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Abstract 1 

Determinants of successful gamma entrainment  2 

using flickering light stimulation in human 3 

Yeseung Park 4 

Department of Brain and Cognitive Sciences 5 

The Graduate School 6 

 Seoul National University 7 

Background and Objectives: Although gamma entrainment using flickering light stimulus 8 

(FLS) of 40Hz was effective in reducing pathologies and enhancing cognitive function in 9 

mouse models of Alzheimer’s disease (AD), its efficacy was controversial in AD patients. The 10 

conflicting results in AD patients may be attributable to a couple of key factors. First, the 11 

optimal parameters of FLS for gamma entrainment may be different between diurnal humans 12 

and nocturnal mice. Second, the response to optimal FLS may be different between AD patients 13 

due to inter-individual difference in the microstructural integrity of white matter (WM) tracts. 14 

This study aimed to find the optimal parameters (color, luminal intensity and flickering 15 

frequency) of FLS for entraining gamma rhythms in diurnal humans and to examine the effect 16 

of fractional anisotropy (FA) of WM tracts on the entrainment and propagation of gamma 17 

rhythms. 18 

Methods: We first investigated the optimal color (white, red, green, and blue), luminal 19 

intensity (10 cd/m2, 100 cd/m2, 400 cd/m2, and 700 cd/m2), and frequency (32 - 50 Hz) of FLS 20 

for entraining gamma rhythms in visual cortex using event-related desynchronization/event-21 
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related synchronization (ERD/ERS) and for propagating gamma rhythm entrained in visual 22 

cortex to other brain regions using spectral Granger Causality (sGC) in 16 cognitively normal 23 

young adults (24.0 ± 3.7 yrs) and 35 cognitively normal older adults (70.0 ± 2.4 yrs). We also 24 

examined the adverse effects of FLS in both younger and older adults. Then we examined the 25 

effect of the FA of posterior thalamic radiations on the ERS of gamma rhythms entrained in 26 

visual cortex and that of and middle and superior longitudinal fasciculi on the sGC of the 27 

connectivity from visual cortex to temporal and frontal regions in 26 cognitively normal older 28 

adults using analysis of variance and linear regression analyses. 29 

Results: The FLSs using the lights of longer wavelengths such as white (p < 0.05) and red (p 30 

< 0.01) entrained and propagated gamma rhythms better than those of shorter wavelengths such 31 

as green and blue. The FLSs using stronger lights such as 700 cd/m2 (p < 0.001) and 400 cd/m2 32 

(p < 0.01) entrained and propagated gamma rhythms better than weaker lights of 100 cd/m2 33 

and 10 cd/m2. The FLSs flickering at 34-38 Hz were best for entraining and propagating gamma 34 

rhythm in younger adults (entrainment at Pz: p < 0.05, propagation: p < 0.05) while those 35 

flickering at 32-34 Hz were best for older adults (entrainment at Pz: p < 0.05, propagation: p < 36 

0.001). In older adults, white FLSs of 700 cd/m2 flickering at 32–34 Hz entrained the gamma 37 

rhythms most strongly at visual cortex (p < 0.05) and propagated them most widely to other 38 

brain regions (p < 0.05).  39 

The FLSs of 700 cd/m2 flickering at 32 Hz entrained gamma rhythms worse in the 40 

visual cortex of the older adults whose FA of left posterior thalamic radiation was low than in 41 

those whose FA of left posterior thalamic radiation was not low (p < 0.05). In addition, the sGC 42 

of gamma rhythms from visual cortex to temporal and frontal regions was significantly 43 

associated with the FA of middle and superior longitudinal fasciculi (p < 0.05). Younger adults 44 
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showed more adverse effects to the FLSs of longer wavelengths (white and red) and stronger 45 

luminal intensity (700 cd/m2) compared to those with shorter wavelengths and weaker lumina 46 

intensities respectively (p < 0.05 for wavelength and p < 0.01 for luminal intensity). However, 47 

older adults showed comparable adverse effects between 700 cd/m2 and 400 cd/m2 and between 48 

white and red FLSs (p > 0.05), and their severity of adverse effects was milder than that in 49 

younger adults.  50 

Conclusion: In diurnal human, optimal flickering frequency for gamma entrainment was about 51 

20% lower than that in nocturnal mice. Although the FLSs of stronger luminal intensity and 52 

the longer wavelength may entrain gamma rhythms better, they may result in more and severe 53 

adverse effects. In older adults, white or red FLSs of 700 cd/m2 flickering at 32-34 Hz may be 54 

optimal for entraining and propagating gamma rhythms. Since gamma rhythms were not 55 

properly entrained by optimal FLS in the older adults whose microstructural integrity of the 56 

white matter tracts was impaired, the integrity of the white matter tracts involved in the 57 

entrainment and propagation of gamma rhythm should be measured and considered in 58 

determining the indication of gamma entrainment using visual stimulation. 59 

Keywords: gamma rhythm, entrainment, propagation, flickering light stimulation, white 60 

matter microstructural integrity, human, older adults 61 

Student number: 2017-26326 62 
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1. Introduction 1 

1.1 Background 2 

Electroencephalography (EEG) provides important information about neurobiological phenomena by 3 

reflecting the summation of excitatory and inhibitory postsynaptic electrical potential in cerebral cortex 4 

[1, 2]. EEG is known to produce when pyramidal neurons form a synchronous polarization by laminar 5 

arrangement in perpendicular to the cortical surface [1, 3]. The range of EEG is generally characterized 6 

by delta (1-4Hz), theta (4-7Hz), alpha (8-12Hz), beta (13-30Hz), and gamma (30-100Hz) [4]. Each EEG 7 

range is known to reflect the general functions of the brain. Delta waves are known to relate to decision 8 

making, relaxation, and sleep [5, 6]; theta waves to REM sleep, attention, emotion, awareness, and 9 

creativity [6, 7]; alpha waves to resting, visual input, awakeness, and memory maintenance [8-12]; beta 10 

waves to decision making, awakeness, and logical thinking [6, 13]; and gamma waves to sensory 11 

processing, attention object perception, word encoding, the maintenance of relevant items in working 12 

memory, cross-modal semantic matching and short-term memory retention [14-21].  13 

Resting state and evoked EEG are known to change with advancing age. With advancing age, 14 

the powers of resting delta and theta waves decrease [22-26], those of resting alpha and beta waves 15 

remained stable [23, 26, 27], and that of resting gamma wave increases [27-29]. In contrast, the powers 16 

of evoked potential decrease with advancing age in all frequency bands including alpha, beta and 17 

gamma as well as delta and theta [28, 30-33](Table1). 18 

  Resting state and evoked EEG are known to change in neurodegenerative diseases [22]. 19 

Alzheimer disease (AD) is a neurodegenerative disease with widespread neuronal and synaptic losses 20 

and functional decline [34, 35]. In AD, with advancing disease severity, the powers of resting delta and 21 

theta waves increase while those of resting alpha, beta and gamma waves decrease [36-38]. These 22 

changes start earlier in the theta, beta and gamma waves in AD [36, 37, 39, 40]. The powers of evoked 23 

potential decrease in AD in all frequency bands[31, 41-44](Table2). In AD patients, the gamma waves 24 
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power were well correlated with the level of AD pathologies including amyloid beta accumulation and 25 

neurodegeneration [45, 46] as well as the scores of various cognitive tests including the California 26 

Verbal Learning Test, the Alzheimer's Disease Assessment Scale–Cognitive Subscale, the Mini Mental 27 

Status Examination (MMSE) and the Montreal Cognitive Assessment [47, 48]. In contrast to other 28 

mental disorders like schizophrenia in which the power of auditory evoked potential of low gamma 29 

band centered around 40 Hz was selectively reduced [49-51], the powers of evoked potential decrease 30 

in AD in all frequency bands including gamma band [41, 42]. AD patients showed delayed gamma 31 

rhythm response and reduced power and connectivity of the gamma rhythm response than healthy 32 

controls [52, 53], although such changes in evoked gamma rhythm were not replicated in some studies 33 

[45, 54] probably due to the unstable behavior of AD patients [45]. Most importantly, only evoked 34 

gamma waves were found to change the pathologies in animal models. Entrainment of gamma waves 35 

reduced amyloid beta accumulation and improved cognitive function [55-57] whereas entrainment of 36 

alpha and beta waves did not influence the level of amyloid beta accumulation or cognitive function 37 

[55, 58, 59]. Furthermore, entrained gamma waves were well propagated to other brain regions whereas 38 

entrained alpha and beta waves were not [60-62]. These are why gamma entrainment is proposed as a 39 

promising intervention for preventing AD and/or modifying the course of AD that may directly 40 

eliminate neuropathologies by modulating regional immune responses, not just improve symptoms by 41 

restoring functional connectivities between regions.  42 

In several exploratory trials, however, the therapeutic efficacy of gamma entrainment on 43 

cognitive function and/or amyloid beta accumulation has not been consistently replicated in humans 44 

with AD [63-65]. In a trial on six AD patients, 552–577 cd/m2 light flickering at 40 Hz for 120 minutes 45 

a day at home for 10 consecutive days failed to reduce amyloid burden in the primary visual cortex, 46 

visual association cortex, lateral parietal cortex, precuneus, and posterior cingulate [63]. However, this 47 

study did not examine whether their FLS properly entrained gamma rhythms in the participants, leaving 48 

it for future research to find whether FLS failed to entrain gamma rhythms or gamma entrainment failed 49 

to reduce the amyloid burden in humans. In the another trial on eight AD patients, 40 Hz mixed sensory 50 
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stimulation (~700 cd/m2 visual pulses and ~80 dB auditory pulses) administered for 60 minutes per day 51 

for three months succeeded in entraining gamma rhythm. However, this study did not examine the 52 

changes of amyloid beta deposition [65], leaving it for future research to find whether entrained gamma 53 

rhythms by sensory stimuli can reduce amyloid burden in human brain. In other trial on ten AD patients, 54 

40 Hz mixed sensory stimulation (197-200 cd/m2 visual pulses and 68 dB auditory pulses) administered 55 

for 60 minutes per day for two months succeeded in entraining gamma rhythm but failed to reduce 56 

cerebral amyloid deposition [64](Table3), leaving it for future research to find whether the 57 

characteristics and/or dosage of sensory stimulation were proper for entraining gamma rhythm strong 58 

and wide enough for reducing cerebral amyloid burden in humans. 59 

These conflicting results in the humans with AD may be attributable to a couple of key factors 60 

in addition to the limited sample sizes of the trials. First, the parameters of sensory stimulation employed 61 

in these trials may not be optimal for entraining gamma waves in human. For example, optimal 62 

frequency for entraining gamma waves in visual cortex was 30-50 Hz in cats [66], 45-55 Hz in monkeys 63 

[67, 68], and 35-45Hz [69, 70] in mice but 30-40Hz in humans [71, 72]. The frequency of higher than 64 

60Hz could not properly entrain gamma waves in humans [71, 73, 74]. In addition, the gamma range 65 

frequency that shows the strongest SSVEP response decreases by 0.1Hz every year in human [28], and 66 

the power of gamma waves entrained by a given visual stimulus in older adults was lower than that in 67 

younger adults [75]. Therefore, 40Hz that was optimal for entraining gamma waves in mice may not 68 

work properly in older humans. Likewise, the sensitivity and adverse responses to the intensity and 69 

color of visual stimuli may be different between diurnal animal like human and nocturnal animal like 70 

mouse [76-78]. Within humans, the sensitivity and adverse responses to the intensity and color of visual 71 

stimuli may also change with advancing age due to the age-associated changes in pupil, lens and retina 72 

[79, 80]. Second, even though the parameters of visual stimuli are optimized for entraining gamma 73 

waves in older adults, the entrainment and propagation of gamma waves may not be uniform between 74 

individuals because the structural integrity of brain may vary significantly between individuals 75 

particularly in late life. With advancing age, microstructural integrity of white matter (WM) decreases 76 
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[81-83]. White matter hyperintensity (WMH) which increases with advancing age [84] and is more 77 

prevalent in AD compared to normal controls [85] may impair the microstructural integrity of WM tract 78 

differentially between individuals. The WM integrity influences not only the coherence of resting 79 

gamma waves [86, 87] but also the entrainment and propagation of gamma waves [40, 88-90].   80 

Gamma waves can be entrained by both visual or auditory stimuli and the central gamma 81 

frequency is different between visual and auditory cortices. In humans, auditory stimuli evoked the 82 

gamma waves of approximately 40Hz in the temporal cortex [49-51, 91-95]while visual stimuli evoked 83 

the gamma waves of 32-40Hz in visual cortex [96, 97]. Although gamma waves entrained by auditory 84 

stimuli propagated to frontal and central regions [49, 98] those entrained by visual stimuli propagated 85 

to the wider brain regions [62]. The duration of evoked potentials induced by 40Hz visual stimuli was 86 

also twice as long as that induced by 40Hz auditory stimuli in humans [99](Table4). The gamma 87 

entrainment by visual stimuli reduced synaptic loss and amyloid beta accumulation broadly from 88 

posterior to frontal cortices while that entrained by auditory stimuli only did locally in the auditory 89 

cortex in mice [56, 57]. Furthermore, hearing loss is quite prevalent in AD patients [100, 101], which 90 

may considerably limit the applicability of gamma entrainment using auditory stimuli. Therefore, in 91 

AD patients, it may be better to use visual stimuli than auditory stimuli for entraining gamma waves.  92 

