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40 Hz Light Flicker Alters Human Brain Electroencephalography Microstates and Complexity Implicated in Brain Diseases
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Previous studies showed that entrainment of light flicker at low gamma frequencies provided neuroprotection in mouse models of Alzheimer’s disease (AD) and stroke. The current study was set to explore the feasibility of using 40 Hz light flicker for human brain stimulation for future development as a tool for brain disease treatment. The effect of 40 Hz low gamma frequency light on a cohort of healthy human brains was examined using 64 channel electroencephalography (EEG), followed by microstate analyses. A random frequency light flicker was used as a negative control treatment. Light flicker at 40 Hz significantly increased the corresponding band power in the O1, Oz, and O3 electrodes covering the occipital areas of both sides of the brain, indicating potent entrainment with 40 Hz light flicker in the visual cortex area. Importantly, the 40 Hz light flicker significantly altered microstate coverage, transition duration, and the Lempel-Ziv complexity (LZC) compared to the rest state. Microstate metrics are known to change in the brains of Alzheimer’s disease, schizophrenia, and stroke patients. The current study laid the foundation for the future development of 40 Hz light flicker as therapeutics for brain diseases.
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INTRODUCTION

In mouse models of Alzheimer’s disease (AD) and stroke, low gamma frequency light flickers at frequencies from 30to 50 Hz entrain brain oscillations in the visual cortex and hippocampus. Such entrainment has neuroprotective effects in both models of AD and stroke (Iaccarino et al., 2016; Etter et al., 2019; Zheng et al., 2020). The neuroprotective mechanism conferred by low gamma light flicker treatment is different in AD and stroke. Activation of microglia reducing brain Aβ load is considered as the primary mechanism in light flicker protected AD mouse brain (Iaccarino et al., 2016; Adaikkan et al., 2019) while enhancing presynaptic excitatory neurotransmission is the primary mechanism of neuroprotection in a mouse model of stroke as we have shown (Zheng et al., 2020). Nevertheless, more evidence is emerging showing that light flicker entrainment in the brain affects a wide range of physiological processes, including circadian rhythms and sleep (Yao et al., 2020a,b). As such, the feasibility of using 40 Hz light flicker to treat human neurological diseases is actively explored and debated (Duecker et al., 2021; He et al., 2021). The main aim of the present study was to determine the effect of 40 Hz light flicker visual stimulation in healthy human brains using multichannel (64 channels) electroencephalography (EEG). By comparing with reported changes in diseased human brain EEG, our short-term aim is to determine the effect of 40 Hz light flicker on normal healthy human brain EEG. The long-term goal is to establish whether a 40 Hz light flicker may have a therapeutic effect.

Electroencephalography is a low-cost, non-invasive measure of neuronal electrical activity in the brain. EEG is widely used in healthcare systems around the world for the diagnosis of neurological diseases such as AD, stroke, and epilepsy (Smith, 2005). EEG microstates analysis is emerging as a powerful tool for studying the temporal dynamics of whole-brain neuronal networks, which has been argued to have the potential to serve as a non-invasive functional biomarker of neurological diseases (Nishida et al., 2013; Milz et al., 2017; Michel and Koenig, 2018; van der Zande et al., 2018; Musaeus et al., 2019; Tait et al., 2019, 2020; da Cruz et al., 2020; Klepl et al., 2021). Microstates describe a small number of topographic classes which are stable for periods of tens or hundreds of milliseconds before rapidly transitioning to another class (Dierks et al., 1997; Lehmann et al., 1998; Koenig et al., 2002; Smailovic et al., 2019; Tait et al., 2020). Microstate rapid transitioning is believed to represent the electrophysiological correlates of the quick activation and inactivation of the brain’s resting-state networks relating to different functions (Koenig et al., 2002; Michel and Koenig, 2018; Musaeus et al., 2019; Tait et al., 2020). This is why EEG microstates are nicknamed “atoms of thought” (Lehmann et al., 1998). Demonstration of EEG microstates coverage, transitioning, and complexity changes in response to light flicker treatment, therefore, might reveal biomarkers for exploring the changes in brain information processing and cognitive function dynamics on the millisecond scale. Modulation of microstate changes may also represent a potential method to improve the functionality of diseased brains.

In the present study, we used EEG to determine brain responses to 40 Hz light flicker in a cohort of 20 healthy young adults. Data demonstrated that 40 Hz light flicker significantly increased the overall brain oscillation power, particularly in the occipital areas on both sides of the brain. Importantly, compared with the rest state, the 40 Hz light flicker significantly altered the coverage, transitioning duration, the Lempel-Ziv complexity (LZC), all of which are typically altered in diseased patients due to regional inactivation. These data laid the foundation for further studies to establish 40 Hz light flicker as therapeutics for neurological diseases such as AD, schizophrenia, and stroke.



MATERIALS AND METHODS


Participants

Data from 20 healthy individuals (n = 16 males, n = 4 females, aged 20 years old) who have not suffered from any neurological disease in the past 5 years were collected. All participants were free from medication known to affect cognition. All participants provided written informed consent before participating and were free to withdraw at any time. All procedures were carried out in accordance with the relevant guidelines and regulations. Procedures were in accordance with the Declaration of Helsinki and approved by local ethics committees, i.e., the Southern University of Science and Technology Institutional Review Board (SUSTech IRB 2021087). Data from all subjects were included, and the subjects were identified by aliases from S1 to S20.



Visual Stimulation Protocol

The visual stimulation equipment consisted of two modules, a programmed tunable frequency signal generator and a LED lighting unit. The LED lighting unit consisted of six LED strips evenly fitted on a 30 cm × 20 cm plane board. Each LED strip was 50 cm long (12 V) fitted with 18 individual LED light bulbs. The specific frequency of light flickers was generated using the signal generator. The driving signal (0–5 V square wave, 0.1–120 Hz, even distribution) was generated by an Arduino UNO and amplified by a pulse-width modulation signal amplifier. The input voltage signal for LED strips alternated between 12 and 0 V, and the corresponding luminance switched between maximum LED luminance and complete dark. Dynamic luminance curve was verified using photosensitive diodes and oscilloscope, confirming a stable frequency and square wave-shaped illuminance. Two types of flicker signals, i.e., 40 Hz and random frequency, were produced as described previously (Zheng et al., 2020). The 40 Hz signal has a consecutive 2.5 ms cycle. A random flicker luminance was produced as lights were on and off for a randomized interval > 0 that averaged 12.5 ms. For example, random stimulation with off intervals was ranged from 0.2 to 34.1 ms. Therefore, the frequency of light flickering was random. The luminance switches between maximum LED luminance and complete dark. Eyes-opened, 30 s of resting-state EEG was collected from all subjects. The same test was also performed on subjects with one side-eye covered to allow only one eye exposure to light flicker.

