifestation of executive function deficits during these early task phases (37). However, while the temporal COG and activation slope were comparable, it is important to consider that the quality and sustainability of activation may differ. ADHD-related deficits often emerge during sustained or complex cognitive demands, reflecting difficulties in maintaining engagement and adapting to task demands over time (38, 39). These findings suggest that while early-phase activation may be similar, ADHD-related differences could still arise in other aspects of neural recruitment, such as regional efficiency or interconnectivity (40).

Significant correlations were observed between behavioral measures of inattention and fNIRS-derived cortical activation patterns, with consistent findings across both the DSM-V and SNAP-IV rating scales. This highlights the robust relationship between attentional deficits and neural activation in children with ADHD, particularly during tasks requiring sustained cognitive effort. Our findings align with previous research demonstrating that neuroimaging measures, such as task-related cortical activation, can serve as objective markers of ADHD symptom severity. For instance, studies using fNIRS and fMRI have identified reduced prefrontal activation as a hallmark of inattentive symptoms, reflecting the inability to maintain goal-directed attention and regulate distractors effectively (5, 9). This correlation across multiple behavioral scales underscores the validity of these measures in capturing the attention-deficit characteristic of ADHD, supporting the use of fNIRS as a reliable tool for investigating the neural underpinnings of ADHD symptoms (41–43). The strong associations between inattention scores and neural activation suggest that the attentional deficits measured behaviorally may have a direct neurophysiological basis. This aligns with theoretical models of ADHD, such as the dual-pathway model, which proposes that disruptions in both executive and reward networks contribute to attentional dysfunctions (44–46). The consistency of these findings across different rating scales further strengthens their clinical and diagnostic relevance, as it indicates that both subjective (e.g., SNAP-IV ratings) and diagnostic (e.g., DSM-V criteria) measures capture a shared underlying neurobiological mechanism.

Our results offer significant clinical implications and highlight the potential value of fNIRS in the assessment and management of ADHD. By identifying neural activation patterns associated with VFTs and their correlation with attentional symptoms, this study underscores the utility of fNIRS as a non-invasive and cost-effective tool for evaluating prefrontal cortex activity in clinical populations. Given the challenges associated with diagnosing ADHD, particularly in distinguishing its subtypes and co-occurring conditions, objective neuroimaging markers like those provided by fNIRS could complement traditional behavioral assessments, improving diagnostic accuracy (47–49).

Our results also suggest that fNIRS can provide insights into the neurophysiological mechanisms underlying attention deficits, which could inform targeted interventions. For example, interventions such as cognitive training, behavioral therapy, and pharmacological treatments modulate prefrontal cortex activation, leading to improved attentional control (50–52). By establishing baseline activation patterns and tracking changes over time, fNIRS could serve as a biomarker for treatment efficacy, enabling personalized therapeutic strategies (43, 53, 54). Furthermore, the accessibility of fNIRS makes it particularly valuable in clinical and educational settings where more complex neuroimaging modalities such as fMRI may be impractical. The portability and ease of use of fNIRS systems allow for real-time assessments in naturalistic environments, which is critical for evaluating ADHD-related functional impairments and their impact on daily life (55). Integrating fNIRS with behavioral and clinical assessments could provide a holistic understanding of ADHD, bridging the gap between neurophysiological findings and practical interventions. Future research should expand on these findings by incorporating longitudinal designs to explore how fNIRS markers evolve with development and intervention. Combining fNIRS with advanced analytical methods, such as connectivity analysis and machine learning, could further enhance its diagnostic and predictive capabilities (56). Additionally, integrating fNIRS with multimodal approaches, including EEG and behavioral metrics, may provide a comprehensive understanding of ADHD’s neural and behavioral dimensions (14, 57). Such advancements could pave the way for more precise and effective diagnostic and treatment frameworks, ultimately improving outcomes for children with ADHD.

This study highlights the potential of using fNIRS to study the VFT paradigm in younger children with ADHD. fNIRS is increasingly being used as an adjunctive diagnostic tool in ADHD research, not least because of its ability to non-invasively measure prefrontal cortical activity during cognitive tasks (58). However, a limited task paradigm for younger children with ADHD is the Go/NoGo paradigm, with the Go/NoGo task being the most commonly used framework for assessing inhibitory control and attentional regulation (59). In contrast, the VFT paradigm has been used primarily with adolescents and adults with ADHD to assess emotion regulation and more complex cognitive functions (60).

Beyond its research utility, fNIRS holds considerable promise for clinical application in the diagnosis and management of ADHD. Its ability to objectively quantify cortical activation provides a valuable complement to traditional behavioral assessments, particularly in differentiating ADHD subtypes that often present with overlapping symptoms (61, 62). Moreover, the portability, affordability, and tolerance to motion artifacts make fNIRS especially suited for use in real-world environments, such as schools or outpatient clinics (63–65). This enhances accessibility for broader populations and supports the integration of neurophysiological markers into routine clinical practice, potentially enabling earlier identification and personalized intervention strategies for children with ADHD. Taken together, these insights reinforce the value of fNIRS as a neuroimaging tool for studying executive dysfunction in ADHD and suggest new avenues for objective assessment. Future studies should further validate the use of the VFT paradigm as a diagnostic tool in larger samples of younger children with ADHD and explore its application in other neurodevelopmental settings. This will pave the way for more comprehensive and targeted assessments and the development of better ADHD-assisted diagnostic models.

This study is not without limitations. One notable limitation is the relatively small sample size, which may affect the robustness and generalizability of the findings. This stems from the pilot nature of the study, which was designed to assess the feasibility of applying the VFT in combination with fNIRS in younger children with ADHD, as well as to preliminarily explore associated neural activation patterns. Due to its exploratory scope, the study prioritized methodological validation over statistical power for broad generalization. Additionally, data collection took place between January and September 2022, a period during which Shanghai faced strict public health restrictions due to the COVID-19 pandemic. This significantly constrained our ability to recruit a larger cohort. Several influential fNIRS studies in ADHD populations have employed similarly limited sample sizes during their preliminary validation stages, particularly in pediatric contexts (66–71). Nonetheless, small sample sizes inherently increase the risk of type I and type II errors and may reduce the stability of effect estimates. Therefore, the results of this study should be interpreted with caution. Another drawback of fNIRS that is not unique to this study is that it measures signals approximately 1.5 cm deep into the cortex. This means that the contribution of subcortical structures to the performance of speech fluency tasks by children with ADHD as well as by neurotypically developed children could not be captured in this study. Additionally, our probe did not include short-separated channels, which meant that we could not regress physiological noise from hemodynamic responses. Another limitation is our use of a DPF of 6 for all participants. Although this convention facilitates comparison across studies, it neglects inter-individual and region-specific variability in photon propagation, especially in a pediatric sample where head size, skull thickness, and tissue optical properties change markedly with age. By applying a single DPF value, we may have introduced systematic bias into our estimates of hemoglobin concentration changes, potentially under- or over-estimating true activation amplitudes in some channels. Further studies are needed to assess how these methodological choices generalize across broader developmental stages and clinical populations. Despite these challenges, the findings in this study pave the way for future investigations of functional brain imaging in children with ADHD by fNIRS, using high-density probes and larger sample sizes, as well as more complex and diverse cognitive and language tasks.



5 Conclusion

We investigated the neural correlations between VFT in children with ADHD using fNIRS. Children with ADHD had significantly lower activation in DLPFC compared to neurotypically developed children, and this was accompanied by a broad pattern of negative activation during the task. Mean activation amplitude showed significant correlations with behavioral measures of inattention on the DSM-V and SNAP-IV scales, highlighting the close relationship between cortical activation deficits and attention deficits. These findings highlight the potential of fNIRS as a non-invasive, cost-effective tool for assessing attention-related neurological deficits in younger children with ADHD and may help to establish a diagnostic tool for children with ADHD. By combining neurophysiological measures with behavioral assessments, fNIRS offers a promising avenue to improve diagnostic accuracy and tailoring interventions. Future research should build on our findings by investigating longitudinal changes in neural activation, expanding functional assessment tools for ADHD, and extending the paradigm for the use of fNIRS as a diagnostic tool for children with ADHD, particularly for core dysfunctions such as executive function and attention.
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HC<SD
MDD <D
MDD <SD
HC < MDD < AD <SD

HC < MDD < AD <SD
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Balance Balance Cognitive Correlation  p

task ability performance  coefficient
csT BBS Correct number 0.236 0210
Accuracy ~0.154 0416
ost Correct number ~0.381 0038
Accuracy ~0216 0252
DT BBS Correct number 0.265 0.158
Accuracy 0113 0550
Dual task cost ~0.086 0.652
ost Correct number ~0.387 0035
Accuracy ~0.288 0123
Dual task cost 0.082 0.667

CST, cognitive single task; DT, postral-cogitive; BBS, Berg Balance Scale; OS|, overall
sability inde.
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Balance task Cognitive Correlation

performance coefficient
cst Affected SMC Correct number 0339 0.067 0.080
accuracy ~0055 0773 0773
Unaffected SMC Correct number 0.496 0005 0015
Accuracy ~0.106 0577 0692
Affected PMC Correct number 0463 0010 0020
Accuracy ~0.143 0450 0675
Unaffected PMC Correct number 0539 0.002 0012
Accuracy ~0215 0.254 0675
Affected PFC Correct number 0410 0024 0036
accuracy ~0176 0352 0675
Unaffected PFC. Correct number 0303 0.103 0.103
Accuracy ~0278 0.137 0675
DT Affected SMC Correct number 0471 0.009 0014
Accuracy 0045 0815 0.860
Dual task cost ~0.097 0,609 0695
Unaffected SMC Correct number 0.425 0019 0023
Accuracy 0034 0.860 0.860
Dual task cost ~0.082 0.666 0695
Affected PMC Correct number 0542 0.002 0012
Accuracy 0062 0743 0.860
Dual task cost ~0075 0695 0695
Unaffected PMC Correct number 0516 0.004 0012
Accuracy 0270 0.149 0.860
Dual task cost ~0.266 0.155 0695
Affected PFC Correct number 0.468 0009 0014
Accuracy 0133 0.485 0.860
Dual task cost -0.183 0333 0695
Unaffected PFC Correct number 0366 0047 0047
Accuracy 0063 0740 0.860
Dual task cost ~0.083 0.661 0695

