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Abstract
This review is aimed at celebrating the upcoming 20th anniversary of the birth of human functional near-infrared spectroscopy (fNIRS). After the discovery in 1992 that the functional activation of the human cerebral cortex (due to oxygenation and hemodynamic changes) can be explored by NIRS, human functional brain mapping research has gained a new dimension. fNIRS or optical topography, or near-infrared imaging or diffuse optical imaging is used mainly to detect simultaneous changes in optical properties of the human cortex from multiple measurement sites and displays the results in the form of a map or image over a specific area. In order to place current fNIRS research in its proper context, this paper presents a brief historical overview of the events that have shaped the present status of fNIRS. In particular, technological progresses of fNIRS are highlighted (i.e. from single-site to multi-site functional cortical measurements (images)), introduction of the commercial multi-channel systems, recent commercial wireless instrumentation and more advanced prototypes.


Highlights
► The paper celebrates the 20th anniversary of functional fNIRS. ► Events that have shaped the present status of fNIRS are reported. ► fNIRS methodology has undergone consistent improvements over the years. ► The application of fNIRS in Medicine and basic research have been increasing. ► Technological development will augment fNIRS application in adults and infants.





Introduction
This review is aimed at reporting the main steps of the progresses, over the last two decades, of the human functional near-infrared spectroscopy (fNIRS) instrumental development, and at highlighting the explosion of its application in several medical fields. fNIRS reveals noninvasively and in a natural environment human infant and adult cortical activation in response to diverse stimuli. The chronology of the major events leading up to human functional cortical imaging by fNIRS is reported in Table 1. Although, in the meanwhile fNIRS methodological development and data analysis made wonderful progress, these important topics are beyond the goal of this article.
Considering that fNIRS exploits the principles of near-infrared spectroscopy (NIRS), the principles of NIRS, the three different NIRS techniques (each based on a specific type of illumination) and the main feature of the NIRS instrumentation are briefly reviewed. The principles of fNIRS are reported. The development of fNIRS instrumentation from 1992 (single channel system with a low temporal resolution and poor sensitivity) up to the multi-channel systems (the first 10-channel system was introduced in 1995) is reported in detail and sketched in Fig. 1. The present high temporal resolution multi-channel systems, using the three different NIRS techniques and complex data analysis systems, provide simultaneous multiple measurements and display the results in the form of a map or image over a specific cortical area. The potential that exists for fNIRS more than for any other neuroimaging modality is represented by the realization of multi-channel wearable and/or wireless systems that allow fNIRS measurements even in normal daily activities.



Section snippets
The discovery and basics of near-infrared spectroscopy for monitoring brain oxygenation
fNIRS, a neuroimaging technology for mapping the functioning human cortex, exploits the principles of near-infrared (NIR) spectroscopy (NIRS). Therefore, it is appropriate to start with the discovery and principles of NIRS.
The basics principles of fNIRS
Although the image intensity that varies with HHb content, termed “blood oxygenation level dependent” (BOLD), was suggested for potential use in functional studies of the brain in 1990 (Ogawa et al., 1990), the era of BOLD-based functional MRI (fMRI) initiated two years later (for a review: Raichle, 2000) with the publication of three exciting papers (Bandettini et al., 1992, Kwong et al., 1992, Ogawa et al., 1992). Interestingly, the discovery of human fNIRS goes back to 1992. fNIRS or optical 
The first near-infrared images of human tissues
The first transillumination (diaphanoscopy) using white light of the larynx, the paranasal sinuses and testis goes back to the eighteen-century. Later, transillumination was adopted as a means of diagnosing lesions of the female breast, as described by Cutler (1929). The first one-dimension transillumination of the human hand oxygenation was realized by Jarry et al. (1989) using two pulsed NIR lasers and concluded that “these results could be applied to imaging”.
Brain optical imaging was the
The introduction of time resolved instrumentation
In vivo NIR TD and FD measurements were introduced in 1988 and 1990, respectively. To generate images that can discriminate between the effects of absorption and scattering in tissue, it is necessary to acquire more than just measurements of intensity. In fact, to evaluate changes in chromophore concentration in non-arbitrary units, it is necessary to determine the average pathlength of transmitted (or reflected) photons. The pathlength of individual photons can be recorded directly using a
Wearable/wireless fNIRT systems
The commercial fNIRS systems listed in Table 3 utilize fiber optic bundles. The disadvantage of using fiber optic bundles is that the fibers are often heavy and of limited flexibility, perhaps provoking discomfort (especially in patients). In addition, these fNIRS systems require that the subject's head position not move beyond the length of the fiber optic bundles. Multi-channel wearable and/or wireless systems could make fNIRS measurements more comfortable. These advanced fNIRS systems would
The first 19 years of fNIRS research and perspectives
The summary of the results of almost two decades of fNIRS research goes beyond the goal of this article. From a search on the databases PubMed, Scopus and Web of Science, performed using the keywords: “NIRS”, “functional NIRS”, “functional near-infrared topography”, and “optical imaging”, about 400 articles have been published over the last 3 years. The main fields where fNIRS has been applied since its birth are listed in Table 5. Several recently published review articles summarize the fNIRS
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	A scoping review of functional near-infrared spectroscopy biomarkers in late-life depression: Depressive symptoms, cognitive functioning, and social functioning
2024, Psychiatry Research - Neuroimaging