All subjects sat at a comfortable chair and looked at a fixation point on a computer screen 40 cm away, which continuously displayed light flickers at the specified frequencies for 30 s. The participant was allowed to rest for 30 s and followed by another 30 s of light flicker while the EEG was collected.



Electroencephalography Data Collection and Pre-processing

Scalp EEG signals were acquired using a 64 channels Quick-Cap (Compumedics Neuroscan according to the standard 10/20 System) with a Neuroscan SynAmps2 amplifier (Neuroscan, Inc.). All electrodes were referenced to CPz and grounded at AFz according to the manufacturer’s recommendation. The whole experiment was conducted in a double-walled electrically and acoustically shielded room.

Before the experiment, the electrode impedances were adjusted under 20 kΩ, and the left and right mastoid reference (M1 and M2) were used for EEG measurement. The sampling frequency was 500 Hz. The pre-processing of the EEG data was done using the MNE-Python package (V0.23.0) (Gramfort et al., 2013). A band-pass filter range of 0.1–100 Hz and a 50 Hz notch filter was applied during the pre-processing. The Common Average Reference (CAR) was used, which eliminated artifacts using the average of all electrodes. CAR was calculated by subtracting the average value of data of all electrodes from the data of the selected channel, and its formula was shown in Eq.1, where N represents the total number of electrodes, [image: image] is the data of ith electrode after CAR processing, [image: image] is the original data of ith electrode.
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The independent components analysis (ICA) function in the MNE-Python package was used to remove the artifacts automatically. The ocular and muscular artifacts were removed using the ICA method. Briefly, the visual inspection of epochs was performed by a trained EEG researcher to identify the presence of a minimum of artifacts, such as muscle activity, eye blinks, and drowsiness. The epochs were replaced by other epochs or the EEG was excluded from analyses when artifact epochs were identified.



Extract the Relative Power of Electroencephalography Signals

To calculate EEG signals’ relative power (percentage power), we first extracted a specific frequency band (39–41 Hz) from all EEG signals. The absolute power of a specific frequency band was calculated by integrating the power spectral density (PSD) of that frequency range. The mne.time_frequency.psd_multitaper() in MNE-Python package was used to calculate the PSD (Slepian, 1978; Percival and Walden, 1993).

The absolute power of a specific position is the average power calculated from several adjacent electrodes. Then the relative power of one frequency band is the percentage of the absolute power of the frequency band relative to the total frequency band power, and its formula is shown in Eq.2 and Eq.3, where the T represents the total frequency band power, af represents the absolute power of frequency band f, rf represents the relative power of frequency band f:
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Decibel Unit

The power or intensity ratio can be expressed as decibels by calculating the ratio of the measured value to the reference value based on the logarithm of 10 and multiplying it by 10. When displaying the power spectrum density (PSD), we showed the PSD map in dB unit, and its calculation formula is as follows, where LdB means the value in dB unit, and Lo represents the original value:
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Microstate Extraction

Microstates extraction and analyses were performed exactly as described previously (Musaeus et al., 2019, 2020) to facilitate comparisons. To reduce noise, we rejected microstate segments shorter than 30 ms. This was to ensure that the short segments, which may have been due to noise, did not affect the results. The clean, pre-processed epochs of each condition are concatenated as single long epochs. The spatial standard deviation of the EEG topography was calculated at each time point across all electrodes as global field power (GFP). The GFP is an instant and reference-independent measure of the whole-brain neuronal activity (Lehmann and Skrandies, 1980). For each subject in a different condition, the GFP was calculated separately. Only the relatively stable EEG topographies around these GFP peaks were further analyzed (Koenig et al., 2002). Briefly, EEG alpha band (8–13 Hz) were filtered, and the maps at the GFP peaks were extracted for a modified k-means spatial cluster analysis. This way, the mean microstate topographies for each class were produced. The output contains clustered microstate maps, global explained variance, and a time course containing the microstate at each GFP peak. Because the polarity of microstates is ignored in the definition of microstates, only the spatial configuration of a dipole was collected. The modified k-means clustering was performed to identify four common classes of microstates (Nishida et al., 2013; Michel and Koenig, 2018; Musaeus et al., 2019, 2020; Tait et al., 2020). Four microstates from the rest states, random flicker and 40 Hz light flicker-treated groups, were identified through back-fitting the global maps to each of the EEG files by labeling each of the EEG segments with the class of microstates.

Additional measures were implemented to make sure the specificity of microstate classes. A common average reference (CAR) method was used to increase the signal-to-noise ratio by enhancing the control signal and/or reducing noise. The average value of the entire electrode montage (the common average) was subtracted from the channel of interest (McFarland et al., 1997; Ludwig et al., 2009). The independent components analysis (ICA) was also used to remove ocular and muscular artifacts (Sun et al., 2005). In addition, because the polarity was ignored in the definition of microstates, together, these procedures established specific microstate classes.



Microstate Analysis

By back-fitting the clustered microstates map to the original EEG data, we calculated the global explained variance (GEV), duration, coverage and performed the Markov chain analysis. The term GEV refers to the variance of the EEG data that can be explained by the clustered microstate maps. The microstate coverage represents the fraction of total recording time that the microstate is dominant (Lehmann et al., 1987). The term duration is the average time of a particular microstate map to remain stable without transitioning to the next state.

To identify the transition probability of different classes of microstates, we performed the Markov chain analysis, which can be used to describe the dynamics of a system with different states (Baudoin, 2010). Markov chain represents the probability distribution for transitioning to a different state or keeping the current state at the next time point. In this study, the sampling frequency of EEG recording was 500 Hz; therefore, the time resolution of the Markov chain analysis was 2 ms. Due to the existence of self-transitioning (the next state is the same as the previous state), two separate Markov chains were computed for different conditions (rest state and 40 Hz frequency flicker). The Markov chain with self-transitioning-allowed was used to test the stability of microstates, and the Markov chain without self-transitioning was used to test the transition pattern when microstate transitions did occur.



Microstate Lempel–Ziv Complexity Analysis

The Lempel–Ziv complexity (LZC) of the microstate transitioning sequence was calculated as previously described (Tait et al., 2020).

To ensure comparability, we employed 1–200 Hz filter for EEG files as described by Tait et al. (2021). We computed the LZC of each microstate time course, in which microstate at different time points was denoted in integers from 0 to 3. As determined by the algorithm, length has an inevitable impact on the value of LZC. Therefore, epoch lengths were equalized to identical lengths prior to computation.