 93 

1.2. Purposes 94 

We conducted this study under two purposes. First, we investigated the optimal parameters (color, 95 

intensity, and frequency) of visual stimuli for entraining gamma waves in visual cortex and 96 

propagating them to other target brain regions such as temporal and frontal corticies in older adults. 97 

Second, we investigated the influence of WM microstructural integrity on the entrainment and 98 

propagation of gamma waves using visual stimuli in older adults. To achieve these two purposes, we 99 

conducted two studies as below. 100 

1) In the study 1, we investigated the optimal parameters of flickering light stimulation (FLS) for 101 
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gamma entrainment in healthy younger adults (sub-study 1) and older adults (sub-study 2).  102 

2) In the study 2, we investigated the association of the fractional anisotropy (FA) of WM tracts with 103 

the event-related synchronization of gamma waves entrained in visual cortex and the spectral 104 

Granger causality of the gamma wave connectivity from visual cortex to temporal and frontal 105 

corticies.  106 
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2. Methods 107 

2.1. Study design 108 

The study 1 consisted of two sub-studies (the sub-study 1 [SS-1] and the sub-study 2 [SS-2]). The SS-109 

1 consisted of two experiments (the experiment 1 [EXP-1] and the experiment 2 [EXP-2]). We examined 110 

the optimal color, intensity, and frequency of FLS for entraining gamma rhythms in younger and older 111 

adults in the study 1 (Figure 2 and Figure 3), and the effect of WM microstructural integrity on the 112 

gamma entrainment by the FLS with optimal parameters in the older adults in the study 2. We instructed 113 

participants not to drink alcohol 24 hours before all experiments and fast for at least two hours before 114 

all experiments. 115 

 116 

2.1.1. Study 1. Investigation on the optimal parameters of FLS for gamma 117 

entrainment in humans 118 

The SS-1 on younger adults consisted of two separate experiments and the SS-2 consisted of one 119 

experiment. In both sub-studies, each experiment consisted of a 5-minute resting phase for recording 120 

resting-state EEG (rsEEG) and four experimental sessions for recording steady-state visually evoked 121 

potentials (SSVEP). Considering the washout between stimuli, we set the break between sessions to 122 

180s [102-104]. All intervals between the resting phase and the four experimental sessions were three 123 

minutes. Each session consisted of 10 blocks, and each block consisted of 10 FLS trials of a given color, 124 

intensity, and frequency. A 10-second break was placed before and after each block. Each FLS was 125 

presented for 2 s, and the inter-FLS interval was randomly given from 3–6 s (4.5 ± 1.5 s). After each 126 

session, we asked participants to rate the severity of six adverse effects of FLS (fatigue, headache, 127 

dizziness, dazzling, asthenopia, and ocular pain) using a 7-point Likert-type scale from 0 (not at all) to 128 

6 (extremely severe). 129 

In the SS-1, the FLS frequencies in each block were one of the ten frequencies from 32 to 50 130 

Hz with a 2-Hz interval, and the order of FLS frequency of the 10 blocks was random. In the EXP-1, 131 
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the color of 10 cd/m2 FLS in the first session was always white, and those of the following sessions 132 

were randomly assigned among other colors (red, green, blue). In the EXP-2, the intensity of white FLS 133 

in the first session was always 10 cd/m2, and those of the following sessions were randomly assigned 134 

among other intensities (100, 400, 700 cd/m2). Considering the washout between stimuli, we set the 135 

break between sessions to 180s. Experiments were separately conducted twice for each participant, and 136 

the inter-experiment intervals were 7–10 days. 137 

In the SS-2, the flickering frequencies of FLS in each block were one of the five frequencies 138 

from 32 to 40 Hz with a 2-Hz interval, and five randomly ordered frequencies were assigned twice. We 139 

simultaneously investigated FLS color and intensity. Each session had one of four FLS sources: 400 140 

cd/m2 white FLS, 700 cd/m2 white FLS, 400 cd/m2 red FLS, and 700 cd/m2 red FLS. Considering the 141 

washout between sessions, we set the break between sessions to 180s. 142 

  143 

2.1.2. Study 2. Investigation on the effect of WM microstructural integrity 144 

on the gamma entrainment by FLS in humans 145 

We obtained the fractional anisotropy (FA) of WM of the older participants in the SS-2 from the 146 

diffusion tensor images (DTI) acquired using a 3.0 Tesla Achieva Scanner (Philips Medical Systems; 147 

Eindhoven, NL). We employed a DTI-DwiSE sequence (echo time = 49 ms; repetition time = 5165 ms; 148 

axial-plane acquisition matrix size = 112 × 112 mm; slice thickness = 2 mm; acquired voxel size = 2.00 149 

× 2.00 × 2.00 mm; and flip angle = 90°), and acquired a baseline image (b = 0) and 14 different diffusion 150 

orientations with a b-value of 1000 s/mm2. Then we investigated the associations of FA of WM with the 151 

strength and propagation of gamma rhythms entrained by FLS.  152 

 153 

2.2. Participants 154 

2.2.1. Study 1. Investigation on the optimal parameters of FLS for gamma 155 
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entrainment in humans 156 

In the SS-1, we enrolled 19 young healthy and cognitively normal volunteers (11 men and eight women) 157 

aged 19 – 31 years old (24.1 ± 3.6 years old) to investigate the optimal FLS parameters for gamma 158 

entrainment in healthy younger adults. Among them, we included 16 participants (nine men and seven 159 

women; 24.0 ± 3.7 years old) in the final analysis after excluding three participants (one due to severe 160 

glare and other two due to excessive electromyogram [EMG] noise in their EEG). In the SS-2, we 161 

enrolled 46 healthy and cognitively normal volunteers (22 men and 24 women aged 65 – 76 years old 162 

(69.9 ± 2.3 years old) to investigate the optimal FLS parameters for gamma entrainment in healthy older 163 

adults. Among them, we included 35 participants (17 men and 18 women; 70.0 ± 2.4 years old) in the 164 

final analysis after excluding 11 participants (three due to withdrawal of their consents and eight due to 165 

excessive EMG noise in their EEG). 166 

All participants of the two experiments had a normal or corrected-to-normal vision and normal 167 

hearing. They had no current or previous history of major psychiatric or neurological disorders. The 168 

characteristics of the participants are summarized in Table 5.  169 

 170 

2.2.2. Study 2. Investigation on the effect of WM microstructural integrity 171 

on the gamma entrainment by FLS in humans 172 

Among the 35 older adults who were included in the final analysis of the SS-2 of the Study 1, we 173 

included 26 participants (11 men and 15 women; 69.8 ± 2.3 years old) who completed diffusion 174 

weighted magnetic resonance imaging and showed the signal to noise ratio (SNR) at occipital region 175 

(POz, Oz, O1, O2) of above 1.5 at the occipital region. We defined SNR as the ratio of power of the 176 

SSVEP at the stimulated frequency to the mean power of the background noise ranging from 1~60Hz 177 

from 501 ms to 2000 ms after FLS onset [105, 106]. Their characteristics are summarized in Table 5.  178 

 179 

2.2.3. Clinical evaluation of the participants 180 
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In the SS-1 of the Study 1, we evaluated the presence of psychiatric or neurologic disorders in the 181 

younger participants by history taking only. In the SS-2 of the study 1 and the study 2, geriatric 182 

psychiatrists evaluated the presence of psychiatric or neurologic disorders in the older participants 183 

through face-to-face standardized diagnostic interviews, physical and neurologic examinations, and 184 

laboratory tests using the Korean version of the Consortium to Establish a Registry for Alzheimer's 185 

Disease Assessment Packet [107] and the Korean version of the Mini International Neuropsychiatric 186 

Interview [108]. Ophthalmologists confirmed that all participants were free from eye diseases to be 187 

excluded from this study by the forced visual activity test, slit lamp examination, fundoscopy and optical 188 

coherence tomography.  189 

 190 

2.3. Research ethics 191 

All participants provided written informed consent to participate in each study by themselves. The 192 

protocols of the substudies were approved by the Institutional Review Board of the Seoul National 193 

University of Bundang Hospital (B-1904-534-303, B-1809-493-004, and B-1809-493-004). 194 

 195 

2.4. FLS  196 

We delivered the FLS to each participant using a pair of white organic light-emitting diode (OLED) 197 

panels (4.7 cm × 4.7 cm; color temperature 3000K; LG Display Co., Ltd., Seoul, Korea) attached to an 198 

eyeglass. We measured the voltage-luminance (light intensity) characteristics of OLED panels using a 199 

calibrated spectroradiometer (CS2000, Konica-Minolta Inc. Tokyo, Japan) at voltage-controlled mode 200 

using a precise source measurement unit (Keithley 2400, Tektronix Inc., Beaverton, OR, USA). The 201 

distance between OLED panel and the cornea was assumed to be about 2 cm. The subtended angle seen 202 

by the center point of cornea for the middle points of edges and the vertex point of OLED panel were 203 

1.73 and 2.06 radians, respectively. 204 

We drove the OLED panels with a square rhythm using a function generator (TG 5012A, Aim 205 

& Thurlby Thandar Instruments, Huntingdon, Cambridgeshire, UK) with 100% modulation depth and 206 
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50% duty cycle. We controlled the error of voltage fluctuation under 5 mV. The corresponding error of 207 

luminance was estimated to be less than 5%.  208 

We changed the color of FLS by placing an optical color filter (KODAK WRATTEN 2, 209 

Eastman Kodak Company; No. 25 for red, No. 58 for green, and No. 47 for blue). White, red, green, 210 

blue, and white colors had their peak wavelengths at 610 nm, 700 nm, 530 nm, and 440 nm, 211 

respectively. 212 

We changed the intensity and frequency of FLS by modulating the amplitude and frequency 213 

of the square rhythm using an in-house LabVIEW program (National Instruments Corporation, Austin, 214 

TX, USA). We changed the intensity of FLS by modulating the supply voltage of the OLED. In the sub-215 

study 1 of the study 1, we achieved the intensity of 10 cd/m2 by supplying 7.19 V, 7.25 V, 7.99 V, and 216 

7.04 V in red, green, blue, and white FLS, respectively. In the SS-1 of the study 1, we achieved the 217 

intensities of 100 cd/m2, 400 cd/m2, and 700 cd/m2 by supplying 7.38 V, 7.71 V, and 7.91 V respectively 218 

in white FLS. In the SS-2 of the study 1 and the study 2, we achieved the intensities of 400 cd/m2 and 219 

700 cd m2 by supplying 7.71 V, and 7.91 V respectively in white FLS and 8.31 V and 8.72 V respectively 220 

in red FLS.  221 

We provided the FLS of 10 distinctive flickering frequencies (32 Hz, 34 Hz, 36 Hz, 38 Hz, 40 222 

Hz, 42 Hz, 44 Hz, 46 Hz, 48 Hz, and 50 Hz) in the SS-1 of the study 1, and five distinctive flickering 223 

frequencies (32 Hz, 34 Hz, 36 Hz, 38 Hz, and 40 Hz) in the SS-2 of the study 1 and the study 2.  224 

 225 

2.5. Recording, preprocessing and analysis of EEG 226 

We recorded EEG with 64 Ag-AgCl electrodes on elastic caps (Easycap, EASYCAP GmbH, Munich, 227 

Germany) according to the extended International 10–20 System. FCz was the reference electrode. We 228 

used the forehead for the ground electrode, and below and above the left eye to record an EMG by 229 

attaching a pair of electrodes. We maintained electrodes at an impedance of 10 kΩ or less during the 230 

entire recording. A 24-bit ActiCHamp DC amplifier and BrainVision Recorder (Brain Products Gmbh, 231 

Gliching, Germany) amplified and stored the recorded EEG signal. The sampling rate was 1,000 Hz. 232 
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EEG recording did not apply online filters. We delivered the stimulus markers from the FLS control 233 

system and synchronized with the recording rsEEG 234 

We preprocessed and analyzed procedures using MATLAB (The MathWorks Inc., Natick, MA, 235 

USA), EEGLAB [109], and BSMART [110] toolbox. We filtered recorded signals with a 1-Hz high-236 

pass finite impulse response filter and a 60-Hz notch filter and then applied it to a common average 237 

reference. We did an independent component analysis to remove eye blinks and other ocular artifacts 238 

from the EEG signal.  239 

After preprocessing, we segmented 5-min resting state EEG (rsEEG) recordings into 1,500-240 

ms epochs, and then randomly selected 20 artifact-free epochs from them. We obtained a 4,000-ms 241 

epoch from 1,000 ms before each FLS onset to 1,000 ms after each FLS offset, resulting in twenty 242 

4,000-ms epochs of each frequency. For the spectral Granger Causality (sGC) analysis, we obtained 243 

1500 ms from 501 ms to 2000 ms from each 4000-ms epoch. 244 

We calculated frequency spectrums of each rsEEG epochs using the fast Fourier transform 245 

algorithm. We accumulated and averaged over time for each epoch with the estimated frequency 246 

spectrums. We measured the absolute and relative rsEEG powers of all frequency bands from delta to 247 

high gamma at each electrode. 248 

To find the optimal color, intensity, and frequency of FLS for entraining gamma rhythms in 249 

human, we analyzed the spectral power change of EEG induced by FLS using event-related spectral 250 

perturbation (ERSP) in each block. We calculated the time-frequency spectrum in each epoch and 251 

normalized the spectrum by dividing the average power of pre-stimulus intervals. We calculated the 252 

ratio of the spectral power of EEG during FLS to the spectral power during the pre-FLS interval for 253 

each FLS. To get a normalized averaged spectral power change induced by a given color, intensity, and 254 

frequency of FLS, we calculated the event-related desynchronization/event-related synchronization 255 