ROL, region of interest; CST, cognitive single task; DT, postural-cognitive dual task; SMC, sensorimaotor cortex; PMC, premotor cortex; PFC, prefrontal cortex.
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Balance Balance Correlation P

task ability coefficient

PST Affected | BBS 0.454 0012 0,023
S ost ~0.404 0027 0.044
Unaffected | BBS 0.459 0011 0.023
i ost ~0.404 0027 0.044
Affected | BBS 0.492 0006 0.023
i ost ~0170 0368 0.039
Unaffected | BBS 0382 0037 0.048
PMC ost ~0219 0216 0277
Affected | BBS 0247 0188 0.199
EC ost ~0.044 0819 0819
Unaffected | BBS 0268 0152 0171
PEC osi ~0.236 0210 0252

st Affected | BBS 0337 0069 0.083
SMC ost ~0534 0002 0,03
Unaffected | BBS 0240 0201 0201
SMC ost ~0.380 0038 0.049
Affected | BBS 0.446 0013 0.023
FMC ost ~0.439 0015 0.044
Unaffected | BBS 0554 0001 0.018
EME osi ~0.423 0020 0.044
Affected | BBS 0534 0002 0.018
PEC ost ~0.438 0015 0.044
Unaffected | BBS 0.469 0009 0,023
PEC ost —0411 0024 0.044

DT Affected | BBS 0411 0020 0,036
SME ost ~0471 0009 0.044
Unaffected | BBS 0382 0037 0.048
SMC ost ~0393 0032 0.048
Affected | BBS 0.448 0013 0,023
PMC ost ~0.385 0036 0.049
Unaffected | BBS 0.463 0010 0.023
pMC ost ~0411 0024 0.044
Affected | BBS 0.484 0007 0.023
PEC ost ~0475 0008 0.044
Unaffected | BBS 0431 0017 0.028
e ost ~0.452 0012 0.044

ROL region of interest; PST, postural single task; CST, cognitive single task; DT postural-
cognitive dual task; SMC, sensorimotor cortex; PMC, premotor cortex; PFC, prefrontal
cortex; BBS, Berg Balance Scale; OSI, overall stability index.
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ROI PST (N = 30) CST (N = 30) DT (N =3

Prar
Affected SMC 0.210 (0,030, 0.376) 0232 (0.042,0.521) 0395 (0052, 0.673) 7.400 0.037
Unaffected SMC 0.015 (-0.007, 0.318) 0.289(0.113,0.566) 0361 (~0.035, 0.647) 9.800 0015
Affected PMC 0.133 (<0001, 0.326) 0.192(0.105,0.524) 0.340 (0.080, 0.646) 13.400 0.007
Unaffected PMC 0.110 (0.016,0.257) 0332 (0.096, 0.531) 0248 (0.056, 0.618) 10.067 0015
Affected PFC 0217 (0.057,0.391) 0205 (0.017,0.537) 0281 (0125, 0.644) 1800 0407
Unaffected PFC 0.281 (0,025, 0.419) 0217 (0.011,0.483) 03720176, 0.588) 6.067 0058

ROL, region of interest; PST, postural single task; CST, cognitive single task; DT, postural-cogitive dual task; SMC, sensorimotor cortex; PMC, premotor cortex; PFC, prefrontal cortex.
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Balance Task Calculated number Correct number Accuracy Dual task cost

CST 13.600 + 6.652 12.767 + 6.730 1.000 (0.857, 1.000)

DT 12.433 £ 6.246 11333 £6.326 0.932 (0.750, 1.000) 0.000 (—0.008, 0.150)
Hz 2827 2979 -1.549

» 0008 0006 0121

Values are mean + standard deviation, and median (interquartile range). CST, cognitive single task; DT, postural-cognitive dual task.
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Age (ye: Gender (male/ Post-stroke period
female) (months) (left/right)
56500+ 11.094 26/4 1812 3,000 (1.750, 6.500) 1515

Values are mean + standard deviation, median (interquartile range) or ratio xx/xx. I ischemic; H, hemorrhagic.
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Registration Public titte  Inclusion criteria Study type ~ Observations/ Expected

number: treatment end time
measures

Control group A. Meet the diagnostic criteria of chronic
disorders of consciousness. B. Age 18 to 60 years old,
gender is not limited. C. Consciousness disorder for 3 to
6 months. D. Cerebral cortical structures are relatively
intact on at least one side of the brain, and there is no
serious damage to brainstem structures. E. Normal or
diminished cerebral metabolism, but the metabolism of
the brainstem is essentially normal and NIR assessment
is appropriate. F: No contraindications to NIR testing,
1o contraindications to EEG testing, and no cerebral
structural abnormalities as determined by the imaging
Interventional studyl0
physician. G. Able to cooperate in observing adverse

patients underwent
events and efficacy. H. Female patients with a negative

Quantitative Group A stimulation
pregnancy test. 1. Cardiac, pulmonary, hepatic, and renal

regulation of parameter modulation
functions are essentially normal. Expected survival time:

spinal stimulation after completion of SCS
>3 months. J. Written informed consent signed by the

characteristics of X surgery: frequency
patientslegal representative. Treatment group A. Meet

disorders of 5 Hz, voltage 2 V, pulse
the diagnostic criteria of chronic disorders of Interventional December 31,

ChiCTR2400085830  consciousness width 210 Y,

consciousness and have undergone SCS implantation. B. | study 2025

based on alternating ON (30's)
Age 181060 years old, gender is not limited. C. 3 to

photoelectric and OFF (3 min) of
6 months of impaired consciousness and failure of

synchronous SCS, repeated 10 times,
conventional treatment methods to promote awakening

brain function and three data
D, Cortical structures are relatively intact on at least one

detection collections were

side of the brain, and there is no serious damage to
completed within one
brainstem structures. E. Normal or diminished cerebral

week for each patient.

‘metabolism, but the metabolism of the brainstem is
essentially normal and NIR assessment is appropriate. E.
No contraindications to NIR testing, no
contraindications to EEG testing, and no cerebral
structural abnormalities as determined by the imaging
physician. G. Able to cooperate in observing adverse
events and efficacy: H. Female patients with a negative
pregnancy test. . Cardiac, pulmonary, hepatic and renal
functions are essentially normal. Expected survival time:
>3 months. . Written informed consent signed by the
patients legal representative.

(1) The new brain trauma was diagnosed by head

imaging and met the evaluation criteria of consciousness
Based on

disorder. (2) After 3 days of surgical treatment, there are
functional near

still conscious disorders, and the score of Glasgow

Coma Scale (GCS) is less than 13. Tt
ICU stay will be no less than 14 days. At present,the

infrared
nated that the

est

spectroscopy, the

effect of
condition is stable, with no serious infection and stable
acupuncture on
vital signs. (3) Consciousness was clear before injury, Interventional December 31,
ChiCTR2400083564  brain network Acupuncture
and there was no primary disturbance of consciousness | study 205

activation in ! N
and serious cerebrovascular discase. (4) The age is

18~ 60 years old. (5) No skull defect. (6) The family

‘members signed the informed consent form and

patients
consciousness

disorder after
volunteered to participate in the study. (7) No
brain injury was
acupuncture treatment was performed in the last

studied
2weeks. (8) No contraindications to acupuncture:
needle sickness, hemophilia, severe sk infection, tc.
Patient 1. Patients meeting the European Society of
Neurology guideline PDoC criteria (more than
4 weeks after brain injury). 2. UVS/VS or MCS were
diagnosed after 5 CRS-R assessments within 1 week.
Modulationof | 3. The cause was clear and the vtal signs were
cerebral cortex | stable. 4. MMN amplitude of auditory evoked
activity by potential test was >0.6 4V and < 3 gV 5. Age 18- Group: Patient control
auditory sensory 75 years old. 6. Right-handed. 7. Have not group placebo
ChiCTR2300074202  stimaulation in participated in other clinical studies in the past nteeietions! Group: Patient July 31,2026
patients with 3 months. 8. Sign an informed consent form signed | " intervention group
disorder of by a family member or authorized person. Healthy FAST scheme

consciousness: An | person 1. Match the age of the patient, between 18

ANIRS study and 75 years old, regardless of gender; 2. Good
health, no circulatory system, nervous system,
mental and metabolic disorders and other diseases;
3. Having full capacity for civil conduct; 4. The

subject voluntarily signs the informed consent.

Application and

1. Meet the B6:C7diagnostic criteria for UWS as proposed
construction of

by Giacino in 2010 for the international diagnosis of MCS

in 2002; or have had MCS or UWS in the past and now

outcome

prognostic model

have EMCS; and normal individuals 2. Patents withouta Multidimensional
in prolonged
recent tendency to improve consciousness who have been | Observational | stimulus (sensory, December 31,
ChiCTR2300072736 disorders of
ill for more than 1 month; 3. No sedative or antiepileptic | study ‘motor, cognitive) 2025
consciousness
‘medication within the last 1 month; 4. No significant assessment

patients based on
cerebral edema and no severe brain atrophy; 5. Age 18-
functional near
70 years; 6. Normal control or informed consent signed by

the patients family.

infrared

spectroscopy

1. Refer to Wang Zhongcheng Neurosurgery to
formulate diagnostic criteria for the formation
mechanism of craniocerebral injury coma and the
timing of recovery-promoting treatment: (1) There is
an obvious history of craniocerebral injury and
cerebral hemorrhage, and some patients have a
history of brain herniation; (2) Patients with severe
craniocerebral injury diagnosed by head CT or MRI
Euroregulatory
and clinical examination (such as observation of
‘mechanisms of

pupils, etc.) and admitted to hospital within 24 h
thalamo-cortical

after injury; (3) GCS score for coma, coma of more Routine rehabilitation +
circuit rTMS in Interventional
ChiCTR2300071307 than 6 h after injury or deterioration of Transcranial magnetic  April 30,2025
consciousness study
consciousness within 24 h after injury and coma stimulation (1HZ)

disorders based
again for more than 6 h; (4) Under the age of 70; (5)
on multimodal
Survival period >72 h with stable vital signs, case
techniques
observation for 72 h after surgery, no active
intracranial hemorrhage; (6) Al are inpatients in the
intensive care unit of our hospital, and have medical
records; (7) The patient’s family members gave
informed consent to the treatment and signed the
informed consent form. Those who meet the above
diagnostic criteria can be included in the treatment

observation cases.
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Measurement signal

Functional parameter
SNR

Depth resolution
Instrument size

Instrument cost

Level of application maturity

Hb, Hemoglobin; SNR, Signal-to-Noise Ratio.

Continuous wave (CW)
Relative optical intensity change

Relative Hb
High

Low.