Cortical Source Estimation

Electroencephalography data were subjected to source estimation to determine cortical initiators of observed potential on sensors, that is, to map the current activity on the brain cortex. We computed a dynamic statistical parameter map (dSPM) for source estimation, which normalizes the estimated current amplitudes at each location to their respective standard error of the estimate. A prerequisite for computing dSPM is a noise covariance matrix. Using the resting-state EEG recording of the 30 to 20 s before every epoch of flicker stimulation, a noise covariance matrix was computed. The forward solution, defining the transformation projecting electrode positions into Cartesian coordinates with Right-Anterior-Superior orientation, and subsequent analysis are computed based on the fsaverage surface template (Desikan et al., 2006). Note that different from the traditional approach that explicitly computes an inverse operator for dSPM, the implementation we employed computes a singular value decomposition (SVD) of a matrix composed of the noise-covariance matrix, the result of the forward calculation, and the source covariance matrix. This approach has the benefit that the regularization parameter (signal to noise ratio) can be adjusted easily when the final source estimates or dSPMs are computed as reported previously (Dale et al., 2000).



Statistics

All data were analyzed using customized scripts developed in Python 3 (v.3.8.0), R (v.4.0.3), and GraphPad Prism software (v.8.0.2). To determine differences between different states (rest state, 40 Hz light flicker stimulation, random light flicker stimulation), we performed a one-way ANOVA for the three groups (if both session datasets were normally distributed), and the normality was checked using the One-sample Kolmogorov–Smirnov test and Shapiro–Wilk normality test. For multiple comparisons in the analysis of percent power, microstate coverage, duration, occurrence and LZC, we performed FDR correction using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli (GraphPad Prism V8) for all P values to reduce the risk of type I error. The post hoc tests were considered significant with an adjusted P < 0.05. For multiple comparisons in the analysis of transition, One-way ANOVA with Tukey’s post hoc test was used to compare the transition probability in different conditions.




RESULTS


Increase Brain Electroencephalography Power Associated With 40 Hz Light Flicker Stimulation

Test participants consisted of 16 males and four females. The participants were randomly chosen within the same age group at 20 years old. EEG was performed in a quiet and electrical shielded room using the event sequence shown in Figure 1A. All test data were included in the final analyses. The EEG PSD data from three subjects (S14, S17, and S18) were excluded as shown in Figure 1C and Supplementary Figure 1, because they were identified as outliers by the box plot with the 1.5 × IQR rule. This anomaly may be due to technical issues during the data recording process.
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FIGURE 1. EEG sequence and PSD analysis. Panel (A) depicts the experimental schema of light flicker stimulation and EEG sequence. Panel (B) is a graphical representation of the intensities of EEG signals in the anatomical brain regions, illustrating the topographic maps of PSD change (Left: rest state; Middle: random flicker; right: 40 Hz light stimulation). Selected positions of O, PO, and P were indicated on the rest state map. The scale bar represents an arbitrary unit (A.U.). EEG recordings were analyzed, and the percentage of the power spectrum between 40 Hz and the total power was calculated from different brain regions as indicated in panels (C). Statistical comparisons between the three conditions (rest state, random flicker, and the 40 Hz light stimulation) were performed using one-way ANOVA with multiple comparisons using FDR correction using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli (GraphPad Prism v8). Significant groups were shown in panel (C). #, ##, ###, and #### indicate the FDR adjusted P < 0.05, P < 0.01, P < 0.001, and P < 0.0001, respectively.


To investigate the relationship between 40 Hz light stimulation and EEG power changes, we analyzed the power spectrum changes in three situations: rest state (open eye rest and without light flicker), 40 Hz light flicker stimulation, and random frequency light flicker stimulation. Graphical representation of the intensities of EEG signals percent power changes in the anatomical brain regions in the form of topography maps were shown in Figure 1B, illustrating the noticeable enhancement of EEG signals in the occipital areas corresponding to the O, PO, and P areas covered by the electrodes.

We artificially separated the brain into seven different areas based on the electrode positions along the axis from the frontal lobe to the occipital lobe, i.e., F, FC, C, CP, P, PO, O. The position M represented the reference electrode M1 and M2. The percent powers as 40 Hz / total power (0.1–100 Hz) at the seven brain regions were calculated, and the comparisons amongst the three groups were shown in Figure 1C. The post hoc test showed 40 Hz light flicker stimulation significantly increased the percent power of brain regions at O, PO, P, CP, FC, and F (Figure 1C). Specifically, in position O, a significant increase of percent power occurred between the rest state and 40 Hz light stimulation (False Discovery Rate (FDR) adjusted P = 0.0064, t-value = 2.848, df = 56), and between random flicker and 40 Hz light stimulation (FDR adjusted P = 0.0065, t-value = 2.584, df = 56) (Figure 1C and Supplementary Figure 1). There was no significant difference in EEG percentage power between rest and random flicker. Similarly, in position PO, significant differences were found between rest state and 40 Hz light stimulation (FDR adjusted P = 0.0002 t-value = 3.718, df = 57), and between random flicker and 40 Hz light stimulation (FDR adjusted P = 0.0001, t-value = 4.153, df = 57). Furthermore, significant differences were also found in position P, with a significant difference between rest state and 40 Hz light stimulation (FDR adjusted P < 0.0001, t-value = 4.024, df = 57), and between random flicker and 40 Hz light stimulation (FDR adjusted P < 0.0001, t-value = 5.192, df = 57). In contrast, random frequency light flicker stimulation did not have such an effect when compared with the rest state (FDR adjusted P > 0.1) (Figure 1B and Supplementary Figure 1A).



40 Hz Light Flicker Entrainment

To determine the effect of 40 Hz light flicker to the human brains, power spectral density (PSD) at O electrodes was calculated. Oscillation entrainment occurred in response to 40 Hz light flickers, but not the rest state or arrhythmic random frequency light flicker (Figure 2A). The PSD of a male subject S12 (Figure 2B) and a female subject S18 (Figure 2C) were also shown to demonstrate a similar level of entrainment of 40 Hz light flicker in both sexes.
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FIGURE 2. Power spectral density responses during rest state and light flicker stimulation. (A) Quantification of PSD in different states displayed in decibel (dB) unit. Thick lines in green, black, and red showed the mean values and shaded areas represented SEM; (B) PSD between 30 and 50 Hz of a male subject (B) and a female subject (C).




Identification of 40 Hz Light Flicker Stimulation-Induced Topological Microstates

The global maps calculated based on the aggregated dataset from all participants were back-fitted to each of the EEG recordings to generate typical clustered four topographies. Four microstates with fixed polarities were identified using the modified K-means clustering method, as shown in Figure 3A. In the rest state, the four microstate classes largely align with the classical microstate classes A-D associated with wakeful rest (Lehmann et al., 1998; Nishida et al., 2013; Milz et al., 2017; Michel and Koenig, 2018; Musaeus et al., 2019; Tait et al., 2020). These four classes of microstates are electrophysiological correlates of the auditory (A), visual (B), saliency (C), and frontoparietal working memory/attention (D) of the resting-state networks (Michel and Koenig, 2018).
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FIGURE 3. Identification of microstate classes, coverage, duration, occurrence. Panel (A) The global maps were calculated based the aggregated dataset from all participants and were back-fitted to each of the EEG recordings. The labels (A–D) indicate the four microstate classes. The four microstate classes coverage (B), duration (C), and occurrence (D) were calculated and shown. Statistical comparisons between the three conditions (rest state, random flicker, and the 40 Hz light stimulation) were performed using one-way ANOVA with multiple comparisons using FDR correction using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli using GraphPad. Significant groups were shown in panel (B–D). #, ##, and ### indicate the FDR adjusted P < 0.05, P < 0.01, and P < 0.001, respectively. Error bars are S.E.M.