Show abstract
Late-life depression is one of the most damaging mental illnesses, disrupting the normal lives of older people by causing chronic illness and cognitive impairment. Patients with late-life depression, accompanied by changes in appetite, insomnia, fatigue and guilt, are more likely to experience irritability, anxiety and somatic symptoms. It increases the risk of suicide and dementia and is a major challenge for the public health systems. The current clinical assessment, identification and effectiveness assessment of late-life depression are primarily based on history taking, mental status examination and scale scoring, which lack subjectivity and precision. Functional near-infrared spectroscopy is a rapidly developing optical imaging technology that objectively reflects the oxygenation of hemoglobin in different cerebral regions during different tasks and assesses the functional status of the cerebral cortex. This article presents a comprehensive review of the assessment of functional near-infrared spectroscopy technology in assessing depressive symptoms, social functioning, and cognitive functioning in patients with late-life depression. The use of functional near-infrared spectroscopy provides greater insight into the neurobiological mechanisms underlying depression and helps to assess these three aspects of functionality in depressed patients. In addition, the study discusses the limitations of previous research and explores potential advances in the field.




	Shared and distinct prefrontal cortex alterations of implicit emotion regulation in depression and anxiety: An fNIRS investigation
2024, Journal of Affective Disorders

Show abstract
Emotion regulation deficits, particularly in cognitive reappraisal, are crucial in depression and anxiety. However, research on the neural mechanisms of implicit emotion regulation is lacking, and it remains unclear whether these mechanisms are shared or distinct between the two disorders.
We investigated the neural mechanisms of implicit cognitive reappraisal in 28 individuals with major depressive disorder (MDD), 25 with generalized anxiety disorder (GAD), and 30 healthy controls (HC) using functional near-infrared spectroscopy (fNIRS). Participants completed an implicit cognitive reappraisal task and underwent neuropsychological and clinical assessments.
We found that MDD patients reported higher levels of rumination and lower utilization of cognitive reappraisal, while GAD patients reported reduced use of perspective-taking. Notably, both MDD and GAD patients exhibited decreased activation in the dorsolateral prefrontal cortex (DLPFC) and orbitofrontal cortex (OFC) compared to HC participants during implicit cognitive reappraisal. Specifically, inadequate OFC activation was observed in MDD patients, while GAD patients demonstrated OFC deactivation during the task. Furthermore, DLPFC activation showed a negative correlation with depression severity in MDD patients, while OFC activation was positively correlated with perspective-taking in GAD patients.
fNIRS has limited depth and spatial resolution.
Our fNIRS study is the first to reveal shared and distinct neurobiological profiles of depression and anxiety in implicit emotion regulation. These findings underscore the significance of reduced DLPFC/OFC activation in emotion regulation impairment and highlight unique OFC activation patterns in these disorders. These insights have potential implications for developing cognitive-behavioral therapy and transcranial magnetic stimulation as treatment approaches.




	Users’ reactions to website designs: A neuroimaging study based on evolutionary psychology with a focus on color and button shape
2024, Computers in Human Behavior

Show abstract
Website design decisions consider visual stimuli that have a significant impact on user behavior. We use evolutionary psychology as a theoretical lens for studying the effects of color and shapes on e-commerce websites. Referring to their evolutionary meaning, we derive hypotheses that are tested in a neuroimaging experiment utilizing functional near-infrared spectroscopy (fNIRS). The self-report results reveal significantly more pleasure, arousal, less distrust, and positive attitude toward colored versus uncolored websites. Neural results reveal a deactivation in the right dorsolateral prefrontal cortex (dlPFC) when comparing colored versus uncolored websites. Further, a significant deactivation in the left medial PFC areas and the left dlPFC is identified for the blue website. These results signify a cognitive relief for the use of color on websites in general, and for the use of blue in particular. For button shape, significant increases in the dorsomedial PFC, as well as in the right medial PFC areas, were identified for rounded shapes. These results signify users’ preference toward interaction with rounded rather than sharp button shapes on websites. Altogether, the present study shows that neural mechanisms indicate how the meaning of website elements is still derived from their evolutionary meaning, and that users are not necessarily aware of this.