Some bulky, some small
Some low, some high

High

Frequency domain (FD)
Relative optical intensity and phase change

Absolute Hb
Moderate
High

Bulky

Very high

Moderate

Time-resolved (TD)

‘Time-of-flight curve and relative

optical intensity change
Absolute Hb

Low

Moderate

Bulky

Very high

Low
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TBI, traumatic brain injury; HIE, Hypoxi

Sample sex/age

15DoC:7 Fand 8 M; 16
HC

23DoC:8 Fand
15 M,50 £ 19 years

24HCS Fand
16 M,30 £ 7 years

8DoC:6 Fand
2M,708 £ 118 years

22DoC:15 Fand

7M688 % 109 years
6HC2 Fand

4MA124 126 years

10pDoC:7 Fand
6 M,51.50 (27.50, 64.50)
13 HC:S Fand 5 M44.00
(27.00,54.00)

16 DoC:9 Fand 7 M, aged
6075 + 19.74 years
6HC:2Fand 4 M, aged
22-33 years

28 pDoC:18 Mand 10 F

10 MCS:3 Fand 7 M,
aged 355 126 years

9DoC:4 Fand 5 M, 17-
64 years

10 DoC:5 Fand 5 M, aged
17-64 years

1DoC, M, 78 years old

13DoCx4 Fand 9 M, aged
18-75 years

11DoC:2 Fand 8 M, 24
HC

10 DoC:3 Fand
7M,37 ~ 75 years

26 DoC:4 Fand
22M,27 ~ 99 years; 20
HC

18 DoC:4 Fand 14 M,
47.83 £ 12.88 years; 15
HC:8 Fand 7 M,
25.93 £ 6,62 years

19 DoC:4 Fand
15 M, 14 ~ 66 years

16 pDoC:6 Fand
10 M,18 ~ 68 years, 10
HC:6 Fand 4 M, mean
age 40 years
5DoC:1 Fand 4 M, aged
30-49,6 HC2 Fand 4 M,
aged 22-33

1D0C, M, 75 years old

2 MCS:1 B78 years old,
1M, 31 years old, 10
HC:2 Fand 8 M, mean
age 26.2 years

Sample
size (VS/
MCS)

15 MCS

11 UWS/VS
and 12 MCS

8DoC

5VSIUWS
and 17 MCS

10 pDoC

10VSand 6
MCS

9COMA, 7
VSand 12
MCS

10MCS

7VSand2
MCS

8VSand2
MCS

1DoC

9VSand2
MCS—

9UWSIVS
and 2 MCS—

8VSand2
MCS

26 MCS

14VSand4
MC

10UWS and 9
MCS

5VSIUWS
and 2 MCS

5MCS.

1DoC

2MCs.

General characteristics of the patients

Etiology

5TBI, 10
Intracerebral

infarction

4TBL5
Encephaliis, 6
HIE, 8 Vascular

8 Stroke

8aSAH,2
ischemic stroke,
2 Encephalitis,
41CH, 4 NCSE,
1SDH, 1
Encephalitis

7TBI, 10
Hemorrhagic
injury, 11
Ischemic injury

10TBI

2 Head trauma,
3 Cerebral
hemorrhage, 1
Stroke, 3
Hypoxic
ischemic
encephalopathy
2 Head trauma,
4 Anoxic, 1
Stroke, 1
Cerebral
trauma, 2
Cerebral
hemorrhage

TBI

6TBI, 1
Hypothalamus
Hemorrhage, 1
Basal Ganglia
Hemorrhage, 1

Cerebellar
Hemorrhage, 2
Brainstem
Hemorrhage, 2
Brainstem

Infarction

4 Trauma, 2
Brainstem
infarction, 5
Cerebral
hemorrhage
4 Trauma, 4
Cerebral
hemorrhage, 2
Brainstem

infarction

1 HCP, 12 HIE,
5CH,4 MG, 4
a

8 Stroke, 5 TBI,
5 Anoxic

6TBI 11
Stroke, 2

Anoxia

4TBLS
Anoxic, 7
Stroke

3TBI, 1 Stroke,

1 Anoxia

1 Guillain-

Barré syndrome

1 Wernicke-
Encephalopathy,

1 Polytrauma

ischemic encephalopathy; Vascular, Cerebrovascular event

Duration of
DoC (months)

Types of
external
stimuli

1~ 12 months Resting state

27~ 138 days Resting state

Within 2 weeks after
Resting state

stroke
" Resting state
and music
/ Resting state
I~48months  Acupuncture
AB0~9.5 months
Acupuncture
B:7.1~ 82.2 months
55454 years DCs
3~ 28 months scs
4~ 28 months scs
5 months scs
3~ 18 months DBS
3~ 18 months DBS
3~ 18 months DBS
L music
(31-180 Hz)
, intervention,
MF music
(180-4 k Hz)

intervention

17~252months  MIand SON
63~ 4,380 days. M
18~809months | MM and MI
2~ 48 months Vil
/ M
Mental
/ arithmetic
tasks

Passive

paradigms

Active
paradigms
(MI) and
passive
paradigms
(SON)

Active

paradigms

Number of
repetitions or
measurement

duration

5min

5min

10 min

Each block (resting
state, music, resting
state) lasted from 4

t07 min,

5min

3blocks

8blocks

2blocks

4blocks

5 frequencies, 4

blocks per frequency

7 times

4blocks

2times, 4 blocks

each time

2times, 4 blocks

each time

3blocks

Active paradigms:s
blocks;
passive paradigms:
blocks

6 questions, 4 blocks
per question, 24

blocks in total,

MM: 20 blocks
MI: 20 blocks

5 questions, 4 blocks
per question, 20
blocks in total.

3 questions, 5 blocks
per question, 15

blocks in total.

20 blocks

fNIRS system
(cw/

wavelengths/

sample rate)

CW, 690 and 830 nm,
20Hz

CW, 695 and 830 nm,
100 Hz

ow

1251z

CW.760 and 850
11Hz

CW730and
850 nm,28 Hz,

CW,780, 805 and
830 nm,13.33 He,

CW,760 and
850 nm,3.47 Hz

CW,690 and
830 nm, 100 HZ

CW,690 and
830 nm, 100 HZ.

CW730and
850 nm,11 Hz,

CW730and
850 nm, 11 Hz

CW730and
850 nm,11 Hz,

CW.760 and
850 nm,11 Hz,

CW,760 and
850 nm,10 Hz,

CW,760 and
830 nm,10 Hz,

CW.760 and
850 nm,10.2 Hz

CW,760 and
850 nm,10.24 Hz,

CW,690 and
830 nm,28 Hz

time-resolved
functional near-
infrared
spectroscopy760 and
830 nm,80 MHZ

CW,760 and
850 nm,3 Hz

fNIRS

Brain regions of
interest for
probe emission

Both sides of PreM and
SMA, FEE, Brocals area,
FPA, and DLPFC

PEC was selected: both
sides of BA 9, BAI0,
BA44, BAGS, and BA46

‘The bilateral PEC

“The prefrontal brain

DAN, DMN, FPN, SEN,
VAN, VIS,

PEC

DLPEC, PMC, and $1

Frontal brain regions

PEC

PEC

“The prefrontal lobe

“The frontal, parietal, and

occipital lobes

“The frontal, parietal, and

occipital lobes

‘The frontal, parietal, and

occipital lobes

DLPEC, PFC, PMC, 81,
and M1

H17 the prefrontal
cortex

PEC, PMCand primary

sensorimotor cortex

‘The premotor area and
supplementary motor

area and over the PMC

PFC, PMC

‘The supplementary
‘motor area and the

premotor cortex

Frontal brain regions

Channels
rate of SD

53 channels

28 channels

2 channels

2 channels

63 channels

48 channels

20 channels

24 channels

8 channels

4 channels

16 channels

34 channels

34 channels

34 channels

42 channels

5 channels

48 channels

16 channels

50 channels

4 channels

47 channels

Type of
analysis

Network

analysis

Network

analysis

Functional
Connectivity

Analysis

Frequency
domain

analysis

Functional
Connectivity
Analysis

Network

analysis

Functional
Connectivity

Analysi

Time-
domain

analysis

Time-
domain

analysis

Time-
domain

analysis

Functional
Connectivity

Analysis

Network

analysis

Network

analysis

Network

analysis

Functional
Connectivity
Analysis

Time-

domain

analysis

Time-
domain

analysis

Time-
domain

analysis

Time-
domain

analysis

Time-
domain

analysis

aSAH, aneurysmatic subarachnoid hemorrhage; aSDH, aneurysmatic subdural hemorrhage; ICH, intracerebral hemorrhage; CH, cerebral hemorrhage; Cl, cerebral
infarction; CW, continuous wave; DBS, Deep brain stimulation; tDCS, transcranial direct current stimulation; PreM, Premotor; SMA, supplementary motor area; DAN, dorsal attentional network: DMN, default mode network; FPN, frontoparietal network S

sensorimotor network; VAN, ventral attentional network; VIS, visual network; FEF, frontal eye fields; FPA, frontopolar area; DLPFC, dorsolateral prefrontal cortex; PEC, the prefrontal cortex; MM, motor movement; MI, motor imagery: DAN, dorsal atentional

network; DMN, default mode network; S1, primary somatosensory cortex and M1, primary motor cortex. PMC, primary molor cores.
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ACLR, anterior cruciate ligament reconstruction. Comparison with healthy control group, **indicates p < 0.0167.
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Parameters Healthy

control
group
Age (years) 256423 258428 0.672
Gender (M/F) 2413 274 0685
Body mass index (BMI) 25135 249428 0462
Limb dominance 26R, 1L 26R, 1L
‘Time from surgery 16414

Data n the table are means  standard deviation and percentages. ACLR, anterior cruciate
ligament reconstruction.
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Cerebral area Means + S.D. P
Orbitofrontal area 1 ~0.0643 £ 0.2878 05914 05759
3 ~0.1895 £ 0.2628 19076 0.1051
4 00522 £0.5025 02746 07929
6 ~0.1325 £0.2995 11701 0.2863
Frontopolar area 2 0.2123£03472 ~16183 0.1567
5 ~0.1333.£0.2311 15255 01780
7 0.0652 03848 ~0.4481 0.6698
8 0.1690 04597 ~09728 03682
9 0.1760 + 0.4488 ~10376 03395
10 ~0.1359 £ 0.4339 08285 04391
n 0.2477 £ 05380 -12184 0.2688
12 0.11180.1545 ~19146 0.1040
13 0.1002 02727 ~09720 03686
Pre-motor and supplementary motor 14 ~0.0206 £ 0.3797 01432 0.8908
contex 15 0.1926 + 0.4405 —1.1568 02913
16 ~0.4998 £ 11688 L1315 03010
17 ~00197 £0.1031 05062 06308
13 0.0319+0.1802 ~0.4686 06559
2 ~0.0586 £ 0.1623 09559 03760
2 ~0.1469 £ 0.0961 40461 0.0068+*
2 0.0036 +0.1947 ~00489 09626
27 00580 £ 0.2084 07366 04892
23 ~0.0019 £ 0.3166 00159 09878
2 ~0.1116 £ 0.2034 14515 0.1968
30 ~0.1420 £ 03813 09853 03625
Primary somatosensory cortex 19 ~0.1035 £ 0.1543 17745 0.1263
20 ~0.0067 £ 0.1999 0.0890 09320
2 00056 £ 0.2630 0.0564 09569
31 ~0.1427 £0.2627 14377 02006
32 ~00111£0.2235 01317 0.8995
3 ~0.0379 £ 0.2906 03453 07416
Primary motor cortex. 2 ~0.0165 £ 0.2452 01784 08643
2 ~0.0265 £ 03424 02046 08446

ACLR, anterior cruciate ligament reconstruction; means + 5.D., means + standard deviation. Comparison with the overall mean of 0 samples, **indicates p < 0.0167.
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Means + S.D.