Microstate coverage was calculated and compared across treatment groups (Figure 3B). 40 Hz light flicker stimulation significantly reduced the coverage of microstate class A (FDR adjusted P = 0.0047, t-value = 2.643, df = 174), but increased microstate class C (FDR adjusted P = 0.0010, t-value = 3.233, df = 174) in the brain (Figure 3B). It was noted that 40 Hz light flicker also showed significantly reduced coverage microstate classes A (FDR adjusted P = 0.0001, t-value = 3.817, df = 174) and C (FDR adjusted P = 0.0010, t-value = 3.162, df = 174) compared with random flicker treatment.



Altered Microstate Duration, Occurrence, and Markovian Syntax Transition Matrix During 40 Hz Light Flicker Stimulation

We next compared microstate duration, occurrence and transition sequence behaviors during rest state and in response to random flicker and 40 Hz light flicker stimulation. The mean duration of all microstates in all three conditions was similar except that 40 Hz light flicker increased microstate class B duration compared with the random flicker treatment (FDR adjusted P = 0.0300, t-value = 2.482, df = 135) (Figure 3C). Interestingly, the occurrence of microstate B and D significantly increased in 40 Hz flicker group compared with the rest state (For microstate B: FDR adjusted P = 0.0141, t-value = 2.229, df = 216; For microstate D: FDR adjusted P = 0.0141, t-value = 2.338, df = 216) and random flicker treatment (For microstate B: FDR adjusted P = 0.0158, t-value = 2.184, df = 216; For microstate D: FDR adjusted P = 0.0158, t-value = 2.400, df = 216) (Figure 3D).

Using the Markov chain analyses, we analyzed the microstate transitions syntax in different conditions. When self-transition was allowed, all microstates in the rest state, random flicker and 40 Hz light flicker states were more likely to self-transition (transition probability was about 0.9) (Figures 4A–C).
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FIGURE 4. Microstate transition syntax analysis in different conditions. Panels (A–G), each map displays Markov chain analysis result for one of the four microstate classes. (A–C) Self-transition allowed tests, and (D–G) for self-transition not allowed tests. Panel (H) shows a schematic view of the syntax pattern to indicate transition from C and D to other states in the rest state (left), 40 Hz flicker (middle), and random flicker (right). A one-way ANOVA with Tukey post hoc multiple comparison test was used to identify significant groups. *, **, ***, and **** indicated the Tukey adjusted P < 0.05, P < 0.01, P < 0.001, and P < 0.0001, respectively. Scale bars represent the probability (Prob).


When self-transition was not allowed (Figures 4D–G), microstate class A in 40 Hz group was significantly more likely to transition to C (Tukey adjusted P = 0.0494, q-value = 3.618, df = 18) and microstate class B was significantly more likely to transition to D (Tukey adjusted P = 0.0043, q-value = 5.259, df = 18). Microstate class B was significantly less likely to transition to A (Tukey adjusted P < 0.0001, q-value = 9.323, df = 18). Microstate class C in 40 Hz flicker group was significantly more likely to transition to A (Tukey adjusted P = 0.0012, t-value = 8.110, df = 18), and class D was significantly more likely to transition to A (Tukey adjusted P < 0.0001, q-value = 9.877, df = 18) and to B and C (P = 0.0401 and P = 0.0336, respectively) (Figure 4H).

In contrast, random flicker treatment class A was significantly less likely to transition to class B but significantly more likely to transition to D (P = 0.0029 and P = 0.0024, respectively). In addition, class B was significantly less likely to transition to A and significantly more likely to transition to D (P < 0.0001 and P < 0.0001, respectively). Random flicker treatment class C was more likely to transition to B and D (P = 0.0002 and P < 0.0001, respectively), and class D more likely transition to A, B, and C (P < 0.0001, P < 0.0001, P = 0.0004, respectively) (Figure 4H).



Increased Microstate Complexity During 40 Hz Light Flicker Stimulation

Studies have suggested that microstate transitioning is non-Markovian (von Wegner et al., 2017). Therefore, the Lempel-Ziv complexity (LZC) of the microstate transitioning sequence was additionally calculated. A significant increment in microstate complexity occurred in both random flicker (FDR adjusted P = 0.0104, t-value = 2.834, df = 282) and 40 Hz light flicker stimulation (FDR adjusted P = 0.0423, t-value = 2.040, df = 282) (Figure 5) compared with the rest state. Microstate LZC was regarded as an important measure of brain function impairment in AD, in which microstate complexity LZC was significantly reduced (Tait et al., 2020).
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FIGURE 5. Microstate LZC. Microstate LZC under rest state, random light flicker, and 40 Hz light flicker exposure. LZC of microstate transitioning was computed for epochs with identical lengths under different conditions. Each dot referred to a single epoch during the experiment. # indicated P < 0.05 using one-way ANOVA with FDR post hoc analysis.




Differential Cortical Activity Responses to 40 Hz and Random Light Flicker Stimulation

By averaging over 100 epochs’ source estimation during light flicker stimulations, conserved cortical regions responding to 40 Hz (Figure 6A) and random light flickers (Figure 6B) were identified and mapped to the brain. In response to 40 Hz light flicker stimulation, the maximally activated region symmetrically appeared at the superior parietal cortex of both hemispheres (Figure 6A). In contrast, the random frequency light flicker induced a much lower level of activation in the cortical regions than the 40 Hz light flicker, and the areas of activation were asymmetrically distributed with a bias toward the right hemisphere (Figure 6B).
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FIGURE 6. Altered cortical responses in response to 40 Hz light flicker stimulation. The brain cortical neuronal response was determined using dSPM. Average dSPMs pseudo-colored maps of brain cortical representations of increased responses to light flickers were shown in panels (A) (40 Hz light flicker) and (B) (random like flicker). The left [panel (C)] or the right [panel (D)] side of the eye was covered during the light flicker test, and the neuronal response in the brain showed a robust ipsilateral increase in response to 40 Hz light flicker stimulation (n = 4). The colors in the scale bar represent the mapped current density on the corresponding location in arbitrary units (A.U.).


To demonstrate that cortical response to light flicker was specific, the test subject’s left eye or the right eye was blocked (covered) from light stimulation. A strong increased cortical response occurred only on the ipsilateral side of the superior parietal cortex (Figures 6C,D), confirming the observation of cortical responses to 40 Hz light flicker stimulation.