(ERD/ERS) value by averaging the ratios of the spectral power of EEG of a given FLS frequency from 256 

20 FLS trials (SS-1: 10 FLS per session*2 visit, SS-2: 20 FLS per session; total 400trials). We also 257 

calculated the time-associated change of power spectrum by averaging ERSP of 11 successive, non-258 



12 

 

overlapping, 250- ms subwindows from 250 ms before FLS onset to 2,500 ms after FLS onset in each 259 

block (T0-T10). T0 (-250-0 ms) represents the time windows right before FLS onset, and T9 (2,000-260 

2,250 ms) and T10 (2,250-2,500 ms) represent the time windows right after FLS offset. Then, we 261 

compared ERS between these 11 blocks to confirm FLS entrained gamma rhythm. We used the average 262 

ERS during FLS (T1-T8) in the analyses on the effects of FLS intensity, color, and frequency on gamma 263 

entrainment. We chose Pz as the representative channel of the posterior region and chose Fz as the 264 

representative channel of the anterior region to be Fz for examining the universal SSVEP response [74, 265 

111]. 266 

To examine whether gamma rhythms entrained in the occipital cortex propagate to other brain 267 

areas, we compared the sGC of gamma rhythms during FLS to that in the resting state. We calculated 268 

sGC for all possible electrode pairs and averaged each FLS frequency in each session. We set the time 269 

lags to 75 samples for calculating sGC [112]. We compared the mean sGC of the 20 1,500-ms epochs 270 

from rsEEG with that of 20 1,500-ms epochs from SSVEP during FLS. Since EEG of each FLS 271 

condition had different pairs of significant connections between electrodes, we employed graph theory 272 

measures to compare the network structures quantitatively between conditions of FLS intensity, color, 273 

and frequency [113, 114]. We compared the number of edges where sGC of parietooccipital to 274 

frontotemporal connection significantly increased after FLS compared to rsEEG. 275 

We investigated the propagation of entrainment with sGC by designating the following regions: 276 

occipital (POz, Oz, O1, O2), temporal (left, FT7, T7, TP7, TP9; right, FT8, T8, TP8, TP10), central 277 

(left, FC5, FC3, C5, C3, CP5, CP3; right, FC4, FC6, C4, C6, CP4, CP6), frontal regions (left1-left fore 278 

of middle to inferior frontal region : AF7, AF3, F7, F5; left2-left rear of middle to inferior frontal region : 279 

F7, F5, FC5, FC3; right1-right fore of middle to inferior frontal region AF4, AF8, F6, F8; right2-right 280 

rear of middle to inferior frontal region F6, F8, FC4, FC6) [115-117]. We calculated connectivity from 281 

occipital to temporal, central, or frontal regions using these regions. Then we chose Oz as the 282 

representative channel of the occipital region to investigate the association of WM tract microstructural 283 
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integrity and entrainment, since Oz is considered a direct entrainment signal from the occipital region 284 

[118, 119].  285 

 286 

2.6. Acquisition, preprocessing and analysis of DTI 287 

We conducted DTI parameter acquisition using FMRIB Software Library (FSL 6.0)[120] to acquire 288 

fractional anisotropy (FA) of the white matter tracts of desired region of interests (ROIs). First, we 289 

converted DTI Digital Imaging and Communication in Medicine (DICOM) volumes to NIfTI format 290 

and extracted the brain using 'bet' function and the baseline image using 'fslroi' function on FSL. We 291 

then corrected the inhomogeneity using eddy current function to arrange the distortion and movement. 292 

We created subject's FA map using ‘dtifit’ function on FSL. We registered subject's FA map into the 293 

FMRIB58_FA standard-space and used this transformation to register regions of interest (ROI) defined 294 

in that standard space [121, 122] back to each subject's space. Finally, we transformed the ROIs into 295 

diffusion space of each subject with 20 % of probability threshold applied. Then we acquired mean 296 

value of FA within each ROIs. 297 

Using the FSL atlas tool, we defined four ROIs that may play key roles in the entrainment and 298 

propagation of gamma rhythms. Using ‘JHU DTI-based white-matter atlases’ [123] , we defined the 299 

posterior thalamic radiation (PTR) which are distributed from the lateral geniculate nucleus (LGN) to 300 

primary visual cortex. PTR may play a key role in entraining gamma rhythms in visual cortex. Using 301 

‘XTRACT HCP tract atlases’ [124], we defined left and right middle longitudinal fasciculus (l-MLF 302 

and r-MLF), which are distributed from the occipital area to the temporal area. MLF may play a key 303 

role in propagating gamma rhythms entrained in visual cortex to temporal lobe. In addition, we defined 304 

left and right superior longitudinal fasciculus (l-SLF 2 and r-SLF 2; l-SLF 3 and r-SLF 3). SLF 2 is 305 

distributed from the parietooccipital area to the middle frontal area, and SLF 3 is distributed from the 306 

parietooccipital area to the inferior frontal area. SLF may play a key role in propagating gamma rhythms 307 

entrained in visual cortex to frontal lobe (Figure 4). 308 
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2.7. Statistical analyses  309 

We examined the mean and standard deviation of the continuous variables of demographics of subject 310 

groups in the study 1 and the study 2. 311 

In the study 1, we analyzed the effect of FLS parameters on entrainment and propagation. In 312 

the EXP-1 of the SS-1 on the younger adults, we examined the effect of the time window of ERS, FLS 313 

color, and FLS frequency on the changes of gamma rhythm associated with FLS using repeated 314 

measures analysis of variance (rmANOVA) with the Greenhouse-Geisser non-sphericity correction and 315 

Bonferroni post hoc comparisons in Pz and Fz. In the EXP-2 of the SS-1 on the younger adults, we 316 

examined the effect of the time window of ERS, FLS intensity, and FLS frequency on the changes of 317 

gamma rhythm associated with FLS using rmANOVA with the Greenhouse-Geisser non-sphericity 318 

correction and Bonferroni post hoc comparisons in Pz and Fz. Additionally, in the EXP-2 of the SS-1 319 

on the younger adults, we performed a paired t-test on twenty 1,500-ms epochs to compare the sGC of 320 

SSVEP during FLS and sGC of rsEEG, and to specify thresholds for constructing an adjacency matrix 321 

of a given FLS intensity and frequency using the edges that were found to be significantly different 322 

between rsEEG and SSVEP with false discovery rate (FDR) corrected p < 0.05. We then examined the 323 

effects of FLS intensity and frequency on the connection strengths during FLS using rmANOVA with 324 

the Greenhouse-Geisser non-sphericity correction and Bonferroni post hoc comparisons. In the SS-2 on 325 

the older adults, we examined the effect of the time window on ERS, FLS color, FLS intensity, and FLS 326 

frequency on the changes of gamma rhythm associated with FLS using rmANOVA with the 327 

Greenhouse-Geisser non-sphericity correction and Bonferroni post hoc comparisons in Pz and Fz. 328 

Additionally, in the SS-2 on the older adults, we performed a paired t-test of twenty 1,500-ms epochs 329 

to compare the sGC of SSVEP during FLS and sGC of rsEEG, and to specify thresholds for constructing 330 

an adjacency matrix of a given FLS intensity and frequency using the edges that were found to be 331 

significantly different between rsEEG and SSVEP with false discovery rate (FDR) corrected p < 0.05. 332 

We then examined the effects of FLS color, intensity and frequency on the connection strengths during 333 

FLS using rmANOVA with the Greenhouse-Geisser non-sphericity correction and Bonferroni post hoc 334 
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comparisons. Both the SS-1 and the SS-2, we examined adverse effects (fatigue, headache, dizziness, 335 

dazzling, asthenopia, ocular pain) according to FLS color and intensity using repeated measures 336 

rmANOVA with the Greenhouse-Geisser non-sphericity correction and Bonferroni post hoc 337 

comparisons. 338 

In the SS-2 on the older adults, we examined the association between the rsEEG powers of all 339 

frequency bands with MMSE score using linear regression analyses adjusting for age. 340 

In the study 2, we compared the age and the SNR between the included and excluded 341 

participants using Student t-test. We examined the effect of the FA values of PTRs on the ERS of gamma 342 

rhythms entrained at Oz using multiple linear regression analysis with enter method. Then we compared 343 

the ERS of gamma rhythms entrained at Oz between the lowest quartile group of the PTR FA values 344 

with the rest quartile group of the PTR FA values using Student t-tests. In the current analyses, we 345 

employed the ERS at Oz for measuring the strength of gamma rhythms entrained by FLS because PTR 346 

fiber projects more to V1 than other visual cortex sub-regions [125] and Oz is right above the V1 region 347 

[118, 119]. 348 

We examined the effect of the FA values of MLFs and SLFs on the sGC of gamma rhythms 349 

connectivity from occipital (POz, Oz, O1, O2) to temporal (left, FT7, T7, TP7, TP9; right, FT8, T8, 350 

TP8, TP10), central (left, FC5, FC3, C5, C3, CP5, CP3; right, FC4, FC6, C4, C6, CP4, CP6) and frontal 351 

regions (left1, AF7, AF3, F7, F5; left2, F7, F5, FC5, FC3; right1, AF4, AF8, F6, F8; right2 F6, F8, FC4, 352 

FC6) using multiple linear regression analysis with enter method adjusting for the ERS at Oz. We also 353 

compared the sGCs of gamma rhythm connectivity between the lowest quartile group of the FA values 354 

of MLFs and SLFs with the rest quartile group of the FA values of MLFs and SLFs using Student t-355 

tests.  356 

For all analyses, we used SPSS in Windows version 20.0 (IBM Co., Armonk, NY, USA) and 357 

MATLAB (The MathWorks Inc., Natick, MA, USA) and considered 2-sided p value below 0.05 as 358 

statistically significant. 359 

360 
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3. Results 361 

3.1. Effects of the rsEEG band powers on cognitive function 362 

As summarized in Table 6, the relative power of resting low-low gamma (30 – 38Hz) was reversely 363 

associated with the MMSE score at Pz, Cz and Fz in older adults (β = -0.418, p = 0.014 at Pz; β = -364 

0.473, p = 0.007 at Cz; β = -0.404, p = 0.023 at Fz). However, the relative powers of rsEEG of other 365 

frequency bands were not associated with the MMSE scores. The absolute powers of rsEEG were not 366 

associated with MMSE scores at all frequency bands (Table 7).   367 

 368 

3.2. Entrainment and propagation of the gamma rhythms by FLS  369 

Spectral power of the SSVEP increased in fundamental and harmonic frequencies of FLS after FLS 370 

onset, lasted during the FLS, and diminished after FLS offset at both Pz and Fz in both the SS1 on 371 

younger adults (Figure 5) and the SS-2 on older adults (Figure 6). The averages of ERD/ERS in each 372 

time window after FLS onset were positive (ERS), indicating that the spectral power of SSVEP 373 

increased after FLS. During FLS, alpha band brain rhythms of 9 Hz ~ 13 Hz decreased both Pz and Fz 374 

(p < 0.001), but theta and beta band rhythms were not changed (p > 0.1). 375 

In the SS-1 on the younger adults, the main effect of the time window on ERS was significant 376 

in both experiments (F10, 150 = 31.145, p < 0.001 at Pz and F10, 150 =12.731, p < 0.001 at Fz, in the EXP-377 

1, Figure 7A; F10, 150 =134.172, p < 0.001 at Pz and F10, 150 = 50.869, p < 0.001 at Fz in the EXP 2, Figure 378 

7B). In response to FLS, high gamma band of 64 Hz ~ 100 Hz, which are harmonic frequencies of 32 379 

Hz ~ 50 Hz, also increased in response to the light stimulation of 32 Hz ~ 50 Hz at both Pz and Fz (p < 380 

0.001). In the SS-2 on the older adults, the main effect of the FLS time window on ERS was significant 381 

at both Pz and Fz (F10, 340 = 170.699, p < 0.001 at Pz and F10, 340 = 96.205, p < 0.001 at Fz, Figure 7C). 382 

ERS during FLS (T1 - T9) was higher than ERS before FLS (T0) and that after FLS (T10) at both Pz 383 
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and Fz. 384 

Since the spectral power of gamma rhythms was increased at both Pz and Fz, gamma rhythms 385 

entrained in primary visual cortex by FLS may be propagated to other brain regions including frontal 386 

lobe. The gamma rhythm entrained in the parietooccipital region was found to successfully propagate 387 

to the frontotemporal region. In the sGC analysis on the data from the EXP-2 of the SS-1 on younger 388 

adults (Figure 8A), parietooccipital-to-frontotemporal connectivity at 32–38 Hz for 400 cd/m2 FLS and 389 

at 34–40 Hz for 700 cd/m2 FLS showed significantly increased number of edges compared to rsEEG. 390 

In the sGC analysis on the data from SS-2 on older adults (Figure 8B), parietooccipital-to-391 

frontotemporal connectivity also showed significantly increased number of edges compared to rsEEG 392 

at all FLS frequencies, intensities, and colors. The connectivity of gamma rhythm increases significantly 393 

after FLS in parietooccipital-to-frontotemporal connection edges (FDR corrected p < 0.05).  394 

 395 

3.3. Effects of the FLS color on gamma entrainment and propagation 396 

In the EXP-1 of the SS-1 on the younger adults, the main effect of the FLS color on ERS was significant 397 

at the low FLS intensity of 10 cd/m2 (F3, 45 = 12.599, p < 0.001 at Pz and F3, 45 = 6.736, p < 0.01 at Fz, 398 