	A fNIRS investigation of menopausal-related symptoms and brain cortical activity in menopause
2024, Journal of Affective Disorders

Show abstract
This study aimed to delineate the association between menopausal-related symptoms and brain cortical hemodynamics in peri-postmenopause women.
Cross-sectional data from a total of 358 Han-Chinese women who visited the Menopause Clinic in the Shanghai Sixth People's Hospital from August 2019 to August 2022. Menopausal-related symptoms were analyzed through Kupperman index (KMI) scale and PSQI scale, while cerebral blood flow was measured using a functional near-infrared spectroscopy (fNIRS). Multiple linear regression model was used to assess the risk factors for subregions of brain hemodynamic response.
After adjusting for confounding factors, we identified that menopausal symptom (B  = −1.575, 95 % CI (−2.661, −0.488), p  = 0.005) and duration of menopause (B  = −14.583, 95 % CI (−26.753, −4.192), p  = 0.007) were independently associated with the lower brain hemodynamic response in the prefrontal lobe, while in the temporal lobe, overweight (BMI ≥ 24 kg/m2) was negatively associated with the lower brain cortical activity (B  = −36.882, 95 % CI (−72.708, −1.056), p  = 0.044) after adjusting for other confounding variables.
Our findings proposed that menopausal symptom and overweight should be attached great importance to the postmenopausal women, which provides clinical evidence for the feasible early detection and effective prevention such as menopausal hormone therapy (MHT) of brain health in postmenopausal women.




	Disrupted inter-brain synchronization in the prefrontal cortex between adolescents and young adults with gaming disorders during the real-world cooperating video games
2024, Journal of Affective Disorders

Show abstract
Gaming disorder (GD) and hazardous gaming (HG) have a high incidence among adolescents and young adults and have caused various negative consequences. Interpersonal interaction deficits are closely related to GD and HG, however, the underlying brain mechanisms are still unclear.
The current study recruited 46 healthy subjects and 32 subjects with GD/HG. Gaming time and frequency, gaming disorder risks, life events, strengths, and difficulties were measured with scales. Subjects were randomly paired into 12 HC-HC dyads, 15 GD/HG-HC dyads, and 7 GD/HG-GD/HG dyads and in pairs completed a real-world cooperating video game — “Tied Together” with functional near-infrared spectroscopy hyperscanning recording in the prefrontal cortex. The inter-brain synchronization in each region of the PFC between dyads was calculated by wavelet to transform coherence to measure brain-to-brain synchronization.
We found subjects with GD/HG reported higher risks of gaming. The highest IBS in the left dorsolateral prefrontal cortex significantly decreased in the GD/HG-HC and GD/HG-GD/HG dyads compared with healthy controls. A decreasing highest IBS of the left dlPFC was related to a decreasing level of peer problems.
We declare limitations of age gaps of samples, undistinguishing GD from HG, use of sub-samples, and the broad concept of interpersonal interaction.
The current study found a decreased highest IBS in the left dlPFC among adolescents and young adults with gaming diseases. It may provide new prevention and treatment insights into gaming disorders targeting disrupted interpersonal interaction.




	Pr<sup>3+</sup> ions, another alternative near-infrared luminescence emitter though energy transfer from Eu<sup>2+</sup> for NIR pc-LEDs
2024, Journal of Alloys and Compounds

Show abstract
Near-infrared (NIR) light-emitting diodes (LED) have garnered significant research attention worldwide. This research presents a novel near-infrared phosphor doped with Pr3+ ions, exhibiting a broad NIR emission ranging from 800 to 1100 nm. Under 450 nm excitation, Li3Cs2Ba2B3P6O24:Pr3+ material generates near-infrared emission bands peaking at 882 and 1038 nm. However, this material exhibits relatively lower luminous intensity. Through Eu2+ co-doping, the NIR emission intensity of Li3Cs2Ba2B3P6O24:Pr3+ is significantly enhanced due to energy transfer. Photoluminescence spectra and luminescence decay curves support the efficient energy transfer (ET) between Eu2+ and Pr3+, resulting in remarkable NIR luminescence. The study evaluates the temperature stability and practical application of Li3Cs2Ba2B3P6O24:Eu2+, Pr3+ in near-infrared LED applications. Consequently, Pr3+ ions emerge as an alternative near-infrared luminescence emitter though energy transfer from Eu2+, offering new insights into developing NIR light sources for broadband NIR pc-LED applications.
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