0.0309 £ 0.0947

0.0278 + 0.0860

0.0326:+0.0811

0.1020 £ 0.1496

0.0478 £ 0.0899

0.0142:£0.1029

0.1371£0.1341
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0.0199 +0.0790

0.0528 + 0.0820

0.0253 +0.0891

~0.0124+0.0576

~0.0020 + 0.0981

0.0089 + 0.0693

0.0308 + 0.0764

0.0118+0.0795
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Means + 5.D., means + standard deviation. Comparison with the overall mean of 0 samples, **indicates p < 0.0167.
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Model df R? Adjusted R P

FASTI (negative) 19 0.361 0.285 0.022%
FAST2 (neutral) 18 0299 0212 0058
FAST3 (positive) 20 0367 0.297 0.016*
VET 18 0.498 0.355 0.036*
VET (fruits) 18 0541 0.409 0.021%
VET (vegetables) 18 0464 0311 0054
VET (animals) 18 0.524 0.388 0.026%

P <005





OPS/images/fneur-15-1491923/fneur-15-1491923-g004.jpg
@ Negative seed

) Negative chain Neutral chain Positive chain 7§ Nesuivese
o0 o0 o0 e
oy o5
H Lol £o00]
FASTZ oo Z0es 20
fun )
H 2 2%
0ss oss oss|
R o N T L = O S == e == [T Ux Ty T T e
e riig e rn e ros
(B) i Fruit
" " < - . @~ Vegetable
Fruit chain Vegetable chain Animal chain gy
| oo
r i il o
fii i 0%
i fon
VFT £ i
- Boes
Dy Ll e, i
0ss 4\‘,_4\‘
| g———F——W| g —— o —
05 ) 10155 15208 05 05 10155 e *os 05 10155 15205
T T I





OPS/images/fneur-15-1491923/fneur-15-1491923-g005.jpg
(A)
® channel 20 channel 38
n 0
F=-0360,p = 0.008 L reampeoon
o e
Positive H H
10} e s 10| .o y
word 2 . 8 S,
B S o & -
Lo 05 025 0 025 05 5
FAST actvation ()
®) channel 15 channel 36
0 n
F=0.468,p= 0032 & r=-0.498,p=0.025
o o
Neutral 0z §
rd 10} - auf O
. LN e e
o o =
o = o =
T as d es 0 o5 T S0 EEI)
FAST actvation (¥ ) FAST actvation ()
0.6
© channel 5 channel 36
» n
o re0452,p- 0035 T8 p =003
o1 o8
Negative L Lol ~os
word Bl tiiie B
f . s
PM & SMC for RO d






OPS/images/fneur-15-1491923/fneur-15-1491923-g006.jpg
EPDS score

PM & SMC
channel 8 channel 16 channel 20
20,
r=-0.423,p = 0.039 r=0562,p3 0.008 . r=-0.620,p=0.002
15| 15
o £ £
e Yo ﬁm 2 10 o *
. £ £ 4
o e ® & [ g =
= . et o
0 0
0z 0 02 04 a5 a1 s o0 o5 a5 a1 05 0 05 1
'VFT activation (mM-mm) VFT activation (mM-mm)

VFT activation (mM-mm)

0.6

-0.6





OPS/images/fneur-15-1491923/fneur-15-1491923-t001.jpg
VFT8 VFT15 VFT16 VFT20 FAST5 FAST36 FAST15 FAST36 FAST20 FAST 38

(negative) (negative) (neutral) (neutral) (positive) (positive)
VFT$ 1
VFT15 ~0.154 1
VFT 16 ~0088  0577* 1
VFT20 0320 045 | -0372 1
FASTS (negative) 0205 —0573*  —0283 0349 1
FAST36 (negative) | 0.047  —0.829%%  —0602¢  0.482 0426 1
FASTI5 (neutral) | ~0.187  0.806% | 0.644%F  ~0367 ~0534* ~0650%% 1
FAST36 (neutral) | 0286 —0.874%%% | 0438 | 0541% 0488 0919%+% 0615 1
FAST20 (positive) | 0183 | -0322 | 0085 0706% 0463 0095 -0219 0271 1
FAST38 (positive) | 0166 —0022 | 0323 | 052% 0046 0169 0159 0135 0522 1

<005, *4p <001, ***p < 0.001.
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cteristics Mean + SD,

Age (years) 54579+ 11885
Gender (male/female) 18/1

BMI (kg/m?) 23.716 + 2.596
Onset (day) 98,632+ 80.747
Stroke type (ischemic/hemorrhagic) 15/4
Hemiplegic side (left/right) 910
Fugl-Meyer (LE, score) 265796122
FAC (level) 4.053 +0.848
FES-off 10 m time cost (s) 10.852 +5.184
FES-on 10 m time cost (s) 9.611 +4.708
BBS (score) 48.105 + 4.653
Quadriceps (mA) 34.111 +11.529
Tibialis anterior (mA) 33389 £ 8978

BMI, body mass index; LE, lower extremitys FAC, functional ambulation category scale; BBS,
Berg balance scale
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Application  Cognitive ~ Motor Social Llanguage Executive  Neurodevelopmental ~ Resting
scenario tasks tasks interaction tasks function monitoring tasks state

tasks

ASD 2 \ 5 3 7 \ 2
ADHD 2 1 \ \ 6 \ 1
HIE \ \ \ \ \ 4 1
DCD 3 \ \ 1 \ \
SLE \ % \ 4 \ \ \

The table offers a detailed breakdown of the types of tasks conducted within each application scenario. For instance, the majority of studies in Cerebral Palsy (CP) focused on motor tasks,
which is consistent with the primary motor impairments associated with this condition. In contrast, studies on Autism Spectrum Disorder (ASD) and Attention Deficit Hyperactivty Disorder
(ADHD) predominantly involved social/cognitive and executive function tasks, respectively. This reflects the unique cognitive and behavioral challenges faced by children with these
conditions. The findings from these studies provide valuable insights into the neural correlates of these tasks and can inform targeted interventions. The chart also reveals that Specific
Language Impairment (SLI) studies primarily focused on language processing tasks, highlighting the potential of INIRS to detect neural mechanisms underlying language deficits. Additionally
studies on Hypoxic-Ischemic Encephalopathy (HIE) focused on neurodevelopmental monitoring tasks, which underscores the importance of early detection and intervention in this high-risk
population.
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Disease

Analysis method

Sample size

Cortical area
focused

Summarizing the findings

Cerebral palsy(CP)
a7)

Autism spectrum
disorders(ASD) (22)

Attention-deficit
hyperactivity
disorder(ADHD)
G1)
Hyposic-ischemic
encephalopathy
(HIE) (44)

Developmental
Coordination
Disorder(DCD) (50)

Specific Language
Impairment(SLE)
(2)

A generalized linear regression
model (GLM) was used to
assess differences in PFC
hemodynamic activation in the
PEC across step heights

Used sample entropy (SampEn)
0 evaluate the characteristics
of spontaneous hemodynamic

fluctuations

task-based dynamic functional-

connectivity (FC) analysis of
brain signals measured by
NIRS

‘The RSEC patterns between
newborns with HIE and
healthy control subjects were
compared using graph
theoretical metrics,

Measure the activation during
the performance of the Stroop
task and the Wisconsin Card
Sorting Task

“This study employed functional
data analysis (FDA) methods
to process INIRS data.

14 children with CP and
14 age- and sex-matched
typically developing
control children

25 children with ASD and
22 typical development

children

21 children with ADHD
and 21 typical

development children

19 neonates with HIE and
20 term-born healthy

newborns.

10 children with DCD and
11 typically developing
children

15 children with SLI and
15 typically developing

control children

Prefrontal cortex

bilateral inferior
frontal gyrus and

temporal cortex

prefrontal-to-
inferior parietal

lobes

Prefrontal, temporal

and parietal regions

dorsolateral
prefrontal cortex
(DLPFC)

bilateral parasylvian

areas

Lower PFC activation in CP was maintained after
statistically controlling for the number of repet

ions

completed at each step height

‘The SampEn was generally lower for ASD than TD,
indicating the ENIRS series from ASD was nstable, had
low fluctuation, and high self-similarity. The classiication

between ASD and TD could reach 97.6% in accuracy.

Children with ADHD tend to show a lower probability of

occurrence for the dominant connectivity state and an
increased probability of occurrence for other connectivity
states (states 3 and 4).

HIE newborns showed signifcantly increased clustering
coefcients, network efciency and modularity compared to

controls

Typical developing children show DLPEC activity that
changes over time in the Stroop task, with a right
lateralization tendency, but do not show lateralization in
the WCST. In contrast, the DCD group exhibits high and
sustained activation in both hemispheres and tasks.

“This analysis identifid significant differences between the
case and control groups in the oxygenated hemodynamic
mean trends in the bilateral inferior frontal and left
inferior posterior parietal brain regions. We also detected
significant group differences in the deoxygenated
hemodynamic mean trends in the right inferior posterior

parietal cortex and left temporal parietal junction
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Variable SZ-AVHs (n = 178) SZ-nAVHs Effect size

(n =172) (95%Cl)

Gender (M/F) 101177 109/63 160° 0.206 #V =007 [0.00,0.15]
Age £ SD 3444 (14.72) 3252(12.81) 170" 0.089 #d=0.14[-0.06,034]
Education + SD 1277 (3.27) 12,95 (3.59) 3.40° 0.638 #d = ~0.05[~0.25,0.15]
Length of illness. 7.24(8.75) 697 (8.29) 027" 0790 #d=0.03(-0.17,023]
Chlorpronazine equivalent 450.00 (300.00-662.55) 399.90 (235.05-600.00) 9057.00° 0.196 8= -0.09-0.32,0.14]
(IQR) (mg/day)

CGI-st 4.6 (1.02) 426 (1.17) 257 0011 *d=0.36 (0.16,0.56)
CGL-GI 243(1.30) 2,66 (1.03) -1.29" 0.202 #d =~0.19[0.39,0.01]
CGLEI 7.87(4.21) 802(3.77) ~027" 0.788 *d = ~0.04[~0.24,.16]
BPRS- illusion 332(1.69) 139 (1.04) 812" <0.01 *d=1361.14,1.58]
HAMD 821(537) 863 (7.89) ~041® 0.686 .06 (~0.26,0.14]
HAMA 508 (3.83) 5.11(5.64) 005" 0.961 .01 (-0.21,0.19]

IQR, Interquartile Range; CGI, Clinical Eficacy Inventory; CGI-SI, Clinical Global Impression-Severity of liness; CGI-G, Clinical Global Impression-Global Improvement; CGI-EI, Clinical
Global Impression-Effcacy Indes; BPRS- llusion, Brief Psychiatric Rating Scale Hllusion; HAMD, Hamilton Depression Scale; HAMA, Hamilton Anxity Scales % tst; "t est;* Mann—
Whitney U test; *V: Cramer’s V; *d: Cohers s *8: CHff*s Delta; 95% Cl: 95% confidence interval. Bolded values represent p < 0,01 satistical significance.
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Detection mode  Research method/problem = St 5

AMRI assists fNIRs in providing precise localization of cortical regions of interest, enhancing the
Spatial localization

overall spatiotemporal accuracy of cortical neural mapping (11, 43).