DISCUSSION

This study demonstrated the effects of 40 Hz low gamma frequency light flicker in healthy human brains using EEG. In responses to 40 Hz light flicker, the overall brain power increased significantly compared with the random light flicker treatment. Importantly, microstate analysis identified significantly altered microstate coverage, duration, transitioning, and LZC. Almost all of these parameters have been reported in the literature to be changed in diseased brains such as AD, schizophrenia, and stroke (Mecarelli et al., 2011; Nishida et al., 2013; Liu et al., 2016; Milz et al., 2017; Zappasodi et al., 2017; Musaeus et al., 2019, 2020; Smailovic and Jelic, 2019; Briels et al., 2020; da Cruz et al., 2020; Sebastián-Romagosa et al., 2020; Tait et al., 2020; He et al., 2021; Klepl et al., 2021).

Our test subjects have not previously been exposed to 40 Hz or arrhythmic light flickers. This experimental paradigm gives us the advantage of studying the brain responses and determining the newly formed microstate dynamics in response to 40 Hz light flickering. In order to develop this technology for clinical use, we carefully analyzed reactions in the brain of both male and female test subjects. There were no differences in entrainment responses compared between the male and female test subjects. A multi-episode of light flicker exposures was also used to determine whether there would be an altered response in entrainment. Multiple epochs from each light-flickering session were calculated and compared with data from the immediate next session. No difference in the level of entrainment to 40 Hz light flicker occurred. Moreover, this response in the brain was specific to the light treatment since it disappeared on the same side of the brain when one eye was closed/blocked during light flickering. These data demonstrated that 40 Hz light flicker consistently produced entrainment in test subjects’ brain, confirming previous animal studies (Iaccarino et al., 2016; Adaikkan et al., 2019; Zheng et al., 2020). Current studies demonstrated that short time exposure to light flicker stimulation was safe and tolerable by the test subjects. A longer-term treatment for 4 to 8 weeks at 1 h per day was also reported to be safe and tolerable by human test subjects (He et al., 2021).

Electroencephalography microstate analysis parses EEG signals into topographies representing discrete, sequential network responses. Methodologies used in the literature to generate microstates are varied, and several considerations are taken into account when designing microstate analysis. Given that higher frequencies are especially prone to be contaminated by muscle artifacts, alpha band-pass (8–13 Hz)-filtered EEG is commonly used in the microstate literature (Milz et al., 2017; von Wegner et al., 2017; Musaeus et al., 2019). More importantly, strategies for extracting and analyzing microstates are important. As described in the studies by Musaeus et al. (2019, 2020), the microstates were obtained from the aggregated dataset from all participants and then back-fitted to the data of each condition. Thus, differences between healthy and diseased brains (e.g., duration, the difference in transition probabilities, etc.) are described in terms of the same set of canonical microstates. This method is in stark contrast to the one used by Tait et al. (2020) in that the band-filtered EEG files from each condition were extracted and analyzed.

To facilitate comparisons with the most described diseased brain microstates in the literature, our microstates extraction and analyses were performed exactly as described by Nishida et al. (2013), Milz et al. (2017) and Musaeus et al. (2019) using the alpha band-pass-filtered EEG. To reduce noise, we rejected microstate segments shorter than 30 ms to ensure that the short segments, which may have been due to noise, did not affect the results. The clean, pre-processed epochs of each condition were concatenated as single long epochs. One of the main criteria we used to determine each microstate class was that it must have a dominant presence among all the microstates in order to be considered as an independent class. This way, the resting state microstate classes obtained in the current study aligned well with those reported in these papers in terms of the four microstate coverage, duration, and occurrence.

Previous studies have shown that AD patients exhibited a pattern of global microstate disorganization associated with the frontoparietal working-memory/attention network inactivation. Alteration of microstate metrics has become a promising indicator to demonstrate brain network disruptions in mild cognitive impairment (MCI), AD, schizophrenia, stroke, epilepsy, and dementia (Mecarelli et al., 2011; Finnigan and van Putten, 2013; Nishida et al., 2013; Michel and Koenig, 2018; van der Zande et al., 2018; Musaeus et al., 2019, 2020; Smailovic and Jelic, 2019; da Cruz et al., 2020). Compared with these studies, 40 Hz light flicker tended to show an opposite effect to those described in the diseased brain. For example, patients with MCI, and AD compared to healthy controls had significantly higher occurrence, coverage, and duration of microstate A (Musaeus et al., 2019, 2020). In comparison, 40 Hz light flicker significantly reduced the coverage of class A, but did not change the class A duration and occurrence. Studies of patients with schizophrenia showed increased presence of microstate C and decreased presence of microstate D compared to controls (da Cruz et al., 2020), while 40 Hz light flicker significantly increased the occurrence of microstate D compared with the rest state and random flicker (Figure 3D). In the stroke brain, all four microstates are stably expressed (Zappasodi et al., 2017). In patients with a right lesion inducing neglect symptoms, microstate D topography was different. A preserved microstate B in the acute phase of stroke was correlated with a better effective recovery. Together, these association studies warrant further studies to establish the therapeutic impact of 40 Hz light flicker.

Microstate transitioning was slower and less complex in AD. Microstates C and D transitioned significantly more to microstate A in patients with AD compared to healthy controls, and microstate C transitioned more to microstate A in MCI compared to healthy controls (Musaeus et al., 2019, 2020). In comparison, both 40 Hz and random flicker significantly increased C and D transitions (Figure 4H). Because microstate transitioning is non-Markovian, the Lempel–Ziv complexity (LZC) of the microstate transitioning sequence has been developed as a novel measure of microstate complexity (Tait et al., 2020). LZC measurement characterizes the development of spatiotemporal activity patterns in high-dimensionality nonlinear systems, like the brain and heart. The increment in microstate complexity thus indicates a potential augmentation in cognitive functions. For example, a decreased LZC was observed during the progression of MCI and AD (Tait et al., 2020). However, the biological meaning of LZC may not be exactly the same as those indicated by microstate duration, occurrence, and transitioning probabilities. For example, in a study of thalamic ischemic stroke, patients had increased mean LZC than the controls (Liu et al., 2016). Interestingly, the current study demonstrated increased microstate LZCs in response to both 40 Hz and random light flicker compared with the rest state (Figure 5), suggesting that visual light stimulation impacts the LZC. However, it is premature to assume that random flicker would have the same biological effect to the brain microstate as the 40 Hz flicker just because it produced similar LZC.