Figure 9A). ERS of gamma rhythms entrained by red or white FLS was higher than that entrained by 399 

green or blue FLS (p < 0.05 for white FLS; p < 0.01 for red FLS at Pz; p < 0.05 for both white and red 400 

FLS at Fz). ERS entrained by red or white FLS were comparable at both Pz and Fz (p = 0.117 at Pz; p 401 

= 1.000 at Fz).  402 

In the SS-2 on the older adults, ERS entrained by red or white FLS were comparable at both 403 

Pz and Fz at the high FLS intensity of 400 or 700 cd/m2 (F1, 34 = 0.003, p = 0.955 at Pz and F1, 34 = 1.306, 404 

p = 0.261 at Fz, Figure 9B). In addition, in the sGC analysis, the strengths of parietoocciptial-to-405 

frontotemporal connectivity was also comparable between red and white FLS with high FLS intensity 406 

of 400 or 700 cd/m2 (F1, 34 = 0.163, p = 0.689).  407 
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 408 

3.4. Effects of the FLS intensity on gamma entrainment and propagation 409 

In the EXP-2 of the SS-1 on younger adults, the main effect of the FLS intensity on ERS was significant 410 

(F3, 45 = 49.156, p < 0.001 at Pz and F3, 45 =17.742, p < 0.001 at Fz, Figure 10A). The ERS entrained by 411 

700 cd/m2 and 400 cd/m2 FLS was higher than that entrained by 100 cd/m2 and 10 cd/m2 FLS (p < 0.01 412 

for 400 cd/m2 FLS, p < 0.001 in 700 cd/m2 FLS at Pz; p < 0.001 in 400 cd/m2 FLS, p < 0.05 in 700 413 

cd/m2 FLS at Fz). However, the ERSs entrained by 700 cd/m2 and 400 cd/m2 FLS were comparable at 414 

both Pz and Fz (p = 0.970 at Pz; p = 1.000 at Fz). On the other hand, in the SS-2 on older adults, the 415 

ERS entrained by 700 cd/m2 was comparable to that entrained by 400 cd/m2 FLS at Fz but higher at Pz 416 

(F1, 34 = 0.773, p = 0.385 at Fz and F1, 34 = 10.536, p = 0.003 at Pz, Figure 10B). 417 

In the sGC analysis on the data from the EXP-2 of the SS-1 on younger adults, the main effect 418 

of the FLS intensity on the strength of the parietooccipital-to-frontotemporal connectivity was 419 

significant (F1, 15 = 10.306, p < 0.001, Figure. 11A). The strength of connectivity entrained by 700 cd/m2 420 

FLS was higher than that entrained by 400 cd/m2 FLS. In the sGC analysis on the data from the SS-2 421 

on older adults, the main effect of the FLS intensity on the strength of the parietooccipital-to-422 

frontotemporal connectivity was also significant (F1, 34 = 15.903, p < 0.001; Figure. 11B) The strength 423 

of connectivity entrained by 700 cd/m2 FLS was stronger than that entrained by 400 cd/m2 FLS (p < 424 

0.001).  425 

 426 

3.5. Effects of the FLS frequency on gamma entrainment and propagation 427 

In the SS-1 on younger adults, the fundamental and harmonic responses became weaker as the FLS 428 

frequency increased over 40 Hz in all colors (EXP-1) and intensities (EXP-2). In the EXP-2, the main 429 

effect of the FLS frequency was significant at both Pz and Fz (F9, 135 = 9.042, p < 0.001 at Pz and F9, 135 430 

= 6.492 p < 0.001 at Fz, Figure 12B). ERS was highest at 38 Hz, followed by 36 Hz and 34 Hz at Pz; 431 
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and was highest at 36 Hz, followed by 38 Hz and 34 Hz at Fz. Moreover, the interaction between the 432 

FLS frequency and intensity was also significant (F27, 405 = 5.514, p < 0.001 at Pz and F27, 405 = 1.794, p 433 

= 0.78 at Fz). ERS was highest at 36 Hz, followed by 38 Hz and 34 Hz for 400 cd/m2 FLS; and was 434 

highest at 38 Hz, followed by 36 Hz and 40 Hz for 700 cd/m2 FLS. However, in the EXP-1 with a low 435 

luminance intensity of 10 cd/m2 FLS, the main effect of FLS frequency (F9, 135 = 1.998, p = 0.131 at Pz 436 

and F9, 135 = 1.606, p = 0.154 at Fz, Figure 12A) and its interaction with the FLS color on ERS (F27, 405 437 

= 1.261 p = 0.269 at Pz and F27, 405 = 1.061, p = 0.396 at Fz) were not statistically significant.  438 

In the SS-2 on older adults, the main effect of the FLS frequency on ERS was significant at 439 

both Pz and Fz (F4, 136 = 9.584, p < 0.001 at Pz and F4, 136 = 17.453 p < 0.001 at Fz, Figure 12C). ERS 440 

of fundamental and harmonic responses became weaker as the FLS frequency increased from 32 Hz to 441 

40 Hz at both Pz and Fz. ERS was higher at 32 Hz and 34 Hz FLS than 38 Hz and 40 Hz at both Pz and 442 

Fz (p < 0.05 at Pz and p < 0.01 at Fz). The interaction between the FLS frequency and the FLS color 443 

was significant at Pz (F4, 136 = 3.383, p < 0.05). At Pz, under red FLS, ERS entrained by 32 Hz was 444 

higher than those entrained by 36 Hz or higher flickering frequencies (p < 0.05). However, under white 445 

FLS, ERS was comparably entrained at all flickering frequencies at Pz (p > 0.05). Such interaction was 446 

not found at Fz (F4, 136 = 0.692, p = 0.545). In addition, the interaction between the FLS frequency with 447 

the FLS intensity was not significant at both Pz and Fz (F4, 136 = 0.427, p = 0.781 at Pz and F4, 136 = 448 

0.226, p = 0.907 at Fz). 449 

In the sGC analysis on the data from the EXP-2 of the SS-1 on younger adults, the main effect 450 

of FLS frequency on the strength of the parietooccipital-to-frontotemporal connectivity was significant 451 

(F9, 135 = 34.982, p < 0.001, Figure 13A).  The strength of connectivity entrained by 34–38 Hz FLS was 452 

significantly stronger than that entrained by FLS of other frequencies (p < 0.05). In addition, its 453 

interaction with FLS intensity was also significant (F9, 135 = 20.591, p < 0.001). The strength of 454 

connectivity was strongest at 34 Hz, followed by 38 Hz and 36 Hz under 400 cd/m2 FLS (p < 0.05, 455 

Figure 13C) while strongest at 38 Hz, followed by 36 Hz and 40 Hz under 700 cd/m2 FLS (p < 0.01, 456 
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Figure 13D).  457 

In the sGC analysis on the data from the SS-2 on older adults, the main effect of FLS frequency 458 

on the strength of the parietooccipital-to-frontotemporal connectivity were significant (F4, 136 = 58.469, 459 

p < 0.001 for main effect, Figure 13B). The strength of connectivity entrained by 32 Hz FLS or 34 Hz 460 

FLS was stronger than that entrained by FLS of 36 Hz or higher (p < 0.001). However, in the older 461 

adults, the interaction between the FLS frequency and FLS intensity on the strength of connectivity was 462 

not significant (F4, 136 = 0.847, p = 0.479). In addition, the interaction between the FLS frequency and 463 

the FLS color on the strength of connectivity was not significant (F4, 136 = 3.106, p = 0.059), and the 464 

three-way interaction between FLS frequency, FLS intensity and FLS color was not significant either 465 

(F4, 136 = 1.042, p = 0.374).  466 

 467 

3.6. Effects of the microstructural integrity of WM tracts on the gamma 468 

entrainment and propagation 469 

The characteristics of the 26 participants are summarized in Table 5. The six participants excluded from 470 

the analyses on the effect of the WM microstructural integrity on the entrainment and propagation of 471 

gamma rhythms were all men and their ages were comparable to those of the 26 included participants 472 

(69.6 ± 2.65 years old versus 69.81 ± 2.39 years old, p = 0.868). The mean SNR of the included 473 

participants was (5.65 ± 3.08). However, the mean SNR of the excluded participants was below 0 (-474 

3.33 ± 2.59), indicating that gamma rhythms were not entrained at all by FLS in them.   475 

 In the linear regression analyses, the effects of the FA values of PTRs on the ERSs of gamma 476 

rhythms entrained at Oz were not significant in both hemispheres (p > 0.05, Figure 14). As Figure 14 477 

illustrates, the standardized regression coefficient between FA values of l-PTR and ERS at Oz was not 478 

statistically significant (β = 0.142, p > 0.05) and neither did the standardized regression coefficient 479 

between FA values of r-PTR and ERS at Oz (β = 0.016, p > 0.05).However, the lowest quartile group 480 
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of the FA value of l-PTR showed significantly lower ERS of gamma rhythms at Oz than the second-to-481 

highest quartile group of the FA value of l-PTR (t = 2.301, p < 0.05, Table 10), indicating that the 482 

microstructural integrity of PTRs may be important in proper entrainment of gamma rhythms in visual 483 

cortex.  484 

As shown in Figure 15 and Table 12, the higher the FA values of MLFs and SLFs, the more 485 

strongly the gamma rhythms entrained in occipital cortex were propagated to other brain regions. In the 486 

multiple linear regression analyses, the sGCs of occipital to temporal, central and frontal connectivities 487 

increased as the FA of the MLFs and SLFs increased after adjusting the ERS at Oz in both hemispheres 488 

(Table 11). In all multiple linear regression models, the sGCs of occipital to temporal, central and frontal 489 

connectivities significantly increased as the ERS of entrained gamma rhythms at Oz increased (p < 490 

0.001). In addition, in all multiple linear regression models, the standardized coefficient of the ERS of 491 

entrained gamma rhythms at Oz was higher than those of the FA values of MLFs and SLFs, indicating 492 

that the stronger entrainment of gamma rhythms at visual cortex may be also critical for propagating 493 

the entrained gamma rhythms to target brain regions. When the sGC values of the connectivities were 494 

compared between the lowest quartile group of the FA value of MLFs and SLFs and the second-to-495 

highest quartile group of the FA value of MLFs and SLFs, the lowest quartile group showed the lower 496 

sGC values than the second-to-highest quartile group in all connectivities and the differences were 497 

statistically significant in all connectivities in left hemisphere and occipito-frontal connectivities in right 498 

hemisphere (Table 12). These results indicate that microstructural integrity of the MLFs and SLFs may 499 

be important in proper propagation of gamma rhythms entrained in visual cortex to other target brain 500 

regions. 501 

 502 

3.7. Adverse effects 503 

In the EXP-1 of the SS-1 on younger adults, the severities of all adverse effects induced by low 504 

luminance intensity FLS of 10 cd/m2 were mild (< 3) under all FLS colors. However, the frequencies 505 
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of dazzling and asthenopia were different between the colors of FLS (F3,45 = 3.115, p < 0.05 for dazzling; 506 

F3,45 = 5.433, p < 0.05 for asthenopia, Table 8). Asthenopia was more common under the red and white 507 

FLS the than under the green FLS (p < 0.05). Dazzling was more common under red FLS and blue FLS 508 

with 2.6 and 2.3, respectively, than under white and green FLS with 1.9 and 1.4, respectively.  509 

In the EXP-2 of the SS-1 on younger adults, the severities of most adverse effects induced by 510 

white FLS was mild (< 3) under all FLS intensities. However, under 700 cd/m2 FLS the severities of 511 

dazzling and asthenopia were moderate to severe (> 3). The frequencies of fatigue, dazzling, asthenopia, 512 

and ocular pain were different between the FLS intensities (F3,45 = 47.003, p < 0.001 for dazzling; F3,45 513 

= 15.657, p < 0.001 for asthenopia; F3,45 = 7.847, p < 0.01 for fatigue; F3,45 = 9.226, p < 0.01 for ocular 514 

pain, Table 8). Dazzling, asthenopia, fatigue and ocular pain were more common under the FLS of 700 515 

cd/m2 than under the FLSs of other intensities (p < 0.05). Dazzling and asthenopia were more common 516 

under the FLS of 400 cd/m2 than under the FLS of 10 cd/m2 (p < 0.05). 517 

In the SS-2 on older adults, the severities of all adverse were mild (< 3) and comparable 518 

between colors and intensities (Table 9).  519 
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4. Discussions 520 

This study demonstrated that gamma entrainment and propagation are considerably influenced by the 521 

FLS color, intensity, frequency, and WM microstructural integrity in humans. FLS with the longer 522 

wavelengths such as white and red entrained and propagated gamma rhythms better than those with the 523 

shorter wavelengths such as green and blue. FLS with the stronger FLS intensity such as 700 cd/m2 and 524 

400 cd/m2 entrained and propagated gamma rhythms better than those with the weaker FLS intensity 525 

such as 100 cd/m2 and 10 cd/m2. White FLS of 700 cd/m2 best entrained and propagated gamma rhythm 526 

in both younger and older adults. Flickering at 34–38 Hz white FLS entrained stronger and spread 527 

gamma oscillations more widely than other FLS frequencies in younger adults, while FLS of 32 and 34 528 