Concurrent MRI and fNIRs validated INIRSs accuracy in monitoring cortical hemodynamics,
Synchronous detection  Validation of efficacy
enhancing spatiotemporal interpretation of brain activity (11, 42, 44-19, 85-93).

Synchronous MRI and fNIRs enabled precise, real-time analyss of cortical dynamics, enhancing

Mechanism discover,
4 g of NVC and brain connectivity (50-34, 59, 67, 68, 71, 90).

understanc

‘These studies used separate MRI and fNIRs to confirm fNIRS reliability in tracking cortical

Validation of efficac
i i showing spatial-—temporal congruence across tasks (56-38, 62, 64, 69, 70, 73, 74, 94-101).

activi

Asynchronous detection
These studies used asynchronous MRI and fNIRs to explore motor, cognitive, and social neural
Mechanism discovery
‘mechanisms, enhancing insights into brain connectivity and NVC (55, 58, 60, 61, 91,92, 101-106).
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Raw data level 4

Data analysis and |
processing level

Decision-
making level

fNIRs and fMRI synchronous and
asynchronous combined imaging data

Raw fNIRs
Preprocessing Preprocessing
Processed fNIRs Processed fMRI

Brain activation Brain network
analysis analysis

Results Comparison and Analysis -

Signal Conversion
Noise Reduction
Motion Artifact Correction
Baseline Correction
Pathlength Calibration
Spatial Co-Registration

Slice Timing Correction
Motion Correction
Spatial Normalization
Spatial Smoothing
‘Temporal Filtering
Co-Registration

NIRs:Block averaging, General Linear
Model (GLM), and wavelet transforms
MREGLM and voel-wise

statistical parametric mapping (SPM)...

INIRs:Pearson correlation, graph theory.
MRLICA/seed-based analysis, dynamic

Co-registration, multimodal graph theory....
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Prescreening Initial Search

Qualifying

Records found from selected databases
(Web of Science, PubMed)

PubMed
N=476

‘Web of Science
N=447

Records after removal of duplicated
publications
N=587

Records after reading of abstract
N=T71

Records after reading of full text
N=63

Combined fMRI-fNIRs
applications articles
N=63

Excl

lusion (n=526):
Did not involve ~simultaneous or
integrated fMRI-INIRS methodologies.
Focused solely on technical hardware
development without  neurobiological
insights.

Reviews, case reports, or conference
abstracts.

Exclusion (n=8)

Empirically  investigated  combined
MRINIRS applications in non-human

subjects.
Did't provide methodological details on
data acqisition or fusion.
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Variable HC group (n = 10) CNP group (n = 10;
Task 1

COP AP-Amplitude (cm) 2159£0395 2467 £0.768 1275 0274 0.066
COP ML-Amplitude (cm) 1344 0369 1.661 +0.491 2657 0.120 0.129
mean AP-velocity (cm/s) 1840 £0.326 1840£0.233 0,000 0.100 0.000
‘mean ML-velocity (cm/s) 22520498 2555£0340 0025 0877 0.001
total sway length (cm) 206859 + 38811 208.930 £ 27.096 0019 0893 0.001
sway area (cm?) 201440731 2938+ 1670 2571 0.126 0125
Task 2

COP AP-Amplitude (cm) 3.400 £ 1.964 3688 +1.289 0450 0703 0.008
COP ML-Amplitude (cm) 1495:£0.393 22140868 4349 0052 0.195
‘mean AP-velocity (cm/s) 1995+ 0305 20500239 0201 0659 0,000
mean ML-velocity (cm/s) 2550 +0.494 2,600 +0.346 0.069 079 0.004
total sway length (cm) 215242437.714 218861 +26.261 0.062 0.806 0.003
swayarea (cm?) 331322514 57093529 0058 0097 0.145
Task 3

COP AP-Amplitude (cm) 4785 £ 1626 85394163 7.057 0.016 0282
COP ML-Amplitude (cm) 5.255 5,003 94329058 1629 0218 0083
‘mean AP-velocity (cm/s) 4755 £2.206 6530 £2938 2334 0.144 (315
mean ML-velocity (cm/s) 5,305+ 2.446 7.27543.004 2495 0132 0122
total sway length (cm) 75.978 £32.932 101,070 + 41.666 2232 0.152 0.110
sway area (cm?) 20935 +23.448 54223 £ 74744 1.806 0.196 0091

HC, health control; NP, chronic neck pain; COP, center of pressure; AP, anterior-posterior; ML, medial-lateral; Task 1, standing on the force plate with eyes open and both feet; Task 2,
standing on the force plate with eyes closed and both feet; Task 3, standing on the force plate eyes with closed and one foot. The bold values mean significant difference.
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Variable

Sex

Female

Male
Age (years)
Height (m)
Weight (kg)
BMI (kg/m?)
Years of education (years)
BBS (maximum = 56)
Duration of pain (months)
NPRS (0-10)

NDI (maximum = 50)

HC group

(n=10)

8(80%)
2(20%)
362041254
162008
6090+ 12.91
2299368
1600 % 1.70
5570+ 0.68
N/A
N/A
N/A

CNP group
(n =10)

8(80%)
2(20%)
45.40 % 1162
159£007
57.80+7.22
2299£278
1550 % 151
5480+ 1.62
49.00 £ 98.91
540127

1630695

1000

0.106
0254
0516
0997
0496
0131
N/A
NIA
N/A

N/A, not applicable; HC, health control; CNP, chronic neck pain; BMI, body mass index;
BBS, Berg Balance Scale; NPRS, Numeric Pain Rating Scale; NDI, Neck Disability Index.
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Detection mode

Synchronous detection

Asynchronous detection

Advantages

1. Offers real-time integration, ensuring that brain activty is

completely consistent.

Facilitates spatial localization, aiding in the precise identification of

active brain regions.

Provides comprehensive brain function information by accurately

‘mapping neural activity and temporal dynamics.

-

Enables validation of findings through comparison of results from

both technologies, easier to verify validity.

Itallows multiple measurements at different time points and

scenarios, enhancing the lexibiliy of experimental design.

It supports research on mechanism discovery, avoiding potential
interference between the two technologies and not being limited by
simultaneous data acquisition.

3. Offers a wide range of experimental paradigms, suitable for
longitudinal studies such as long-term monitoring and

rehabilitation assessment.

Does not require the simultaneous operation of two costly devices,

making it more feasible in terms of cost and technology.

Limitatios

1. ‘The experimental paradigms and scenarios that can be adopted are

limited.

“There are compatibility requirements between the two technologies
(ANIRs must adapt to magnetic shielding environments and

potential safety risks and interference need to be controlled).

Subjects must accommodate fNIRs emitter and detector sensors
within the confined space of the MRI head coil, which may affect

comfort and objectivity.

Overcoming attenuation of near-infrared light in long fiber setups
and controlling data artifactsis necessary to ensure reliable brain

function imaging.

. Spatiallocalization is challenging, with high demands for data

correction,

Data integration is complex, potentially introducing additional

errors.

. Subjects state may vary at different time points, affeting data

consistency.

Controlling experimental conditions is difficult (such as

environmental factors).
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ea D a DR ected ea alue DR-corrected p

SAC 0.26+1.83 —0.74 0.58 0.03 £0.65 —0.83 0.58
PSC 0.01£0.17 —0.86 0.58 0.03£0.12 —1.83 0.30
TG —0.07 £0.21 0.68 0.58 0.02£0.20 —0.70 0.58
PMC —0.07 £0.32 —0.50 0.68 0.04£0.18 -1.97 0.30
FPA 0.09 +0.42 —L13 0.55 0.03£0.19 —1.55 0.35
dPFC 0.09+0.33 —1.41 0.39 0.03£0.15 —2.33 0.30

ROIs, regions of interest; SAC, somatosensory association cortex; PSC, primary somatosensory cortex; TG, temporal gyrus; PMC, primary motor cortex; FPA, frontopolar area; dPEC,

dorsolateral prefrontal cortex; HbO, oxygenated hemoglobin.
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Diagnosis Age (years) Gender uration of DoC (months) Etiology score
1 MCS 59 M 192 HIE 9 (213,102)
2 MCS 44 M 24 Stroke 11(233,102)
3 MCS 67 M 36 Stroke 11(331,112)
4 uws 47 M 6 TBI 6(103,101)
5 uws 61 M 31 Stroke 7 (212,002)
6 MCS 32 F 13 TBI 15 (234,213)
7 MCS 64 M 8 Stroke 11(313,013)
8 MCS 51 M 38 TBI 14 (433,202)
9 uws 21 M 5 TBI 5(102,002)
10 uws 37 F 17 Stroke 4(002,101)
11 uws 61 M 21 Stroke 6(112,002)
12 MCs 35 M 13 TBI 10 (133,102)
13 uws 65 F 4 Stroke 5(003,002)
14 MCS 34 M 2 Stroke 13 (234,112)
15 uws 2 M 11 TBI 6(112,002)

CRS-R, coma recovery scale-revised; DoC, disorders of consciousness; MCS, minimally conscious state; UWS, unresponsive wakefulness syndrome; M, male; E, female; TBI, traumatic brain

injury; HIE, hypoxic-ischemic coma.
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Channels = Statistic =~ Corrected P-value  Significa

CHI1 35 0.92285 No
CH2 38 0.96973 No
CH3 27 0.88563 No
CH4 38 0.96973 No
CH5 35 092285 No
CH6 27 0.88563 No
CH7 31 0.88563 No
CHS8 31 0.88563 No
CH9 29 0.88563 No
CHI0 335 0.92285 No
CHI1 27 0.88563 No
CHI12 3 0.01139 Yes
CHI3 1 0.00684 Yes
CHI14 1 0.00684 Yes

Bold values indicate significant results.
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Bold values represent the mean value of all participants for the channel.
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Bold values represent the mean value of all participants for the channel.
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Participants Mean Standard

RT (s) deviation (SD)