The current study has limitations. The conclusive link between the current study with the existing literature on microstate alterations in MCI/AD patients is challenging to establish. One striking difference of the present study from published studies was that our test subjects were all young adults in their 20th, limiting its relevance to studies using older subjects. There are also inconsistencies in the literature concerning the alterations of microstates in AD (Dierks et al., 1997; Musaeus et al., 2019, 2020; Smailovic et al., 2019; Smailovic and Jelic, 2019). Therefore, data from a much larger cohort of populations are needed. Importantly, it has been argued that EEG microstate topography is predominantly determined by intracortical sources in the alpha band (Milz et al., 2017). Our data, therefore, focused on the 8–13 Hz alpha band. Thus, it is necessary to compare EEG microstates generated using similar bandwidths in the literature, which is scarce. A dynamic source estimation is a powerful tool yielding millisecond-level cortical neuroactivities. Averaging epoch data potentially covered up numerous temporal information. Collectively, important questions remain whether 40 Hz light flickers can reverse diseased brain microstates and what is the underlying mechanisms associated with the brain response to rhythmic light flickers.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Python and R analysis code is available at https://github.com/zhenyumi/LangouEEG.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by local ethics committees, i.e., the Southern University of Science and Technology Institutional Review Board (SUSTech IRB 2021087). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

YZ supervised the EEG recordings, designed light device, analyzed data, shared the coding work (GitHub repository), and drafted the manuscript. ZZ participated in EEG recordings, collected and analyzed data, wrote the code (GitHub repository), and drafted the manuscript. LL participated in the EEG recordings, data collection, and analysis. HT analyzed the data and revised the draft manuscript. FC did equipment setup and adjustment, data curation and analysis. S-TH conceived the idea, supervised the project, provided financial support, analyzed the data, and wrote the final draft of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

Financial supports to S-TH were from grants from the National Natural Science Foundation of China (81871026); Shenzhen-Hong Kong Institute of Brain Science-Shenzhen Fundamental Research Institutions (2019SHIBS0002; 2021SHIBS0002); Shenzhen Science and Technology Innovation Committee Research Grants (JCYJ20180504165806229; KQJSCX20180322151111754); Natural Science Foundation of Guangdong Province (2017A030313808); Shenzhen Sanming Project (Baoan Hospital, 2018.06), SUSTech Peacock Program Start-up Fund (22/Y01226109) and SUSTech Brain Research Centre Fund. S-TH is also supported by the Guangdong Innovation Platform of Translational Research for Cerebrovascular Diseases and SUSTech-UQ Joint Center for Neuroscience and Neural Engineering (CNNE).



ACKNOWLEDGMENTS

We would like to thank the volunteers for their supports. We would particularly like to thank the two reviewers for their constructive comments and draw our attention to the distinctive strategies for EEG microstate analysis. Computational resources were provided by the Center for Computational Science and Engineering at Southern University of Science and Technology.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2021.777183/full#supplementary-material



REFERENCES

Adaikkan, C., Middleton, S. J., Marco, A., Pao, P. C., Mathys, H., Kim, D. N. W., et al. (2019). Gamma entrainment binds higher-order brain regions and offers neuroprotection. Neuron 102, 929–943.e8. doi: 10.1016/j.neuron.2019.04.011

Baudoin, F. (2010). “Stochastic processes,” in International Encyclopedia of Education, eds P. Peterson, E. Baker, and B. McGaw (Amsterdam: Elsevier), 451–452. doi: 10.1016/B978-0-08-044894-7.01369-5

Briels, C. T., Schoonhoven, D. N., Stam, C. J., De Waal, H., Scheltens, P., and Gouw, A. A. (2020). Reproducibility of EEG functional connectivity in Alzheimer’s disease. Alzheimers Res. Ther. 12, 1–14. doi: 10.1186/s13195-020-00632-3

da Cruz, J. R., Favrod, O., Roinishvili, M., Chkonia, E., Brand, A., Mohr, C., et al. (2020). EEG microstates are a candidate endophenotype for schizophrenia. Nat. Commun. 11:3089. doi: 10.1038/s41467-020-16914-1

Dale, A. M., Liu, A. K., Fischl, B. R., Buckner, R. L., Belliveau, J. W., Lewine, J. D., et al. (2000). Dynamic statistical parametric mapping: combining fMRI and MEG for high-resolution imaging of cortical activity. Neuron 26, 55–67. doi: 10.1016/S0896-6273(00)81138-1

Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., et al. (2006). An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 968–980. doi: 10.1016/j.neuroimage.2006.01.021

Dierks, T., Jelic, V., Julin, P., Maurer, K., Wahlund, L. O., Almkvist, O., et al. (1997). EEG-microstates in mild memory impairment and Alzheimer’s disease: possible association with disturbed information processing. J. Neural Transm. 104, 483–495. doi: 10.1007/BF01277666

Duecker, K., Gutteling, T. P., Herrmann, C. S., and Jensen, O. (2021). No evidence for entrainment: endogenous gamma oscillations and rhythmic flicker responses coexist in visual cortex. J. Neurosci. 41, 6684–6698. doi: 10.1523/JNEUROSCI.3134-20.2021

Etter, G., van der Veldt, S., Manseau, F., Zarrinkoub, I., Trillaud-Doppia, E., and Williams, S. (2019). Optogenetic gamma stimulation rescues memory impairments in an Alzheimer’s disease mouse model. Nat. Commun. 10:5322. doi: 10.1038/s41467-019-13260-9

Finnigan, S., and van Putten, M. J. A. M. (2013). EEG in ischaemic stroke: quantitative EEG can uniquely inform (sub-)acute prognoses and clinical management. Clin. Neurophysiol. 124, 10–19. doi: 10.1016/j.clinph.2012.07.003

Gramfort, A., Luessi, M., Larson, E., Engemann, D. A., Strohmeier, D., Brodbeck, C., et al. (2013). MEG and EEG data analysis with MNE-Python. Front. Neurosci. 7:267. doi: 10.3389/fnins.2013.00267

He, Q., Colon-Motas, K. M., Pybus, A. F., Piendel, L., Seppa, J. K., Walker, M. L., et al. (2021). A feasibility trial of gamma sensory flicker for patients with prodromal Alzheimer’s disease. Alzheimers Dement. Transl. Res. Clin. Interv. 7:e12178. doi: 10.1002/trc2.12178

Iaccarino, H. F., Singer, A. C., Martorell, A. J., Rudenko, A., Gao, F., Gillingham, T. Z., et al. (2016). Gamma frequency entrainment attenuates amyloid load and modifies microglia. Nature 540, 230–235. doi: 10.1038/nature20587

Klepl, D., He, F., Min, W., Daniel, B. J., Matteo, D. M., and Ptolemaios, S. (2021). Characterising Alzheimer’s disease with EEG-based energy landscape analysis. arXiv [preprint] arXiv:2102.09882v2

Koenig, T., Prichep, L., Lehmann, D., Sosa, P. V., Braeker, E., Kleinlogel, H., et al. (2002). Millisecond by millisecond, year by year: normative EEG microstates and developmental stages. Neuroimage 16, 41–48. doi: 10.1006/nimg.2002.1070