Hz entrained stronger and spread gamma rhythm more widely than that of other higher FLS frequencies 529 

in older adults. In summary, White FLS of 700 cd/m2 flickering at 32–38 Hz entrained the gamma 530 

rhythms more strongly at visual cortex and propagated them more widely to other brain regions than 531 

those flickering at 40Hz or higher in humans. The older adults whose FA of left PTR was low showed 532 

higher ERS at the left visual cortex than those whose FA of left PTR was not low. The older adults with 533 

the higher FA of MLF and SLF showed higher sGC from visual cortex to temporal and frontal regions 534 

respectively. Adverse effects in younger adults were more common under the white and red FLS than 535 

under the green FLS, and with 700 cd/m2 intensity than other FLS intensity. However, in older adults, 536 

adverse effects on both FLS color and FLS intensity were comparable.  537 

In previous research, the powers of resting and evoked beta and gamma waves decrease in the 538 

early stage of AD [31, 36-43]. However, when entrained, only gamma waves could clear AD pathologies 539 

and improve cognitive function in AD-modeled mice [55-57]. Entrainment of alpha, beta and high 540 

gamma waves did not influence the level of amyloid beta accumulation or cognitive function [55, 58, 541 

59, 126]. Furthermore, entrained alpha and beta waves were not properly propagated to other target 542 

brain regions [60-62] While the correlation of resting gamma power/synchrony in healthy old adults 543 

with cognitive tests are yet to be known, in AD patients, the power of gamma waves was well correlated 544 
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with the level of AD pathologies [45, 46] and the scores of various cognitive tests [47, 48]. In line with 545 

these previous studies, MMSE score was associated with the relative power of resting gamma waves 546 

but not with those of other frequency bands (Table 6). These results indicate that in AD patients, not 547 

just by strengthening functional connectivity between brain regions, the decrease in the power of resting 548 

gamma may be involved in the decrease of cognitive function in AD and the restoration of gamma 549 

waves may improve cognitive function by directly clearing AD pathologies. Resting low gamma band 550 

power of frontal to parietal region seems to be related to higher-order cognitive functions [127-130]. 551 

The power of resting gamma waves of cognitively normal older adults whose Aβ standardized uptake 552 

value ratio (SUVR) is below threshold value [46] increases with advancing age. Therefore, the relative 553 

power of resting gamma waves showed a negative correlation with MMSE score in cognitively normal 554 

older adults in the current study. Nevertheless, in AD patients, the power and/or synchrony to external 555 

stimuli of gamma waves decreased with advancing amyloid beta deposition in AD patients [44-46, 53, 556 

65, 131, 132]. These are why entrainment of gamma, not that of other frequency bands, is employed as 557 

a potential therapeutic intervention for AD.  558 

Gamma entrainment using FLS consistently cleared AD pathologies in AD-modeled mice. [55-559 

57, 126] However, its effect was not consistently observed in AD patients [63-65]. This discrepancy in 560 

the effect of gamma entrainment using FLS between mice and humans may be attributable, at least in 561 

part, to the potential differences in optimal stimulation for gamma entrainment between mice and human. 562 

Sensitivity to visual stimuli may be considerably different between diurnal human and nocturnal mice. 563 

For example, visual contrast sensitivity decreased rapidly after 32Hz in humans while after 42Hz in 564 

mice [133-135]. Since the dim light of 150 cd/m2 for just one hour was enough to induce retinal 565 

neurodegeneration in mice [76, 77], the FLS applied to the AD-modeled mice in previous research may 566 

be relatively stronger than those applied to AD patients in previous clinical trials. Humans perceive 567 

visible long-wavelength light well, while mice are more sensitive to light with shorter wavelengths like 568 

ultraviolet, blue, and green [78]. Therefore, in humans, it may be more efficient to use lower flickering 569 

light frequency, longer wavelength light, and stronger light intensity than the light stimulus used in the 570 
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mice study. Previous research also found that low gamma waves can be more strongly entrained than 571 

high gamma waves in humans. The gamma waves entrained by the FLS of 30-40Hz were stronger and 572 

more widely propagated to frontal regions than the of 47-60Hz [61, 73, 74]. However, there was no 573 

previous study that compared the gamma entrainment between low-low gamma waves of 30-38Hz and 574 

low-high gamma waves of 40-48Hz. The current study clearly demonstrated that optimal frequency for 575 

gamma entrainment may be different between them. Previous research found that optimal frequency of 576 

visual stimuli for entraining gamma waves in humans was lower than those in other mammals [66-72]. 577 

In addition, the center frequency of gamma waves decrease by 0.1Hz every year in humans [28]. In line 578 

with these studies, in the current study, 32 - 34Hz was found to be optimal for gamma entrainment using 579 

FLS in older adults, which is about 15% - 20% lower than the frequency that was effective in mice. 580 

However, all previous clinical trials on AD patients employed a 40Hz FLS as an intervention. In our 581 

study, 40Hz FLS failed to entrain gamma waves in 39% of the older adults. All previous clinical trials 582 

on gamma entrainment were subject to limited statistical power due to small sample sizes (6 - 10 583 

participants). Employment of 40Hz FLS might have further reduced the power of the studies because 584 

gamma waves might not have been entrained in about only 4 - 6 participants.   585 

In our study on young adults, when the difference of FLS intensity of 400 cd/m2 and 700 cd/m2 586 

is disregarded and only frequency effect is considered, the numbers of nodes where the gamma rhythms 587 

in the occipital region were entrained by 34 Hz, 36 Hz, and 38 Hz FLS had 170%, 160%, and 210% 588 

more nodes and their strengths of connections were 220%, 230%, and 280% higher than those entrained 589 

by 40 Hz FLS, respectively. These results indicate that the visual SSVEP entrained by 34 - 38 Hz FLS 590 

may spread more strongly and widely than that by 40 Hz FLS when the intensity is ≥400 cd/m2. The 40 591 

Hz sensory modulations, which were employed in previous clinical studies on MCI and AD patients 592 

[63-65], failed to reduce AD pathologies. However, the failure could be attributed to them failing to 593 

entrain and propagate gamma rhythms to the frontal and temporal areas, or their lack of research on 594 

optimal conditions (light frequencies, light intensities, color, length of treatment period) to best entrain 595 
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and propagate gamma rhythm. Indeed, in our older adults study, the optimal frequency for inducing and 596 

propagating gamma entrainment was different from that in young adults.  597 

In older adults, 32 Hz or 34 Hz FLS entrained gamma rhythms were approximately 120% 598 

stronger at Pz and 140% stronger at Fz than 40 Hz FLS. In addition, 32 Hz and 34 Hz FLS entrained 599 

gamma rhythms at approximately 125% more nodes with approximately two times higher strength than 600 

40 Hz FLS. While in our study on young adults, 32 Hz FLS comparably entrained gamma rhythm to 40 601 

Hz FLS and 38 Hz FLS entrained gamma rhythms approximately 120% stronger at both Pz and Fz and 602 

at 210% more nodes with 280% higher strength than 40 Hz FLS. In short, the FLS frequency that 603 

entrained the strongest and most widely spread gamma rhythm was 32 Hz or 34 Hz in the older adults, 604 

while it was 36 Hz or 38 Hz in younger adults. Showing that the optimal FLS frequencies for entraining 605 

gamma rhythm in older adults were a bit lower than those in younger adults. Even within older adults, 606 

the optimal FLS frequency for entraining gamma rhythm of the older participants (> 70 yrs.) was found 607 

to be approximately 1.5 Hz lower than that of the younger (≤ 70 yrs.) participants in older adults study. 608 

These results indicate that optimal FLS frequency for entraining gamma rhythm may decrease with 609 

advancing age in humans.  610 

This age-associated decrease in the optimal FLS frequency for gamma entrainment may be 611 

attributable to the age-associated decrease in the center frequency of gamma rhythms in humans [28] 612 

[97]. According to Murty et al., center frequency gradually decreased with advancing age (0.16 Hz per 613 

year in high gamma range of 36 Hz or higher and 0.08 Hz per year in low gamma range below 36 Hz) 614 

[28]. If we employ these results to estimate the difference in the center frequency of gamma rhythm 615 

between the older adults study and the young adult study (69.9 ± 2.3 years versus 24.1 ± 3.6 years), and 616 

that between the older participants and younger participants of the older adults study (71.6 ± 1.8 years 617 

versus 67.9 ± 1.0 years), differences are 7.4 Hz and 0.5 Hz, respectively, in high gamma rhythm (≥ 618 

36Hz) and 3.7 Hz and 0.2 Hz, respectively, in low gamma rhythm (< 36Hz). Center frequency is the 619 

frequency where the power changes most in response to external visual stimulation [28, 68]. It increases 620 
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monotonically with increasing intensity of visual input such as visual contrast [136-139]and motion 621 

velocity [140, 141]. Contrast sensitivity to medium and high contrast and spatial frequencies seems to 622 

decrease with advancing age [142] which the lower contrast sensitivity may influence cortical excitation 623 

and consequently lower center frequency in the older population [143]. Center frequency is also 624 

positively correlated with GABA level in the visual cortex [97, 144] and increases with the increase of 625 

the tonic excitability of GABAergic inhibitory interneurons [145, 146], which is believed to generate 626 

gamma rhythms by regulating global excitatory-inhibitory balance in cortex (e.g. visual cortex) [147-627 

150]. Age-associated decrease in center frequency may be attributable to the age-associated decrease in 628 

the excitability of GABAergic inhibitory interneurons [97, 151]. According to related studies, with 629 

increasing age, glutamate decarboxylase (GAD) [152] and gamma-aminobutyric acid transporters (GAT) 630 

[153] decreases, could result in decrease in gamma-aminobutyric acid receptor (GABAR) [154] and 631 

functional degeneration of GABAergic neuron [155] . In addition, the level of GABA decreased in 632 

visual, sensory motor, frontal, and prefrontal cortices areas with advancing age in humans [156, 157], 633 

which may represent degradation of GABA inhibitory intracortical circuits [158-161], and may be the 634 

result of age-associated motion velocity and contrast sensitivity change. In short, GABAergic inhibitory 635 

neurons are seemingly affected by advancing age that likely leads to decrease in center frequency. 636 

In addition to the frequency of FLS, the color and the luminal intensity of FLS may also 637 

influence the entrainment of gamma waves in human, particularly in older adults. FLS with longer 638 

wavelengths induced stronger SSVEP than FLS with shorter wavelengths in humans [162, 163]. In 639 

humans, retinal cones are responsible for color vision, and long-wavelength sensitive cones are denser 640 

than medium and short-wavelength sensitive cones. The ratio of red, green, and blue cones in the retina 641 

is 11:5:1 [164, 165]. Therefore, lights with longer wavelengths reach a wider primary visual cortex area 642 

and may entrain gamma rhythms stronger than those with shorter wavelengths. In the current study, 643 

young adults that are ERS entrained by white FLS was comparable to that entrained by red FLS at Fz 644 

and Pz. However, Bieger and colleagues [166] reported that white FLS using white-black contrast 645 

showed a faster information transfer rate of SSVEP-based brain-computer interface than FLS using red, 646 
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green, or blue colors. Therefore, white FLS may entrain gamma rhythms as strong as or even better than 647 

red FLS if its contrast is optimized. In addition, as age increases, miosis and lenticular senescence [167, 648 

168] increase, and becomes difficult to distinguish between short-wavelength colors such as green and 649 

blue [169]. There is also a risk of stereotyped discomfort [166] or epileptic seizures [170] given by the 650 

red color. Therefore, since there was no statistical difference in the adverse effects felt by white and red 651 

FLS in both young and old adults, it is reasonable to choose white FLS as an optimal color condition 652 

for an effective entrainment in humans. Since all previous clinical trials employed white light, the lack 653 

of consistent results between them might have not been attributable to the color of FLS.   654 

FLS with high intensity or contrast was also found to induce stronger SSVEP than FLS with 655 

low intensity or contrast in humans [171-173]. In our study on young adults, the amplitudes of SSVEP 656 

entrained by 100 cd/m2, 400 cd/m2, and 700 cd/m2 FLS were 182%, 261%, and 278% higher than those 657 

entrained by 10 cd/m2 FLS at Pz and 204%, 312%, and 351% at Fz, respectively. Compared with the 658 

ERS entrained by 400 cd/m2 FLS, ERS entrained by 700 cd/m2 FLS was 107% and 112% stronger at 659 

Pz and Fz, respectively. The current study also demonstrated that stronger FLS could also entrain 660 

gamma rhythm more strongly and widely in older adults. Compared with the ERS entrained by 400 661 

cd/m2 FLS, ERS entrained by 700 cd/m2 FLS was 107% and 103% stronger at Pz and Fz, respectively. 662 

In addition, ERS entrained by 700 cd/m2 FLS was spread to 105% more nodes from the parieto-occipital 663 

region to frontotemporal region with 114% stronger connections than that entrained by 400 cd/m2 FLS.   664 

In addition, ERS entrained by 700 cd/m2 FLS was spread to 107% more nodes from the parieto-occipital 665 

region to frontotemporal region with 125% stronger connections than that entrained by 400 cd/m2 FLS. 666 

In line with our study, previous studies had shown that 1,000 cd/m2 FLS entrained 130% stronger 667 

SSVEP than 400 cd/m2 FLS [174] and 1,400 cd/m2 FLS entrained gamma rhythms more strongly and 668 

widely than 700 cd/m2 FLS [175] in younger adults, and 377 cd/m2 FLS entrained stronger gamma 669 

rhythm at both occipital and frontal electrodes than 192 cd/m2 FLS in healthy older adults [175]. 670 