P1 6.5 1.0 25 L1 0.9 0.8 0.8 L1 1.84 1.96
P2 12 1.0 10 12 13 12 L1 1.0 113 0.12
P3 0.8 0.7 0.7 17 0.9 1.0 0.7 0.9 0.93 0.33
P4 8.7 3.9 34 238 20 4.0 24 3.1 3.79 2.10
P5 27 22 5.6 28 4.4 25 28 23 3.16 1.20
P6 7.4 34 18 0.9 14 3.0 4.7 1.0 2.95 223
P7 29 68 3.6 8.6 59 7.5 6.8 3.0 5.64 2.19
P8 13 0.9 0.8 1.0 08 0.9 L1 1.0 0.98 0.17
P9 15 12 13 L1 1.0 18 14 1.0 1.29 0.25
P10 24 13 15 1.0 1.9 20 1.8 2.6 1.81 0.43
P11 12 11 12 1.0 15 0.9 1.3 1.6 1.23 0.25
P12 32 3.0 28 25 26 25 2.8 2.6 2.75 0.23

Bold values represents the mean reaction time across eight trials.
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ray field FoRG RoRG

P1 0.0999 0.1405 0.1086
P2 0.1804 0.2160 0.1878
P3 0.2320 0.5795 0.4877
P4 0.1544 0.1829 0.1694
P5 0.0912 0.3045 0.1080
P6 02414 0.6541 0.4195
P7 0.0060 0.0688 0.0542
P8 0.2210 0.3919 0.3371
P9 0.1517 0.3795 02678
P10 0.1056 0.4671 0.2423
P11 0.1686 0.2712 0.1926
P12 0.1498 0.3239 0.2938
Mean 0.1502 0.3317 0.2391

Bold values represent the mean brain functional connectivity strength under the FoRG image
condition, which is higher than the mean functional connectivity strength under the other
two conditions (Mid-Gray field and RoRG).
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Variable

Age (years) 74.46 £7.22 7224 £6.04 1.208 0.233
Sex (m/f) 8/20 9/16 0.569 0.572
Education (years) 6.21£3.17 6.36 +£2.27 —0.190 | 0.850
MMSE score 17.50 £ 4.18 21.20 £ 4.60 —3.069 | 0.003
ADAScog score 34.42 & 14.02 25.85 & 16.60 2.035 0.047

Data are shown as means = SD.
AD, Alzheimer’s disease; ADAScog, Alzheimer’s Disease Assessment Scale-cognitive subscale;
LBD, Lewy body dementia; MMSE, Mini-Mental State Examination; SD, standard deviation.
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Treatment group Control group

Mean SD Mean SD
Before treatment SNAP-IV 1A 239 123 236 118 0073 094
SNAP-IV IH 123 058 124 0.69 0.10 092
SNAP-IV ODD 189 121 186 118 007 094
Afier treatment SNAP-IV 1A 0.8 034 113 021 221 0.03*
SNAP-IV IH 073 039 096 027 203 0,04
SNAP-IV ODD 087 024 112 035 239 0,02

SD, standard deviation; SNAP-IV 14, inattention subscale scores; SNAP-IV TH, hyperactivity subscale scores; SNAP-IV ODD, oppositional defiance. * p < 0.05.
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Treatment group Control group

Mean SD Mean SD

Before treatment LDLPEC 016 0.03 015 002 115 025
RDLPFC ~0.04 001 -003 002 185 0.07
LmPFC ~017 0.06 ~0.16 005 053 059
RmPEC 017 0.03 018 004 083 041
LIL 017 005 018 006 053 059
RTL 021 0.07 020 008 039 0.69
Al channels 009 0.03 008 002 116 025

After treatment LDLPEC 032 0.08 025 003 346 <0.001+%
RDLPFC 0.26 005 019 003 505 <0.001%+
LmPEC 031 0.07 023 003 443 <0.001%+
RmPFC 042 012 029 009 363 <0.001%%
LTL 024 015 023 009 024 081
RIL 029 012 028 003 034 073
Al channels 036 015 027 009 216 0.03*

LDLPEC, left dorsolateral prefrontal cortex; RDLPFC, right dorsolateral prefrontal cortex; LmPFC, left medial prefrontal cortex; RmPEC, right medial prefrontal cortex; LTL, left temporal
lobe; RTL, right temporal Lobe. * p < 0.05, *** p < 0,001
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Treatment group Control group

Mean SD Mean SD

Before treatment LDLPEC 013 0.03 012 002 116 025
RDLPFC ~0.15 013 ~0.14 012 023 081
LmPFC ~0.09 0.03 ~008 004 083 041
RmPFC 014 0.05 016 007 096 034
LIL 013 0.06 014 007 045 065
RTL 017 0.08 018 o 030 076

After treatment LDLPEC 037 012 029 008 233 0.02*
RDLPFC 016 012 009 005 227 0.02*
LmPFC 028 0.08 017 007 433 <0.001%+
RmPFC 039 012 024 009 420 <0001%+
LIL 024 on 022 009 059 055
RIL 036 013 034 009 053 059

LDLPEC, let dorsolateral prefrontal cortex; RDLPFC, right dorsolateral prefrontal cortex; LmPFC, left medial prefrontal cortex; RmPFC, right medial prefrontal cortex; LTL, left temporal
lobe; RTL, right temporal Lobe. * p < 0.05, *** p < 0,001
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Connection type WS/VS group MCS group EMCS group

Frontal lobe and left oc 0.0689 £ 0.0138 0.2654 +0.1267 03888+ 0.1132

Frontal lobe and right occipital lobe 00745+ 00205 02013 £0.1012 03657 +0.1445

Left and right occipital lobes 0.0892 +0.0256 0.2906 + 0.1035 03928+ 0.1436
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Groups Connection type T-Value p-value
UWS/VS group VS MCS group Frontal lobe and left occipital lobe -37413 0.0034
UWS/VS group VS MCS group Frontal lobe and right occipital lobe ~2.8638 0.0080
UWS/VS group VS MCS group Left and right occipital lobes ~3.3691 0.0034
UWS/VS group VS EMCS group Frontal lobe and left occipital lobe -6.3753 9.9295¢-06
UWS/VS group VS EMCS group Frontal lobe and right occipital lobe -5.3242 4.1184¢-05
UWS/VS group VS EMCS group Left and right occipital lobes -39125 0.0010
MCS group VS EMCS group Frontal lobe and left occipital lobe ~1.8881 0.1075
MCS group VS EMCS group Frontal lobe and right occipital lobe ~26459 0.0533

MCS group VS EMCS group Left and right occipital lobes -L170 0.2755
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Characteristics WS/VS gra MCS group EMCS gr¢

Gender (M/F) 17/11 918 817 0839
Age (years) 6105+ 11.31 6415+ 6.81 5935£7.91 0232
Education (years) 1035 + 2,60 1040 + 2,58 1030 £2.30 0992

Disease duration (months) 6304552 7.60+6.68 650+5.68 0.635
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Label of channel Aal area entage
CHI (52-D2) Frontal_Mid_Orb_R 0030612
Frontal_Inf_Tri R 013605
Frontal_Inf_Orb_R 083333
CH2 (52-D7) Frontal_Inf_Oper_R 0.16667
Frontal_Inf_Tri R 083333
CH3 (53-D2) Frontal_Sup_R 0.0079681
Frontal_Sup_Orb_R 0.099602
Frontal_Mid R 023506
Frontal_Mid_Orb_R 065737
CH4 ($3-D3) Frontal_Sup_R 033121
Frontal_Sup_Orb_R 042994
Frontal_Mid_Orb_R 0031847
Frontal_Sup_Medial_R 0.1051
Frontal_Mid_Orb_R 010191
CHS (53-D8) Frontal_Sup_R 083755
Frontal_Mid_R 0.16245
CH6 (54-D3) Frontal_Sup_L 017822
Frontal_Sup_Orb_L 025413
Frontal_Sup_Medial_L 021452
Frontal_Mid_Orb_L 035314
CH7 (54-D4) Frontal_Sup_L 026354
Frontal_Sup_Orb_L 012274
Frontal_Mid_L 0072202
Frontal_Mid_Orb_L 054152
CHS (34-D9) Frontal_Sup_L 097122
Frontal_Mid_L 0028777
CHY (55-D4) Frontal_Mid_Orb_L 0.092857
Frontal_Inf_Tri_L 012143
Frontal_Inf_Orb_L 078571
CHI0 (55-D10) Frontal_Inf_Oper_L 0022222
Frontal_Inf_Tri_L 097778
CHIL ($8-D2) Frontal_Mid_R 095094
Frontal_Inf_Tri R 0049057
CHI2($8-D7) Frontal_Mid_R 05
Frontal_Inf_Tri_R 05
CHI3 (S8-D8) Frontal_Mid_R 1
CHI4 ($9-D3) Frontal_Sup_Medial_L 048013
Frontal_Sup_Medial_R 051987
CHI5 ($9-D8) Frontal_Sup_R 055303
Frontal_Mid_R 0.098485
Frontal_Sup_Medial_R 034848
CHI6 ($9-D9) Frontal_Sup_L 04359
Frontal_Sup_Medial_L 05641
CHI7 ($10-D4) Frontal_Mid_L 088142
Frontal_Inf_Tri_L 011858
CHIS (510-D9) Frontal_Sup_L 023377
Frontal_Mid_L 076623
CHI9 (510-D10) Frontal_Mid_L 065504
Frontal_Inf_Tri_L 034496
CH20 (S12-D13) Lingual R 0.20599
Occipital_Mid_R 010112
Occipital_Inf_R 0.69288
CH21 (S12-D14) 088618
Occipital_Inf R 011382
CH22 (S13-D13) Calcarine_R 026756
Cuneus R 0.10368
Lingual R 00033445
Occipital_Sup_R 054181
Occipital_Mid_R 0076923
Occipital_Inf R 0.006689
CH23 (S13-D14) Occipital_Sup_R 042697
Occipital_Mid_R 057303
CH24 (S14-D15) Occipital_Sup_L 012044
Occipital_Mid_L 087956
CH25 (S14-D16) Occipital_Sup_L 0052265
Occipital_Mid_L 094774
CH26 (S16-D15) Occipital_Mid_L 1
CH27 (S16-D16) Lingual_L 019615

Occipital_Mid_L 058846
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Formula

Kami Guibi-tang (7.5 g/day)

erbal name Source species Part used

Ginseng Radix Panax ginseng C.A. Mey. Root
Atractylodis Rhizoma Alba Atractylodes macrocephala Koidz. Rhizome
Poria Sclerotium Poria cocos Wolf Sclerotium
Zizyphi Semen Ziziphus jujuba Mill. Seed
Longan Arillus Dimocarpus longan Lour. Arill
Astragali Radix Astragalus mongholicus Bunge Root
Angelicae Gigantis Radix Angelica gigas Nakai Root
Polygalae Radix Polygala senega L. Root
Bupleuri Radix Bupleurum chinense DC. Root
Gardeniae Fructus Gardenia jasminoides J. Ellis Fruit

Glycyrrhizae Radix et Rhizoma

Glycyrrhiza glabra L.