Lehmann, D., and Skrandies, W. (1980). Reference-free identification of components of checkerboard-evoked multichannel potential fields. Electroencephalogr. Clin. Neurophysiol. 48, 609–621. doi: 10.1016/0013-4694(80)90419-8

Lehmann, D., Ozaki, H., and Pal, I. (1987). EEG alpha map series: brain micro-states by space-oriented adaptive segmentation. Electroencephalogr. Clin. Neurophysiol. 67, 271–288. doi: 10.1016/0013-4694(87)90025-3

Lehmann, D., Strik, W. K., Henggeler, B., Koenig, T., and Koukkou, M. (1998). Brain electric microstates and momentary conscious mind states as building blocks of spontaneous thinking: I. Visual imagery and abstract thoughts. Int. J. Psychophysiol. 29, 1–11. doi: 10.1016/S0167-8760(97)00098-6

Liu, S., Guo, J., Meng, J., Wang, Z., Yao, Y., Yang, J., et al. (2016). Abnormal EEG complexity and functional connectivity of brain in patients with acute thalamic ischemic stroke. Comput. Math. Methods Med. 2016:2582478. doi: 10.1155/2016/2582478

Ludwig, K. A., Miriani, R. M., Langhals, N. B., Joseph, M. D., Anderson, D. J., and Kipke, D. R. (2009). Using a common average reference to improve cortical neuron recordings from microelectrode arrays. J. Neurophysiol. 101, 1679–1689. doi: 10.1152/jn.90989.2008

McFarland, D. J., McCane, L. M., David, S. V., and Wolpaw, J. R. (1997). Spatial filter selection for EEG-based communication. Electroencephalogr. Clin. Neurophysiol. 103, 386–394. doi: 10.1016/S0013-4694(97)00022-2

Mecarelli, O., Pro, S., Randi, F., Dispenza, S., Correnti, A., Pulitano, P., et al. (2011). EEG patterns and epileptic seizures in acute phase stroke. Cerebrovasc. Dis. 31, 191–198. doi: 10.1159/000321872

Michel, C. M., and Koenig, T. (2018). EEG microstates as a tool for studying the temporal dynamics of whole-brain neuronal networks: a review. Neuroimage 180, 577–593. doi: 10.1016/j.neuroimage.2017.11.062

Milz, P., Pascual-Marqui, R. D., Achermann, P., Kochi, K., and Faber, P. L. (2017). The EEG microstate topography is predominantly determined by intracortical sources in the alpha band. Neuroimage 162, 353–361. doi: 10.1016/j.neuroimage.2017.08.058

Musaeus, C. S., Engedal, K., Høgh, P., Jelic, V., Khanna, A. R., Kjær, T. W., et al. (2020). Changes in the left temporal microstate are a sign of cognitive decline in patients with Alzheimer’s disease. Brain Behav. 10:e01630. doi: 10.1002/brb3.1630

Musaeus, C. S., Nielsen, M. S., and Høgh, P. (2019). Microstates as disease and progression markers in patients with mild cognitive impairment. Front. Neurosci. 13:563. doi: 10.3389/fnins.2019.00563

Nishida, K., Morishima, Y., Yoshimura, M., Isotani, T., Irisawa, S., Jann, K., et al. (2013). EEG microstates associated with salience and frontoparietal networks in frontotemporal dementia, schizophrenia and Alzheimer’s disease. Clin. Neurophysiol. 124, 1106–1114. doi: 10.1016/j.clinph.2013.01.005

Percival, D. B., and Walden, A. T. (1993). Spectral Analysis for Physical Applications. Cambridge: Cambridge University Press. doi: 10.1017/cbo9780511622762

Sebastián-Romagosa, M., Udina, E., Ortner, R., Dinarès-Ferran, J., Cho, W., Murovec, N., et al. (2020). EEG biomarkers related with the functional state of stroke patients. Front. Neurosci. 14:582. doi: 10.3389/fnins.2020.00582

Slepian, D. (1978). Prolate spheroidal wave functions, fourier analysis, and uncertainty—V: the discrete case. Bell Syst. Tech. J. 57, 1371–1430. doi: 10.1002/j.1538-7305.1978.tb02104.x

Smailovic, U., and Jelic, V. (2019). Neurophysiological markers of Alzheimer’s disease: quantitative EEG approach. Neurol. Ther. 8, 37–55. doi: 10.1007/s40120-019-00169-0

Smailovic, U., Koenig, T., Laukka, E. J., Kalpouzos, G., Andersson, T., Winblad, B., et al. (2019). EEG time signature in Alzheimer’s disease: functional brain networks falling apart. NeuroImage Clin. 24:102046. doi: 10.1016/j.nicl.2019.102046

Smith, S. J. M. (2005). EEG in the diagnosis, classification, and management of patients with epilepsy. J. Neurol. Neurosurg. Psychiatry 76, ii2–ii7. doi: 10.1136/jnnp.2005.069245

Sun, L., Liu, Y., and Beadle, P. J. (2005). “Independent component analysis of EEG signals,” in Proceedings of the 2005 IEEE International Workshop on VLSI Design and Video Technology. IWVDVT (Piscataway, NJ: IEEE), 293–296. doi: 10.1109/iwvdvt.2005.1504590

Tait, L., Stothart, G., Coulthard, E., Brown, J. T., Kazanina, N., and Goodfellow, M. (2019). Network substrates of cognitive impairment in Alzheimer’s Disease. Clin. Neurophysiol. 130, 1581–1595. doi: 10.1016/j.clinph.2019.05.027

Tait, L., Tamagnini, F., Stothart, G., Barvas, E., Monaldini, C., Frusciante, R., et al. (2020). EEG microstate complexity for aiding early diagnosis of Alzheimer’s disease. Sci. Rep. 10:17627. doi: 10.1038/s41598-020-74790-7

van der Zande, J. J., Gouw, A. A., van Steenoven, I., Scheltens, P., Stam, C. J., and Lemstra, A. W. (2018). EEG characteristics of dementia with Lewy Bodies, Alzheimer’s Disease and mixed pathology. Front. Aging Neurosci. 10:190. doi: 10.3389/fnagi.2018.00190

von Wegner, F., Tagliazucchi, E., and Laufs, H. (2017). Information-theoretical analysis of resting state EEG microstate sequences - non-Markovianity, non-stationarity and periodicities. Neuroimage 158, 99–111. doi: 10.1016/j.neuroimage.2017.06.062

Yao, Y., Ying, Y., Deng, Q., Zhang, W., Zhu, H., Lin, Z., et al. (2020a). Non-invasive 40-Hz light flicker ameliorates Alzheimer’s-associated rhythm disorder via regulating central circadian clock in mice. Front. Physiol. 11:294. doi: 10.3389/fphys.2020.00294