Although it is not fully understood yet how stronger light entrains stronger SSVEP, higher-amplitude 671 

light energy may induce more changes in the electrochemical properties of retinal photoreceptors and 672 
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nerve conduction of visual pathways to induce stronger SSVEP [176].  673 

Even though the parameters of visual stimuli are optimized for entraining gamma waves in 674 

older adults, the entrainment and propagation of gamma waves may not be uniform between individuals 675 

because the impairment in the microstructural integrity of WM may be considerably different between 676 

AD patients [81-85]. Although microstructural integrity of WM influences not only the coherence of 677 

resting gamma waves [86, 87] but also the entrainment and propagation of gamma waves [40, 88-90], 678 

none of the previous clinical trials included the presence or severity of WMH in their 679 

inclusion/exclusion criteria for selecting participants nor adjusted them in their analysis on the effect of 680 

FLS on AD pathologies and/or cognitive function.   681 

EEG is known to be a measured superimposed dipole [177], and many consider pyramidal 682 

neurons in cortical layers to be a major part of measured EEG [178]; however many studies show 683 

functional connectivity of the brain is not only related to the cortical part of the brain, but also related 684 

to the white matter integrity [86, 87, 89, 179-184]. According to Pamela Douglas et al., white matter 685 

integrity can affect measured EEG through white matter axonal conduction [90]. In white matter 686 

neuronal axon bundles that are aligned parallel to the scalp are likely to affect measured EEG. The 687 

difference in intra and extracellular charge in the aligned axon allows dipoles to be formed. Another 688 

thing to take note of is the existence of myelination of axonal bundles [185]. Myelinated neurons' fast 689 

transduction speed (~2msec) [186] makes dipoles difficult to be superimposed, making reasonable un-690 

myelination a necessary condition [187]. It seems cortical U-fiber [188] and long distance cross fissural 691 

fascicles [189] are the likeliest candidates. These arguments are yet to be proven, but the connection 692 

between measured EEG and white matter integrity seem to be shown in a number of studies. Therefore, 693 

change in EEG is related to the alternation of white matter microstructural integrity. 694 

In particular, with aging, as the microstructural integrity of white matter fascicles and white 695 

matter in the frontal lobe, temporal lobe, parietal lobe, and occipital lobe decreases, [81-83] the power 696 

or synchronization of EEG decreased [86, 87, 89]. In the normal older adults group, FA, a measurement 697 
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used to determine the degree of neurodegeneration [190], of inferior fronto-occipital fasciculus, 698 

gamma/alpha EEG connectivity, and cognitive function performance have stronger positive correlations 699 

compared to younger adults [86, 87]. As a result, the relationship between FA and irrelevant information 700 

suppression function is mediated by gamma and alpha synchronization, explaining that reduced 701 

integrity leads to reduced synchrony between brain regions.  702 

Therefore, the entrainment and propagation of gamma rhythms may be also influenced by the 703 

microstructural integrity of related WM tracts. The PTR, one of the projected branches from 704 

thalamocortical radiations to primary visual cortex [191], plays a key role in delivering information 705 

from retina to visual cortex, and thus their microstructural integrity may be a prerequisite for entraining 706 

gamma rhythms in visual cortex using FLS. Most branches of the PTR project to the primary visual 707 

cortex [125, 192, 193], and neuronal activation of the terminal branches of the thalamocortical radiation 708 

that project to primary sensory cortex affects excitatory post synaptic potentials (EPSPs) and involves 709 

in EEG responses [194]. In previous research, FA values of the PTRs were associated with the visual 710 

fixation score [195] and visual processing speed [196]. In the current study, although the FA values of 711 

PTRs were not linearly associated with the ERS entrained by FLS, the lowest quartile group of the FA 712 

value of PTR showed significantly lower ERS than the second-to-highest quartile group of the FA value 713 

of PTR in left hemisphere, indicating that the microstructural integrity of PTR may influence the 714 

entrainment of gamma using visual stimuli. However, such difference was not observed in right 715 

hemisphere in the current study, suggesting that gamma entrainment by visual stimuli may be lateralized 716 

due to the structural lateralization of the PTR. It is not statistically significant that FA value of PTR left 717 

is larger than that of PTR right (t=0.241, p=0.812), but the difference seems to be reflected. Postnatal 718 

maturation based on ocular dominance reinforces the hemisphere asymmetry of the PTR [197]. Right 719 

handedness has been shown to accompany left lateralized language function [198, 199] and left ocular 720 

dominance [200, 201], and the 26 participants in the study 2 were all right handed. In human, left PTR 721 

showed larger volume [192, 198, 202], higher number of fibers, higher FA, and lower mean diffusivity 722 

[200] than right PTR. Leftward asymmetry of PTRs was also found in postmortem human brains [202]. 723 
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In addition, functional lateralization also could have influenced the gamma entrainment by FLS. Left 724 

visual cortex processes the visual stimuli of high frequency (approximately above 15Hz) faster than 725 

those of low frequency [203-205] Compared to right visual cortex, left visual cortex perceives high 726 

frequency stimuli more frequently in right handed people [206]. 727 

The MLFs and SLFs may play a key role in delivering information from visual cortex to other 728 

brain regions, and thus their microstructural integrity may be a prerequisite for propagating gamma 729 

rhythms in visual cortex entrained by FLS to other target brain regions such as temporal and frontal 730 

corticies. The MLFs that project from occipital area to temporal area [207] and SLFs that projects from 731 

parietooccipital area to middle frontal and inferior frontal area respectively [208] may influence brain 732 

rhythm propagated to the temporal/central and frontal area that was entrained by gamma rhythm [209].  733 

In the current study, the FA values of MLFs and SLFs were significantly associated with the sGC values 734 

of the connectivities between corresponding brain regions after adjusting for ERS at Oz, and the lowest 735 

quartile groups of FA values of MLFs and SLFs showed significantly lower sGC values in all 736 

connectivities in left hemisphere. Gamma rhythm forms long-distance connectivity [209] and related to 737 

structural connectivity [210, 211]. Therefore, understanding the importance of microstructural integrity 738 

in propagation of gamma rhythm entrainment from posterior region to frontal or temporal region could 739 

be a pivotal role in developing a treatment using gamma rhythm entrainment. We believe our study has 740 

shown the relation between white matter integrity and visual entrainment and propagation. Optimal FLS 741 

did work, but lower white matter integrity was related to less entrainment and propagation. This could 742 

mean that patients with damaged white matter will have less effect from the FLS treatment. In the older 743 

adults whose WM microstructural integrity is impaired, it is required to entrain gamma waves directly 744 

in target brain regions using transcranial magnetic stimulation, transcranial direct current stimulation, 745 

transcranial alternating current stimulation, or transcranial ultrasound stimulation  746 

SSVEP deficit is a failure of SSVEP induction, resulting in low SSVEP value [105, 106]. Thus, 747 

in order to use FLS as a treatment, it is necessary to first determine whether there is an SSVEP deficit 748 
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and present an optimized stimulus accordingly. Between the optimal and non-optimal conditions, 749 

optimal condition (White 700cd/m2 32Hz: 16%) has shown less SSVEP deficit compared to non-750 

optimal conditions (White 700cd/m2 40Hz: 39%). Considering normal populations (18~55 years) have 751 

shown ~35% of SSVEP deficit in gamma rhythm (34-40 Hz) [212], optimal conditions did effectively 752 

reduce the number of SSVEP deficits. Additionally, SSVEP deficit increases with age [30], while WM 753 

integrity decreases with age [84]; and since SNR, a determinant for SSVEP deficit, also increases as the 754 

FA of the PTR increases [213], the information on the level of WM integrity may be useful for FLS 755 

treatment by estimating the amount of SSVEP deficit from targeted patients. Therefore, the result from 756 

our study suggests that the use of optimal FLS conditions and individual white matter integrity 757 

information can be applied for AD patients in clinical application to determine and increase the 758 

effectiveness of the FLS treatment.  759 

For clinical application with FLS, determining and measuring adverse effects from FLS is an 760 

important step. In young adults, 700 cd/m2 FLS showed more adverse effects than 400 cd/m2 761 

FLS, and some of their adverse effects were moderate to severe. Although 400 cd/m2 entrained 762 

gamma rhythm slightly less than FLS 700 cd/m2 FLS, it was more tolerable and still able to 763 

propagate strong gamma rhythm beyond visual cortex. To ensure that gamma rhythm is 764 

properly entrained in target brain regions with tolerable adverse effects, it is important to 765 

choose an appropriate light intensity. In older adults, adverse effects on 700 cd/m2 FLS and 400 766 

cd/m2 FLS were mild and comparable between different intensities, and in a previous study with 10 767 

patients with AD, patients only experienced mild adverse effects with light intensity of approximately 768 

700 cd/m2 FLS [64]. On the other hand, unlike older adults, our study on younger adults had more 769 

common and severe adverse effects in 700 cd/m2 FLS compared with those in 400 cd/m2 FLS. Older 770 

adults being more tolerable to stronger light than younger adults may be the reason for this difference, 771 

and their tolerance may be due to an age-associated increase of miosis and lenticular senescence [167, 772 

168]. In both younger and older subjects, adverse effect for white and red color, which strongly 773 
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entrained gamma rhythm, were comparable. Therefore, considering all the adverse effect, 700 cd/m2 774 

with white color seems to be the optimal stimulus conditions for clinical application. Furthermore, we 775 

were able to investigate the gamma entrainment by FLS of 32, 34 Hz and successfully propagated 776 

gamma rhythm to the frontal and temporal areas, using optimized FLS without any additional sensory 777 

stimulus may be effective to reduce AD pathologies. 778 

Several previous studies employed auditory stimulation alone or in combination with visual 779 

stimulation to entrain gamma waves [57, 64, 65]. However, they failed to clear AD pathologies the 780 

brain regions other than auditory cortex using auditory stimulus alone [49, 51, 57]. In contrast, visual 781 

stimuli could clear AD pathologies in frontal and temporal cortices as well as visual cortex [56, 59]. 782 

Gamma waves entrained by visual stimuli lasted twice as long as those entrained by auditory stimuli 783 

[99]. Moreover, senile deafness increased in the adults aged 70 years or older [214] and central auditory 784 

processing disorder that interferes the recognition of complex sounds was more prevalent in MCI [100, 785 

101, 214]. Therefore, visual stimuli are far more effective and widely applicable than auditory stimuli 786 

in entraining gamma waves in older adults, particularly in those with AD. 787 

This study has several limitations. First, as mentioned above, the participants were healthy 788 

volunteers. Optimal FLS intensity or frequency in patients with AD may be different from those in 789 

healthy older adults. For instance, patients with AD showed smaller pupillary diameter than healthy 790 

older controls [215, 216], and Aβ microaggregates in the lens may induce fluctuation of refractive index 791 

increasing light scattering effect [217, 218]. In addition, comparing microstructural integrity between 792 

healthy subjects may be not enough in finding the relationship of entrainment, propagation and 793 

microstructural integrity as their difference in integrity value is miniscule to find a comparison. Second, 794 

optimal FLS intensity and frequency for entraining gamma rhythm might be different between 795 

individuals since the center frequency of gamma rhythm [28, 219] and the degree of miosis [220] and 796 

lens senescence [221] could be different between individuals. Third, the effects of FLS on cognitive 797 

performance or cerebral amyloid deposition were not examined. Fourth, the change of spontaneous 798 
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gamma by gamma entrainment and its relation with cognitive improvement are yet to be found; 799 

therefore, further research should study the effect of gamma entrainment on spontaneous gamma and 800 

the relation of changed spontaneous gamma with cognitive function. Fifth, due to volume conduction, 801 

the source signal will be spread out in the scalp making measured EEG not a direct measurement of the 802 

microstructural change of selected white matter ROI. In order to accurately determine the degree and 803 

effect of lateralization of microstructural integrity, it is necessary to conduct functional brain imaging 804 

studies in a follow-up study. Sixth, the sample size was small and subject to limited statistical power. 805 

Lastly, the long term effect of FLS was not examined in this study. Gamma entrainment by short 806 

duration FLS is believed to build up to eventually induce pathophysiological change in AD patients. 807 

Therefore, future study should apply these optimal parameters to find the pre post pathophysiological 808 

change and the effect of prolonged entrainment by the long term FLS stimuli for AD patients. 809 

For further research, the limitation of individual difference needs to be addressed using 810 

customized sensory stimulation based on their white matter and center frequency. In addition, patients 811 

with enough microstructural brain damage is needed for elaborating a relationship between connectivity, 812 

functionality, and brain integrity. Gathering amyloid deposition and cognitive performance pre-post 813 

experiment should also be considered. Our study also cannot confidently relate ROI’s with measured 814 

EEG due to the innate volume conduction property of EEG, therefore, doing a source analysis could 815 

solidify future arguments. 816 

Despite these limitations, the current study reported the optimal visual stimulation parameters 817 

for gamma entrainment and the effect of WM microstructural integrity on the entrainment and 818 

propagation of gamma rhythms in older humans for the first time. We believe these results may 819 

contribute to improving efficacy of gamma entrainment using sensory stimuli and to specifying optimal 820 

therapeutic indications of gamma entrainment.   821 
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5. Conclusions 822 

This study provides the optimal FLS conditions to most effectively induce gamma entrainment 823 

in humans. In human, gamma rhythms were more strongly entrained and widely propagated by 824 