Root and rhizome

Aucklandiae Radix Dolomiaea costus (Falc.) Kasana & A.K. Root
Pandey
Zizyphi Fructus Ziziphus jujuba Mill. Fruit 15¢g
Zingiberis Rhizoma Zingiber officinale Roscoe Rhizome 05g
Yukmijihwang-tang (6.0 g/day) Rehmanniae Radix Preparata Rehmannia glutinosa (Gaertn.) DC. Root 50g
Dioscoreae Rhizoma Dioscorea polystachya Turcz. Rhizome 30g
Corni Fructus Cornus officinalis Siebold & Zucc. Fruit 30g
Poria Sclerotium Poria cocos Wolf Sclerotium 30g
Moutan Radicis Cortex Paconia suffruticosa Andrews Rhizodermis 30g
Alismatis Rhizoma Alisma plantago-aquatica subsp. Rhizome 30g
orientale (Sam.)
Dangguijagyag-san (6.0 g/day) Angelicae Gigantis Radix Angelica gigas Nakai Root 30g
Cnidii Rhizoma Ligusticum officinale (Makino) Kitag. Rhizome 30g
Paconiae Radix Paconia lactiflora Pall. Root 60¢g
Poria Sclerotium Poria cocos Wolf Sclerotium 40g
Atractylodis Rhizoma Alba Atractylodes lancea (Thunb.) DC. Rhizome 40g
Alismatis Rhizoma Alisma plantago-aquatica subsp. Rhizome 30g

orientale (Sam.)
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s with MCI (n controls (n

Age 69.5+4.4 714+£38 0.268
Sex

Men 4(23.5) 3(333) 0.943
Women 13(76.5) 6(66.7)

Education level

<6 years 10 (58.8) 4 (44.4) 0775
>6 years 7(412) 5(55.6)

Occupation

Employed 11(64.7) 2(222) 0.099
Unemployed 6(35.3) 7(77.8)

Comorbidities

Hypertension 8(47.1) 0(0.0) 0.043
Hyperlipidemia 6(35.3) 0(0.0) 0.123
Diabetes 3(17.6) 0(0.0) 0.487
Musculoskeletal diseases 4(235) 8(88.9) 0.006
Insomnia 1(5.9) 1(1L1) 0.999
MoCA score (baseline) 199+1.2 260+£25 <0.001

Continuous variables are presented as the mean  standard deviation and categorical variables are expressed as numbers (percentages). MCI, mild cognitive impairment; MoCA, Montreal
Cognitive Assessment.
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Dual task cost =
Accuracy (CST)
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The number of correct answers
Accuracy = ——UMDCL 07 COMEct ANSWELS
The number of calculated answers
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Outcome Experimental Control group® Mean difference® p-value®

group’

Primary outcome

MaS-elbow flexor
Baseline! 203044 200060 0.03(~036,0.43) 0.863
Instantly” 133036 193£0.53 ~0.60 (-0.94, ~0.26) 0.001
Mean change from baseline' ~070 £ 0.46%+* ~007£026
2 weeks® 100+ 0.46 160054 ~0.60 (<098, -0.22) 0003
Mean change from baseline" —103 £ 04455 ~0.40£033%
Mean change from instantly’ ~033£036% ~033£030%

MAS-finger flexor

Baseline 180£0.59 1.60£0.57 0.20(~0.24,063) 0355
Instantly 1274072 103£0.83 0.23(-035,081) 0421
Mean change from baseline ~053£035%+% ~057+037%%%
2 weeks 0834088 090082 ~0.07(~0.70,057) 0832
Mean change from baseline ~097£0.52++* ~0.70 £ 0.49%%*
Mean change from instantly —0.434050°% ~0.13£030

Secondary outcomes

FMA-UE
Baseline 21474 1141 218741135 ~0.4(~8914,8.114) 0924
Instantly 23332 1164 2247+ 11.04 0.867 (7.616,9.349) 0836
Mean change from baseline 187 £ 1364+ 060 1.40
2weeks 2887 +12.08 2487+ 1142 4(-4791,12.791) 0359
Mean change from baseline 740 £ 2.44%%% 300+ 156+
Mean change from instantly 55325045 240 2099+

MBI
Baseline 581317.11 57402110 0.73 (~13.64, 15.10) 0917
2weeks 657351834 60132159 5.6(~9.39,2059) 0450
Mean change from baseline 760 £ 57345 27383310

Neurophysiologic indicators-F-wave

F-wave conduction velocity

Baseline 6235422 60.92+4.05 1.436 (<1656, 4.528) 0350
Instantly 63.48£4.23 6118422 2.298 (~0.864, 5.460) 0.148
Mean change from baseline 112£326 0.26 3.6
2weeks 61.44£3.18 60.234.49 1.207 (~1.703,4.116) 0403
Mean change from baseline ~0924524 ~0.69.+5.51
Mean change from instantly ~204£498 ~095+5.64

Fwave latency

Baseline 2851+238 27.76 £2.34 0.757 (~1.008, 2.523) 0387
Instantly 27.33+264 27.831243 ~0.495 (~2.391, 1.401) 0597
Mean change from baseline ~1L18£172 0074132
2 weeks 28534243 2840 +3.24 0.131 (=2.011,2.272) 0.901
Mean change from baseline 0.02+2.05 0.64+1.24
Mean change from instantly 120£219 057 + 1.61

F-wave amplitude

Baseline 0.51+021 0.57 +0.41 ~0.058 (~0.301, 0.185) 0.629
Instantly 0.30+£0.10 043+0.27 ~0.138 (-0.293,0.017) 0.079
Mean change from baseline ~022£0.15%+* —0.14:£0.19*
2 weeks 0.22£0.08 0.357 £0.20 =0.135 (=0.252, =0.018) 0.026
Mean change from baseline =030 £ 0.21%%* =022 £ 0.25%*
Mean change from instantly ~0.07 +0.09% ~0.08+0.10%

F/M amplitude ratio

Baseline 0.08004 007004 0.012 (<0016, 0.04) 0383
Instantly 005002 0.06:0.04 ~0.011 (~0.037,0.014) 0365
Mean change from baseline ~0.03 £0.04% ~0.002£0.03
2weeks 00440015 0.04£0.03 ~0.007 (~0.023, 0.01) 0408
Mean change from baseline ~0.04 £ 0.04%* ~0.02£0.03
Mean change from instantly ~0.01£0.02 ~0.02+004

MAS, Modified Ashworth Scale; FMA-UE, Fugl-Meyer Assessment for Upper Extremity; MBI, Modified Barthel Index. ***p < 0.001, **p < 0.01, and *p < 0.05 for within-group comparison
Values are mean % SD unless otherwise indicated.

“Calculated as experimental group minus control group. Values are mean (95% confidence interval).

‘Between-group post hoc comparison (Bonferroni) unless otherwise indicated.

‘Before the first intervention. Values are mean + SD.

After the firstintervention. Values are mean 2 SD.

Calculated as instantly minus bascline. Values are mean % SD.

“After 2 weeks of ntervention. Values are mean  SD.

‘Calculated as 2-week minus baseline. Values are mean  SD.

Calculated as 2-week minus instantly. Values are mean £ SD.
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Variable Experimental group (N = 15) Control group

(N = 15)
Male 173 13.(87)
Sex, n (%) 0.651
Female 4(26.67) 203)
Cerebral infarction 14(93) 11(73)
Diagnoses, 1 (%) 0330
Cerebral hemorrhage 1(6.67) 4(27)
Left 10(67) 6(40)
Hemiplegic side, n (%) 0272
Right 5(33) 9(60)
Age, year (R £5) 576270 6033337 0532
Duration of symptoms, months [M (IQR)] 7(14) 3010 0.250
MAS-elbow flexor (< 5) 203£044 200.£0.60 0.863
MAS-finger flexor (3  5) 18059 160057 0355
FMA-UE (R +5) 2147 £ 1141 21871135 0924
MBI (% £5) 58.13£17.11 5740 £21.10 0917

MAS, Modified Ashworth Scale; FMA-UE, Fugl-Meyer Assessment for Upper Extremity; MBI, Modified Barthel Index.
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ROl of cortical area Channels

Right
25,23,8,10,9.24,  22.6,7,20,5,18,19,4,
Frontopolar area (Fp)
26,12, 11 3

Pre-motor and supplementa

. X4 54,57 30,32
motor cortex (PMA & SMA)
Primary motor cortex (M1) 15,14,56 17,44,48
Primary somatosensory

40,36,38,27 31,33,46,47

cortex ($1)





OPS/images/fneur-15-1503975/fneur-15-1503975-g002.jpg
D6 Z@ SOI 67@ é éz@n Z@dﬁl

i H | wlmlﬁlmlmlwlﬁlw






OPS/images/fneur-16-1542489/fneur-16-1542489-t001.jpg
Acupoints

Jianyu (L115)

Quchi (LI11)

Shousanli (L110)

‘Waiguan (TES)

Hegu (L14)

Houxi (S13)

Qingling (HT2)

Bizhong (EX-UE)

d

“The needle was penetrated from Jianyu to Binao (L114), with a

Operating met

needle entry depth of 50-60 mm

‘The acupuncture needle was penetrated from Quchi to Shaohai
(HT3), with a needle entry depth of 40-50 mm

“The acupuncture needle was penctrated 30-35 mm vertically

“The acupuncture needle was penetrated from Waiguan to Neiguan
(PC6), with a needle entry depth of 40-50 mm, while reinforcing

‘manipulation of twirling and rotating

‘The acupuncture needle was penetrated from Hegu to Housi, with a
needle entry depth of 50-60 mm. The doctor slightly shook the
handle of the needle using the reinforcing method of lifting and

thrusting until the palm actively cooperated with the extension

“The patient flexed the elbow at an internal angle of 120°. The doctor
held the wristjoint of the affected limb with his hand, then the
needle was penetrated 30-35 mm vertically. Using the reducing
method of lifting and thrusting, the patient performed external

rotation pumping thrice using the hand. Then the needle was

removed

Selection ba:

Al three are the acupoints on the Large Intestine Channel of Hand

Yangming, and Quchi is its He-Sea acupoint. Needling the Hand

Yangming Channel can enhance the yang qi of the limbs on the
affected side of hemiplegia, thereby balancing the yin and yang on

the hemiplegic side

Waiguan connects with Yang Heel Vessel and Neiguan
communicates with Yin Heel Vessel, both of which belong to the
Eight Confluent acupoints, and the two acupoints penetrate each

other to regulate the operation of the meridian qi in the surface
andin the interior
Hugu is the Yuan-Source acupoint and Houxi is one of the Eight
Confluent acupoints, which is related to Governor Vessel.
Penetrating from Hegu to Houxi can stimulate the deep branch of
the ulnar nerve and the branch of the median nerve, and is the
main treatment for constrictive pain in the elbow, arm and little
finger
Qinglin is the acupoint on the Heart Channel of Hand-Shaoyin,
characterized by a relatively small amount of blood and abundant
qi. It can nourish the meridian i, moisten the essence, and
nurture the spirit of the heart
By needling Bizhong, stimulation can reach the underlying radial
nerve trunk, inducing reorganization of local tissue nerve fibers

around the acupoint
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Participants(=45)