Yao, Y., Zhang, W., Ming, R., Deng, Q., Zuo, A., Zhang, S., et al. (2020b). Noninvasive 40-Hz light flicker rescues circadian behavior and abnormal lipid metabolism induced by acute ethanol exposure via improving SIRT1 and the circadian clock in the liver-brain axis. Front. Pharmacol. 11:355. doi: 10.3389/fphar.2020.00355

Zappasodi, F., Croce, P., Giordani, A., Assenza, G., Giannantoni, N. M., Profice, P., et al. (2017). Prognostic value of EEG microstates in acute stroke. Brain Topogr. 30, 698–710. doi: 10.1007/s10548-017-0572-0

Zheng, L., Yu, M., Lin, R., Wang, Y., Zhuo, Z., Cheng, N., et al. (2020). Rhythmic light flicker rescues hippocampal low gamma and protects ischemic neurons by enhancing presynaptic plasticity. Nat. Commun. 11:3012. doi: 10.1038/s41467-020-16826-0


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhang, Zhang, Luo, Tong, Chen and Hou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		40 Hz Light Flicker Alters Human Brain Electroencephalography Microstates and Complexity Implicated in Brain Diseases



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Visual Stimulation Protocol



		Electroencephalography Data Collection and Pre-processing



		Extract the Relative Power of Electroencephalography Signals



		Decibel Unit



		Microstate Extraction



		Microstate Analysis



		Microstate Lempel–Ziv Complexity Analysis



		Cortical Source Estimation



		Statistics







		RESULTS



		Increase Brain Electroencephalography Power Associated With 40 Hz Light Flicker Stimulation



		40 Hz Light Flicker Entrainment



		Identification of 40 Hz Light Flicker Stimulation-Induced Topological Microstates



		Altered Microstate Duration, Occurrence, and Markovian Syntax Transition Matrix During 40 Hz Light Flicker Stimulation



		Increased Microstate Complexity During 40 Hz Light Flicker Stimulation



		Differential Cortical Activity Responses to 40 Hz and Random Light Flicker Stimulation







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnins-15-777183-g006.jpg
A 40 Hz Flicker B Random Flicker

Front

AU.
4.00
3.43
2.86

2.29
1.71

— 1.14
0.57
0.00

Rear

C Left eye blocked (40Hz) D Right eye blocked (40Hz)

AU.
4.00

3.43
2.86

2.29
(1.71

1.14
0.57
0.00






OPS/images/fnins-15-777183-e003.jpg
Lyg =10log 4L,

“)





OPS/images/fnins-15-777183-g005.jpg
LZC

1500~ 1

Q)

p— 'l' .iLI .D’ )

)

)

D ¥

N}
(|'.

LY
D"

2
U
DEN

NI\
D
.D. 'ﬁ.“
1) =
Y
v

)
v
)

D¢
)

l)






OPS/images/fnins-15-777183-g004.jpg
A Rest State: B 40 Hz Flicker: C Random Flicker:
Self-Transitions Allowed Self-Transitions Allowed Self-Transitions Allowed

A- A- A-
B B B
C C C
D D D
A B C D A B C D A B C D
o Rest State: E 40 HzFlicker F Random Flicker: G 40 Hz Flicker vs.
No Self-Transitions Allowed No Self-Transitions Allowed No Self-Transitions Allowed Random Flicker

D

o
O/
o
o
N

0= 0.2019

Qo
6.6

o
A
©
o
o
o
—

p = 0.0004





OPS/images/fnins-15-777183-e001.jpg
T = Zsas

@





OPS/images/fnins-15-777183-g003.jpg
Coverage (%)

Duration (ms)

B Rest state
B Random Flicker
B 40 Hz Flicker

A B C D

Microstates

800~

600- 4 .

o
— ° &
o & &
[ J A :
‘ L4 ' o a o
- o A e & 7
4004 & 2 ® € ., b E,P 3
A & $ 2 e S 2 <
& a & D ' ]
1€ A o ::} AR ] _I;
R A &
AL L) 0 Tk .I..L‘. A I.Il'..
R, im! Al in'm ..1.: 'ill'L'I.
2 0 0 = ;“‘A\: l:' : ll:-.1r‘- :1l. .|-‘l
A "l P! :4- oL
L] -I.
L
L]
u'

A B C

Microstates

#
1
2.0+ 4
1

e

1.5

8
A
8
o
a
2
LN
LA
0N

Occurrance

-
oy
[ ] o
@ 3 o o o
- ® A =]
@80 [ J on a o (] m
Al [u] [) m
® & a o @D
aa o iy oo
,,,,, - 'y - o [m1]
1.0 e msx m e A m & » 0
. 14 [ AN OID [ on [] on [=]
A - o OIID [ ] A B aA om
. [ J N [11m m] [ 4 a (= m) Al an
A OD ° a D cam (1]
""" o D [ J o (I
AAAAA new ) 20 [u] a® 200
(LT ° @ Y Y
....... -3 Y oD ALY
2 oo -
O 5 = o O G o
¥ - iy ICID

.....

0.0-

A B C D

Microstates





OPS/images/fnins-15-777183-e002.jpg
3)





OPS/images/fnins-15-777183-i000.jpg
yCAR





OPS/images/fnins-15-777183-g002.jpg
Power Spectrum Density (dB)

-110-

-120-

-130

-140-

-150+

-160

— Rest No Flicker
— Random flicker
— 40 Hz Flicker

L L L L DL L
0 20 40 60 80 100 120
Frequency

-85 -

-90 -

-95 -

Power Spectrum Density (dB)

Subject S12 (Male)

— Rest No Flicker
— Random Flicker
— 40 Hz Flicker

Frequency

-90 -

~ 95—

LY

o

S
|

-105-

Power Spectrum Density (dB

N

RN

o
|

-115

Subject S18 (Female)

— Rest No Flicker
— Random Flicker

— 40 Hz Flicker

30

35

| | I | |
40
Frequency

45

50





OPS/images/fnins-15-777183-i001.jpg
RAW
Vi





OPS/images/fnins-15-777183-g001.jpg
(@

Percentage Power
between 40 Hz / total power

Rest

40 Hz
No Flicker IFIickerI No Flicker

Rest

Random

one eye
est covered

| ICKeT No Flicker Flickes

0.020-

0.015-

0.010+

0.005-

0.000-

Rest State
#
l #I
1
g °
4N
¢ (m1]
o & Do
M @)

I'3ps |

Random Flicker

PO

'3pg !

Position

305!

Percent Power (AU)

0.008
0.006
0.004
0.002

40 Hz Flicker

Bl Rest State
Bl Random Flicker
Bl 40 Hz Flicker






OPS/images/fnins-15-777183-e000.jpg
1
CAR 'RAW N 'RAW
VPR = VRV 3N

0]





OPS/images/cover.jpg
, frontiers
In Neuroscience










OPS/images/logo.jpg
' frontiers

in Neuroscience