FLSs with the higher luminal intensity and the longer wavelengths, which has never been 825 

investigated in animals. Compared to mice, gamma rhythms were more strongly entrained and 826 

widely propagated by FLSs with lower flickering frequency in humans. In addition, 827 

microstructural integrity of WM tracts played a pivotal role in delivering gamma rhythms 828 

entrained at visual cortex by FLS to other brain regions. These results are significant in that 829 

they provide the key evidence for developing gamma entrainment using visual stimulation as 830 

a new non-invasive intervention for preventing AD or modifying the course of AD and for 831 

designing clinical trials on the efficacy of gamma entrainment on AD properly. 832 
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Table 1. Summary of studies of EEG spontaneous/evoked power changes in aging 

 

 

 

 Frequency band Measured EEG Power(𝛍𝑽𝟐)  Reference 

Aging Delta (1-4Hz), spontaneous Decrease Jeong, J.,2004 [22] 

Jelic, V., et al., 2000[23] 

 evoked Decrease Rossini, P.M., et al.,2007[31] 

Güntekin, B. and E. Başar, 2016 [32] 

Theta (4-7Hz), spontaneous Decrease Adler, G., et al. 2004[24] 

Onofrj, M., et al.,2003[25] 

 evoked Decrease Sridhar and Manian, 2019[30] 

Rossini, P.M., et al.,2007[31] 

Alpha (8-12Hz), spontaneous - Onofrj, M., et al.,2003[31] 

Özbek, Y., E. Fide, and G. Yener, 2021[26] 

 evoked Decrease Sridhar and Manian, 2019[30] 

Beta (13-30Hz), spontaneous - Ko, J., et al., 2021[27] 

 evoked Decrease Sridhar and Manian, 2019[30] 

Gamma (30-100Hz) spontaneous Increase Ko, J., et al., 2021[27] 

Murty, D.V.P.S., et al.,2020[28] 

Jabès, A., et al.,2021[29] 

 evoked Decrease  Murty, D.V.P.S., et al.,2020[28] 

Griskova-Bulanova, I.,2013[33] 
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Table 2. Summary of studies of EEG spontaneous/evoked power changes in Alzheimer’s disease 

 

 

  

 Frequency band Measured EEG Power(𝛍𝑽𝟐)  Reference 

Alzheimer’s 

disease 

Delta (1-4Hz), spontaneous Decrease Soininen, H., et al., 1991[36] 

Jelic, V., et al., 1996[37] 

 evoked Decrease Rossini, P.M., et al., 2007[31] 

Basar, E. and B 2013[41] 

Başar, E., 2013[42] 

Theta (4-7Hz), spontaneous Decrease Soininen, H., et al., 1991[36] 

Jelic, V., et al., 1996[37] 

 evoked Decrease Koenig, T.,et al., [44] 

Rossini, P.M., et al., 2007[31] 

Alpha (8-12Hz), spontaneous - Dierks, T., et al., 1991[38] 

Pozzi, D., et al., 1995[39] 

 evoked Decrease Rossini, P.M., et al., 2007[31] 

Beta (13-30Hz), spontaneous - Pozzi, D., et al., 1995[39] 

 evoked Decrease Koenig, T.,et al., [44] 

Basar, E. and B 2013[42] 

Gamma (30-100Hz) spontaneous Increase Babiloni, C., et al., 2021[40] 

 evoked Decrease  Basar, E. and B, 2013[41] 

Rossini, P.M., et al., 2006[43] 
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Table 3. Summary of studies of gamma entrainment on Alzheimer’s disease patients  

FLS, flickering light stimuli; CT, click train; tACS, transcranial alternating current stimulation; TMS, transcranial magnetic stimulation; MCI, mild cognitive impairment; 

fMRI, functional magnetic resonance imaging; PiB SUVR, Pittsburgh compound B standard uptake value ratio; CSF, cerebrospinal fluid; DMN, default mode 

network.  

Stimuli 

type  

Treatment Control N Measurement  Result Reference  

FLS 

(40Hz) 

2hour/days 

*10days  

 AD 6 [11C]PiB PET ,PiB 

SUVR values 

After 10 days treatment, no significant 

decrease of PiB SUVR values in V1, 

V2, parietal region, and precuneus  

Ismail, R., et al. 2018 

[63] 

tACS  

(40 Hz) 

30min/days 

*5days/weeks 

*4weeks 

no-tACS AD 17 Wechsler memory scale, 

Montgomery-Asberg 

depression rating scale 

Memory improvement in the active and 

sham group  which  maintained   in 

the  active  group  after  1  month 

Kehler, L., et al., 

2020[222] 

FLS + CT 

(40 Hz) 

1hour/days 

*32days 

 MCI 10 CSF immune factors, 

CSF Aβ42, CSF t-tau, 

CSF p-tau, functional 

connectivity (fMRI), 

EEG, adverse effect 

Altered cytokines  and  immune  

factors  in  the  CSF and increased 

functional  connectivity  in  the  

DMN with mild adverse effects 

He, Q., et al., 2021 [64] 

FLS + CT 

(40 Hz) 

1hour/days 

*90days 

White noise+ 

contrast light 

AD 8 

treatment 

/AD 7 

control 

EEG,  MRI,   

connectivity (fMRI),  

actigraphy, cognitive  

assessments 

The 40Hz sensory stimuli improved 

visuospatial task accuracy , 

connectivity,  circadian  rhythmicity, 

brain atrophy increase. 

Chan,D., et al., 2021 

[65] 

tACS  

(40 Hz) 

1hour tACS over  

Pz 

Sham 

stimulation 

MCI 20 Cognitive assessments 

and  indirect  

measures of  

cholinergic transmission  

Memory performance  and  

restoration  of  intracortical 

connectivity  improved  comparison  

to  sham therapy 

Benussi, A., et al., 

2021[223] 

TMS  

(40 Hz) 

30 rTMS trials/days 

* 3days/weeks 

* 4weeks 

Sham 

stimulation 

AD37,NC41 Neuropsychological 

assessments, MRI, EEG 

Neuropsychological assessment score, 

spontaneous gamma-band power, 

connectivity  within  the  brain 

increased in AD patients. 

Liu, C., et al.,2021 [48] 
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Table 4. Summary of studies of gamma entrainment with sensory stimuli listed chronologically within each section 

Stimuli 

type 

Stimulus 

frequency 

N Measure Result  Reference 

Gamma entrainment with visual stimuli 

FLS  

 

 

1-100 Hz, 1-Hz 

steps 

Y10 Power spectrum density The steady-state potentials exhibited clear resonance 

phenomena around 10, 20, 40 and 80 Hz, while above 

60 Hz elicited small amplitude responses. 

Herrmann, C. 2001[73] 

FLS  

 

 

5, 10, 12, 15, 17, 20, 

22, 25, 27, 30, 35, 

40, 47, and 60 Hz 

Y16  Power spectrum density Stimulation at frequencies of >30 Hz activated only 

the primary and association cortex representing the 

macular region of the retina 

Pastor, M., et al. 

2004[71] 

FLS  

 

 

13, 32Hz Y1 Coherence 32Hz synchronized wider than 16Hz in the whole 

brain area. 

Vialatte FB.,et al. 

2009[62] 

SF 

 

3cycles per degree Y30 Evoked field peak latency and 

Evoked field amplitude 

Gamma frequency tends to decline with age and is 

positively correlated with the thickness of the 

pericalcarine cortex. 

Muthukumaraswamy, 

S.D., et al. 2010[97] 

FLS  

 

 

40-60 Hz, 2- Hz 

steps 

Y32 Event-related 

synchronization/ 

SSVEP was more localized around the parieto-

occipital sites for higher frequencies (>54 Hz) and 

spread to frontocentral locations for lower frequencies 

Tsoneva, T., G. Garcia-

Molina, and P. Desain 

2015[74] 

FLS  

 

 

40 Hz, 60 Hz, and 80 

Hz 

Y3 Power spectrum density Largest amplitudes for the high intensity 40 Hz 

stimulus were consistently found at the primary FLS 

cortex. 

Jones, M., et al. 

2019[175] 

FLS  

 

 

40–60 Hz Y32  Event related synchronization, 

Source localization, Phase 

synchrony analysis 

Lower frequency conditions are characterized by a 

broader response compared to higher frequencies, 

which propagated to fronto-central sites. 

Tsoneva, T., G. Garcia-

Molina, and P. Desain 

2021[111] 

FLS  

 

 

40Hz Y20 Power spectrum density Peak amplitude of VEP with 40 Hz violet light was 

smaller than that of 40 Hz white light in occipital area. 

Noda Y., et al. 2021 
[224] 
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FLS  

 

 

40Hz Y13  Power spectrum density The 40 Hz neural activity were significantly higher in 

signal-to-noise ratio during exposure to spectral 

flicker compared to continuous light.  

Agger MP., et al. 2022 
[225] 

SF 

 

1.5 cycle/deg   Y30  Magnetoencephalography , 

evoked power, Source 

localization 

Red stimuli induced stronger gamma power above 30 

Hz versus non-red colors, while Blue stimuli showed 

no or very weak increase in gamma-power at V1.  

Benjamin, J S., et al. 

2022 [226] 

FLS  

 

 

Flickering image 

‘Rubin’s vase’ 8 Hz, 

36 Hz 

Y10 O54  Power spectrum density The difference in cerebral rhythmic activity between 

the alpha and gamma bands is associated with age and 

cognitive status 

Horwitz, A., et al. 

2017[75] 

SF 

 

1, 2, and 4 

cycle/deg, 16 

cycles/s 

Y47 O227  Power spectrum density Power and center frequency of slow and fast gamma 

decreased with age 

Murty, D.V.P.S., et al. 

2020[28] 

FLS  

 

 

22, 25, 40, 60Hz Y, M, O 1464  Amplitude Age affects induced gamma activity, but advanced age 

does not fundamentally change the behavior of the 

response in either magnitude or spatial distribution. 

Zibrandtsen IC, Agger 

M, Kjaer TW. 2020 
[227] 

Gamma entrainment with auditory stimuli 

CT 3.3, 10, 20 and 

40Hz 

Y20 Amplitude Latency and amplitude measurements on the 40-Hz 

ERP indicates that it may contain useful information 

on the number and basilar membrane location of the 

auditory nerve fibers. Adequate processing of sensory 

information may require cyclical brain events in the 

30- to 50-Hz range 

Galambos, R., S. 

Makeig, and P.J. 

Talmachoff, 1981[50] 

CT 20, 30 and 40 Hz Y, M30 

(HC15,SZ15) 

Power spectra, Phase delay In normal subjects, the 40Hz ASSR response is bigger 

than the schizophrenia patients. There was no phase 

delay in normal subjects unlike schizophrenia patients. 

Kwon, J.S., et al., 

1999[49] 

CT 12, 20, 30, 32, 35, 

37.5, 40, 42.5, 45, 

47.5, 50, and 60 Hz 

Y28 Amplitude 40 Hz selectively activated the auditory region of the 

pontocerebellum, a brain structure with important 

roles in cortical inhibition and timing. 

Pastor, M.A., et al., 

2002[95] 

CT 32, 40 and 48 Hz  Y20 Evoked power, Phase-locking Frequency main effect indicated that the 40 and 48 Hz Rojas, D.C., et al., 
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factor modulators had significantly greater induced power 

reductions than the 32 Hz condition 

2011[91] 

CT 20, 30, and 40 Hz. Y21   Intertrial phase coherence, 

Event-related spectral 

perturbation 

The 40 Hz most powerfully activated the auditory and 

in frontal region 

Tada, M., et al., 

2016[51] 

CT 40 Hz  Y28  Phase-locking index, Event-

related power perturbation  

The 40-Hz ASSR has positive correlation with late-

latency gamma and planning and problem-solving 

abilities. 

Parciauskaite, V., et al., 

2019[94] 

CT 25 Hz, 40 Hz and 

100 Hz 

Y9  - Improvement in remembering a sentence, solving a 

mathematical problem scores within gamma 40 Hz 

entrainment frequency population 

Sharpe RLS., et al., 

2020 [228] 

CT 40Hz  Y14 Evoked power, Source 

localizations 

 

The time courses of 40Hz ASSR amplitude and phase 

during recovery from the decrement resembled those 

after stimulus onset, indicating that a new ASSR was 

built up after the resetting stimulus.  

Ross, B., A.T. 

Herdman, and C. 

Pantev,, 2005[92] 

CT 40Hz Y12 M11 

O10  

Amplitude, Phase delay The ASSRs were interpreted in relation to oscillatory 

gamma-band activity representing auditory object 

representation. 

Ross, B., 2008[93] 

CT 40Hz Y, M 46  Amplitude, Phase-locking 

index 

The ability to synchronize to high frequency external 

stimulation diminishes with age. 

Griskova-Bulanova, I., 

K. Dapšys, and V. 

Maciulis, 2013 [33] 

Gamma entrainment with visual/ auditory stimuli 

FLS/  

CT 

40Hz Y15 Wavelet coefficients The FLS evoked response of gamma oscillations lasts 

longer than the auditory evoked response. 

Sakowitz, O.W., et al., 

2001[99]  

FLS/ 

CT 

40Hz Y13 O12 Global coherence The evoked potential power of young adults is greater 

than that of the elderly, and the evoked potential 

power of FLS stimuli is greater than that of auditory, 

at 40 Hz. 