Randomization(1:1:1)

Control group(n=15) TMS group(n=15) MNS group(n=15)
Baseline CRS-R. EEG, ERPs, fNIRS
Treatment 4 weeks

End of treatment CRS-R, EEG. ERPs, fNIRS
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Baseline 3 months Friedman Pairwise comparison

test
Median (@] Median IQR Baseline vs. 3 Baseline vs. 6
months months

VET 9.0 7.0 6.0 62 10.5 55 Aoy =189; —1.00, p = 03630 400, p = 0.0970
p=0.0010

Stroop: C-W 64.6 438 77.1 469 87.5 188 o= 13 —4.17, p = 07060 16.67, p = 0.1160
p=00258

Stroop: W-C 52.1 55.2 70.8 354 64.6 417 Xy =19 12.50, p= 0.6520 0.00, p = 0.7330
p=0.3867

DSB: 40.0 40.0 50.0 450 80.0 40.0 x(’Z) =6.4, 20.00, p= 0.1070 20.00, p=0.0310

3 digits p=00414

DSB: 12.5 250 200 250 25.0 25.0 )((22) =4.04, 0.00, p= 0.9200 25.00, p = 0.1860

4 digits p=01324

IQR, interquartile range; VET, verbal fluency test; C, color; W, word; DSB, digit span backward test. The percentage of correct answers (%) was calculated for the Stroop and DSB tasks.
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Participants with MCI ithi Between-group

comparison (in patients comparison (A within
with MCI) MClI vs. A within HC)
Baseline Baseline 6 months WMann—Whitney =~ P Value
Median IQR Median Estimate  p value Median IQR Median IQR

VFT

DLPFC_L 0.0097 0.0305 0.0031 0.0270 0.0043 0.678 —0.0070 0.0473 0.0010 0.0447 66.00 0.597
DLPFC_R —0.0015 0.0319 0.0091 0.0278 0.0099 0.404 0.0057 0.0244 0.0161 0.0268 84.00 0711
VLPEC_L 00158 0.0394 0.0289 0.0248 0.0164 0348 00324 0.0657 0.0114 0.0426 44.00 0238
VLPEC_R 00367 0.0602 00111 0.0509 —0.0109 0.632 00195 0.0781 0.0229 0.1290 76.00 0.846
OFC_L 0.0062 0.0327 0.0163 0.0160 0.0064 0.487 00182 0.0578 0.0153 0.0491 88.00 0560
OFC_R 00078 0.0417 0.0161 0.0379 0.0064 0.459 00220 0.0357 0.0274 0.0326 81.00 0833
FPC_L —0.0001 0.0353 0.0008 0.0121 0.0053 0517 0.0149 0.0348 0.0239 0.0290 83.00 0.751
FPC_R —0.0017 0.0193 0.0012 0.0248 0.0126 0.064 0.0299 0.0283 0.0176 0.0248 50.00 0.164
Stroop

DLPFC_L 0.0034 0.0100 0.0007 00115 —0.0026 0.495 0.0082 00133 —0.0004 0.0075 62.00 0598
DLPFC_R —0.0002 0.0108 —0.0004 0.0101 —0.0030 0284 0.0078 00123 0.0016 0.0105 54.00 0241
VLPEC_L 0.0008 0.0223 —0.0002 0.0108 0.0020 0.744 0.0014 0.0192 0.0009 0.0038 57.00 0.697
VLPFC_R —0.0012 0.0132 0.0038 0.0279 0.0054 0.433 0.0015 0.0113 —0.0038 0.0179 43.00 0.108
OFC_L 0.0038 0.0109 —0.0002 0.0082 —0.0022 0.487 00118 0.0089 —0.0025 0.0170 52,00 0.200
OFC_R 00029 0.0238 0.0026 0.0109 —0.0037 0.159 0.0100 0.0129 0.0090 0.0098 79.00 0916
FPC_L 00032 0.0202 —0.0013 0.0145 —0.0036 0597 0.0098 0.0151 0.0002 0.0109 53.00 0220
FPC_R 00029 0.0143 0.0001 0.0152 —0.0029 0329 00107 0.0100 0.0000 0.0084 42.00 0.066
DsB

DLPFC_L —0.0010 0.0049 —0.0004 0.0035 0.0005 0.747 —0.0019 0.0028 —0.0014 0.0030 90.00 0.491
DLPFC_R —0.0008 0.0040 0.0004 0.0059 0.0005 0.890 —0.0013 0.0063 —0.0015 0.0091 84.00 0711
VLPEC_L —0.0032 0.0073 —0.0006 0.0132 0.0019 0.404 —0.0035 0.0083 0.0016 0.0074 75.00 0.528
VLPEC_R 0.0003 0.0161 0.0009 0.0109 0.0053 0263 —0.0010 0.0048 —0.0013 0.0059 61.00 0711
OFC_L —0.0014 0.0126 0.0003 0.0089 0.0000 1.000 —0.0043 0.0040 —0.0017 0.0058 85.00 0487
OFC_R —0.0006 0.0115 —0.0020 0.0095 —0.0018 0.487 —0.0050 0.0050 0.0009 0.0090 101.00 0200
FPC_L 0.0010 0.0089 —0.0014 0.0059 —0.0012 0.353 —0.0046 0.0094 —0.0014 0.0051 109.00 0.085
FPC_R 0.0005 0.0077 —0.0006 0.0042 —0.0017 0.306 0.0011 0.0071 0.0021 0.0084 99.00 0.241

HC, healthy controls; L, left; R, right; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; FPC, frontopolar prefrontal cortex; OFC, orbitofrontal cortex.
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Participants with MCI ithi Between-group

comparison (in patients comparison (A within
with MCI) MClvs. A within HC)
Baseline 6 months Baseline 6 months WMann—Whitney =~ P Value
Median IQR Median IQR Estimate  p value Median IQR Median IQR

VFT

DLPFC_L 0.0026 0.0084 0.0031 0.0110 0.0023 0495 —0.0060 0.0225 —0.0168 0.0265 47.00 0.120
DLPFC_R 0.0033 0.0219 —0.0080 00322 0.0059 0579 —0.0034 0.0230 0.0054 0.0388 79.00 0916
VLPEC_L —0.0025 0.0360 0.0081 00192 00211 0117 —0.0017 00199 —0.0031 0.0246 45.00 0264
VLPEC_R 0.0058 0.0492 0.0077 00443 0.0083 0528 0.0020 00320 0.0248 0.0527 93.00 0251
OFC_L 0.0006 00175 0.0041 0.0237 0.0014 0678 —0.0024 00358 —0.0085 0.0402 76.00 0.999
OFC_R 0.0084 00184 —0.0045 00137 —0.0133 0132 —0.0009 00216 —0.0014 00153 102.00 0.181
FPC_L 0.0004 0.0091 ~0.0005 0.0057 0.0001 0963 —0.0071 00151 —0.0088 0.0328 72.00 0833
FPC_R —0.0071 0.0123 0.0010 0.0180 0.0084 0.080 —0.0002 0.0132 —0.0065 0.0336 45.00 0.095
Stroop

DLPFC_L 0.0017 0.0051 ~0.0006 0.0049 —0.0024 0.034* 0.0006 0.0063 —0.0005 0.0036 79.00 0718
DLPFC_R —0.0001 0.0077 —0.0012 0.0042 —0.0018 0431 0.0031 00145 0.0020 00133 62.00 0.458
VLPEC_L —0.0026 0.0240 0.0019 0.0085 —0.0003 0980 —0.0020 0.0065 0.0018 0.0045 74.00 0.569
VLPFC_R —0.0007 0.0175 0.0041 0.0148 0.0061 0252 —0.0002 0.0149 —0.0048 0.0088 48.00 0.187
OFC_L 0.0009 0.0030 —0.0013 0.0070 —0.0003 0782 —0.0019 0.0101 0.0026 0.0063 91.00 0458
OFC_R 0.0001 0.0079 —0.0017 0.0087 —0.0016 0548 —0.0018 0.0054 0.0019 00128 114.00 0.045*
FPC_L 0.0028 00055 —0.0017 0.0043 —0.0061 0.006** —0.0025 0.0053 0.0046 0.0060 137.00 0.001**
FPC_R 00011 0.0060 ~0.0009 0.0055 —0.0029 0.145 0.0003 0.0039 0.0036 0.0032 115.00 0.039
DsB

DLPFC_L 0.0003 0.0023 0.0003 0.0018 —0.0004 0611 —0.0004 0.0019 —0.0008 0.0050 65.00 0.560
DLPFC_R 0.0001 0.0038 —0.0003 0.0045 0.0001 0.927 0.0013 0.0074 —0.0020 0.0092 61.00 0.426
VLPEC_L 0.0006 0.0073 —0.0027 0.0074 —0.0027 0.298 —0.0025 0.0030 ~0.0012 0.0049 89.00 0.136
VLPEC_R 0.0008 0.0047 0.0033 0.0094 0.0005 0927 0.0040 0.0095 0.0021 0.0069 55.00 0475
OFC_L —0.0002 0.0023 ~0.0001 0.0076 0.0004 0.706 00012 0.0026 —0.0035 0.0035 42.00 0.095
OFC_R 00016 0.0077 0.0009 0.0066 0.0007 0.747 0.0003 0.0045 —0.0009 0.0047 60.00 0396
FPC_L 0.0001 0.0013 0.0016 0.0046 0.0014 0517 0.0000 0.0035 —0.0018 0.0034 58.00 0339
FPC_R 0.0004 0.0028 0.0006 0.0044 0.0006 0517 0.0017 0.0037 0.0010 0.0048 44.00 0.085

*p <0.05and **p < 0.01.
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Baseline Repeated Pairwise comparison

measures
ANOVA
Baseline vs. 3 Baseline vs. 6
months months
MoCA 199 12 214 28 231 29 Fa = 10.59, 1.47, p = 0.1080 324, p = 0.0002
p < 0.0001
CIST 229 32 - - 250 28 - - 2.12,p = 0.006
GDeps 32 26 - - 18 21 - - —141,p=0019

MoCA, CIST, and GDep$ scores were measured in 17 participants with MCI, and the fNIRS measurement was omitted in one of them. MoCA, montreal cognitive assessment; CIST, Cognitive
Impairment Screening Test; GDepS, Geriatric Depression Scale (short form); SD, standard deviation.