Chan, D., et al., 

2021[65] 

FLS, flickering light stimuli; SF, spatial frequency; CT, click train Y, young adults; M, mid aged adults; O, older adults; HC, healthy control; SZ, schizophrenia patient; 
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Table 5. Demographic and clinical characteristics of the participants 

  SS-1 of the Study-1 SS-2 of the Study-1 Study 2 

Numbers 16 35 26 

Age, years* 24.0 ± 3.7  70.0 ± 2.4  69.81 ± 2.39 

Women, % 43.8 51.4 48.4  

Education, years* 14.9 ± 2.2 11.43 ± 4.91 11.68 ± 4.51 

MMSE*  - 28.17 ± 2.05  28.26 ± 1.87 

GDS*  - 7.06 ± 4.97 7.52 ± 5.06 

MMSE, Mini Mental Status Exam; GDS, Geriatric Depression Scale; SS, sub-study 

*Presented as mean ± stand  
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Table 6. Effects of the relative powers of resting electroencephalography on the Mini Mental 

Status Examination scores *  

SE, standard error; Delta = 1-4 Hz; Theta = 4-7 Hz; Alpha = 8-12 Hz; Beta = 13-30Hz; Low-low gamma 

= 30-38 Hz; Low-high gamma = 40-48 Hz; High gamma ≥ 50 Hz 

*Linear regression analyses adjusting for age 

 

 

  

 B SE β t p R2 adjusted R2 

At Fz        

Delta  -1.105 9.235 -0.023 -0.120 0.905 0.001 -0.062 

Theta  20.764 16.452 0.219 1.262 0.216 0.048 -0.012 

Alpha  8.433 6.833 0.215 1.234 0.226 0.046 -0.014 

Beta -13.592 11.998 -0.203 -1.133 0.266 0.039 -0.021 

Low-low gamma -57.322 23.943 -0.404 -2.394 0.023 0.152 0.099 

Low-high gamma -61.039 40.328 -0.259 -1.514 0.140 0.067 0.009 

High gamma -35.486 39.724 -0.160 -0.893 0.378 0.024 -0.037 

At Cz        

Delta  -5.954 7.882 -0.144 -0.755 0.456 0.018 -0.044 

Theta  23.614 13.261 0.302 1.781 0.084 0.090 0.033 

Alpha  10.205 7.314 0.242 1.395 0.173 0.057 -0.001 

Beta -2.807 11.755 -0.044 -0.239 0.813 0.002 -0.060 

Low-low gamma -57.116 19.959 -0.473 -2.862 0.007 0.204 0.154 

Low-high gamma -64.953 37.173 -0.299 -1.747 0.090 0.087 0.030 

High gamma -63.582 44.232 -0.250 -1.437 0.160 0.061 0.002 

At Pz        

Delta  -5.826 7.644 -0.134 -0.762 0.452 0.018 -0.043 

Theta  18.159 11.914 0.260 1.524 0.137 0.068 0.010 

Alpha  11.601 6.582 0.300 1.762 0.088 0.089 0.032 

Beta -17.060 14.138 -0.211 -1.207 0.236 0.044 -0.016 

Low-low gamma -64.922 25.060 -0.418 -2.591 0.014 0.173 0.122 

Low-high gamma -58.052 32.434 -0.308 -1.790 0.083 0.091 0.034 

High gamma -49.987 30.982 -0.286 -1.613 0.116 0.075 0.018 
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Table 7. Effects of the absolute powers of resting electroencephalography on the Mini Mental 

Status Examination scores *  

SE, standard error; Delta = 1-4 Hz; Theta = 4-7 Hz; Alpha = 8-12 Hz; Beta = 13-30Hz; Low-low gamma 

= 30-38 Hz; Low-high gamma = 40-48 Hz; High gamma ≥ 50 Hz 

*Linear regression analyses adjusting for age 

 

  

 B SE β t p R2 adjusted R2 

At Fz        

Delta  0.713 0.941 0.135 0.758 0.454 0.018 -0.044 

Theta  1.391 1.245 0.194 1.118 0.272 0.038 -0.022 

Alpha  1.316 1.010 0.225 1.304 0.202 0.051 -0.009 

Beta -1.062 2.886 -0.067 -0.368 0.715 0.004 -0.058 

Low-low gamma -5.881 5.205 -0.204 -1.130 0.267 0.038 -0.022 

Low-high gamma -11.206 14.044 -0.142 -0.798 0.431 0.020 -0.042 

High gamma -12.317 22.752 -0.095 -0.541 0.592 0.009 -0.053 

At Cz        

Delta  0.451 0.687 0.118 0.656 0.517 0.013 -0.048 

Theta  1.067 0.890 0.208 1.199 0.239 0.043 -0.017 

Alpha  1.425 0.981 0.250 1.453 0.156 0.062 0.003 

Beta 0.760 2.508 0.055 0.303 0.764 0.003 -0.059 

Low-low gamma -6.285 4.243 -0.267 -1.481 0.148 0.064 0.006 

Low-high gamma -6.918 9.975 -0.129 -0.694 0.493 0.015 -0.047 

High gamma -40.269 23.781 -0.288 -1.693 0.100 0.082 0.025 

At Pz        

Delta  0.746 1.082 0.121 0.689 0.496 0.015 -0.047 

Theta  1.413 1.031 0.236 1.371 0.180 0.056 -0.003 

Alpha  1.124 0.772 0.250 1.456 0.155 0.062 0.004 

Beta 0.578 3.307 0.032 0.175 0.862 0.001 -0.061 

Low-low gamma -6.953 8.234 -0.149 -0.844 0.405 0.022 -0.039 

Low-high gamma -8.600 14.704 -0.103 -0.585 0.563 0.011 -0.051 

High gamma -21.738 19.390 -0.196 -1.121 0.271 0.038 -0.022 
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Table 8. Self-reported adverse effects of flickering light stimulation in the sub-study 1 of the study 1 on younger adults  

 Color  Intensity 

 Whitea Redb Greenc Blued F Post hoc  10 cd/m2 a 100 cd/m2 b  400 cd/m2 c  700 cd/m2 d F Post hoc 

Fatigue 2.1 (1.8) 2.1 (1.8) 1.3 (1.9) 1.7 (1.9) 1.84 -  1.2 (1.3) 2.0 (1.7) 2.1 (1.8) 2.8 (2.0) 7.85** d > a, c 

Headache 0.1 (0.3) 0.1 (0.3) 0.2 (0.5) 0 (0) 1.00 -  0 (0) 0.1 (0.3) 0.3 (0.9) 0.6 (1.1) 3.02  

Dizziness 2.3 (2.0) 1.3 (1.4) 1.6 (1.5) 1.4 (1.6) 2.75   1.4 (1.3) 1.6 (1.1) 1.2 (1.2) 1.2 (1.2) 1.37  

Dazzling 1.9 (1.7) 2.6 (1.8) 1.4 (1.2) 2.3 (2.1) 3.12*   1.4 (1.0) 2.7 (1.4) 3.6 (1.5) 4.7 (1.3) 47.00*** d > c > b > a 

Asthenopia 2.3 (1.3) 2.6 (1.6) 1.4 (1.2) 2.4 (1.9) 5.43* a, b>c  1.6 (1.1) 2.2 (1.6) 2.7 (1.7) 3.6 (1.9) 15.66*** d > a, b, c > a 

Ocular pain 0.4 (0.7) 0.6 (1.25) 0.1 (0.3) 0.6 (1.2) 1.78 -  0.3 (0.8) 0.6 (1.0) 1.0 (1.4) 1.7 (1.8) 9.23** d > a, b, c 

*p < 0.05, **p < 0.01, ***p< 0.001 by repeated measures analysis of variance. 
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Table 9. Self-reported adverse effects of flickering light stimulation in in the sub-study 2 of the study 1 on older adults 

 White and 400 cd/m2 White and 700 cd/m2 Red and 400 cd/m2 Red and 700 cd/m2 F* p 

Fatigue 1.3 (2.0) 1.3 (1.8) 1.0 (1.7) 1.0 (1.8) 0.01 1.000 

Headache 0.4 (1.2) 0.5 (1.2) 0.4 (1.2) 0.3 (1.2) 0.09 0.761 

Dizziness 1.1 (1.8) 1.1 (1.6) 1.1 (1.8) 0.9 (1.6) 0.13 0.726 

Dazzling 2.0 (1.8) 2.1 (2.0) 2.0 (2.0) 2.2 (1.9) 0.57 0.454 

Asthenopia 1.6 (1.8) 1.3 (1.9) 1.4 (1.6) 1.6 (1.9) 2.96 0.094 

Ocular pain 0.1 (0.7) 0.0 (0.2) 0.1 (0.3) 1.1 (0.7) 0.67 0.419 

*repeated measures analysis of variance 
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Table 10. Comparison of the event-related synchronization of gamma rhythms at Oz entrained by flickering light stimulation between the groups 

with the low and high fractional anisotropy of posterior thalamic radiations  

HFA, second-to-highest quartile group of the fractional anisotropy values of posterior thalamic radiations; LFA, the lowest quartile group of the fractional 

anisotropy values of posterior thalamic radiations 

All values are presented as mean ± standard deviation 

*Student t-test  

  

 Left posterior thalamic radiation  Right posterior thalamic radiation 

 HFA (n = 20) LFA (n = 6) Statistics*  

 

HFA (n = 20) LFA (n = 6) Statistics* 

  t p   t p 

Fractional anisotropy 0.567 ± 0.024 0.519 ± 0.031 3.505 0.010  0.567 ± 0.029 0.514 ± 0.018 5.436 <0.001 

Event-related synchronization 13.689 ± 4.390 9.486 ± 3.753 2.310 0.045  12.552 ± 4.922 13.277 ± 3.329 -0.415 0.685 
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Table 11. Effects of the fractional anisotropy of middle and superior longitudinal fasciculi on the spectral Granger Causality of the connectivities 

from visual cortex to other brain regions*  

 B SE β t p R2 adjusted R2 

FA of left MLF             

sGC from occipital to left temporal 5.166 2.203 0.294 2.345 0.028 0.641 0.610 

sGC from occipital to left central 5.262 1.191 0.349 4.418 < 0.001 0.854 0.845 

FA of right MLF             

sGC from occipital to right temporal 4.082 1.782 0.253 2.290 0.032 0.721 0.697 

sGC from occipital to right central 6.033 1.671 0.363 3.611 0.001 0.768 0.748 

FA of left SLF 2        

sGC from occipital to left frontal 1 3.688 2.557 0.131 1.442 0.163 0.813 0.796 

sGC from occipital to left frontal 2 4.670 2.271 0.183 2.057 0.051 0.821 0.805 

FA of right SLF 2        

sGC from occipital to right frontal 1 4.831 2.139 0.175 2.259 0.034 0.862 0.850 

sGC from occipital to right frontal 2 7.233 2.425 0.263 2.982 0.007 0.821 0.806 

FA of left SLF 3        

sGC from occipital to left frontal 1 5.811 2.811 0.180 2.067 0.050 0.828 0.813 

sGC from occipital to left frontal 2 7.087 2.416 0.241 2.933 0.007 0.846 0.832 

FA of right SLF 3        

sGC from occipital to right frontal 1 8.180 2.432 0.236 3.363 0.003 0.887 0.877 

sGC from occipital to right frontal 2 10.352 2.867 0.300 3.611 0.001 0.842 0.828 

SE, standard error; FA, fractional anisotropy; MLF, middle longitudinal fasciculus; sGC; spectral Granger Causality; SLF, superior longitudinal fasciculus; 

frontal 1, fore of middle to inferior frontal area; frontal 2, rear of middle to inferior frontal area;  

*Multiple linear regression analyses adjusting for the event-related synchronization values of entrained gamma rhythms at Oz 
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Table 12. Comparison of the spectral Granger Causality of the connectivities from visual cortex to other brain regions between the groups with the 

low and high fractional anisotropy of middle and superior longitudinal fasciculi  

HFA, the second-to-highest quartile group of the fractional anisotropy values of middle longitudinal fasciculus or superior longitudinal fasciculus; LFA, the 

lowest quartile group of the fractional anisotropy values of middle longitudinal fasciculus or superior longitudinal fasciculus; FA, fractional anisotropy; FA, 

fractional anisotropy; MLF, middle longitudinal fasciculus; sGC; spectral Granger Causality; SLF, superior longitudinal fasciculus; frontal 1, fore of middle 

to inferior frontal area; frontal 2, rear of middle to inferior frontal area;  

All values are presented as mean ± standard deviation 

*Student t-test   

 Left   Right  

 HFA (n = 20) LFA (n = 6) Statistics*  

 

HFA (n = 20) LFA (n = 6) Statistics* 

  t p   t p 

FA of MLF 0.47 ± 0.13 0.43 ± 0.14 5.704 <0.001  0.48 ± 0.17 0.44 ± 0.11 6.206 <0.001 

sGC from occipital to temporal 0.56 ± 0.36 0.22 ± 0.15 3.419 0.008  0.51 ± 0.36 0.37 ± 0.34 0.906 0.389 

sGC from occipital to central 0.54 ± 0.31 0.23 ± 0.16 3.306 0.008  0.56 ± 0.38 0.30 ± 0.25 1.903 0.080 

FA of SLF 2 0.37 ± 0.12 0.34 ± 0.01 7.014 <0.001  0.36 ± 0.01 0.33 ± 0.16 4.448 0.004 

sGC from occipital to frontal 1 0.76 ± 0.52 0.38 ± 0.26 2.417 0.027  0.75 ± 0.49 0.55 ± 0.48 0.862 0.413 

sGC from occipital to frontal 2  0.75 ± 0.47 0.35 ± 0.23 2.841 0.011  0.77 ± 0.49 0.50 ± 0.40 1.372 0.200 

FA of SLF 3 0.36 ± 0.12 0.33 ± 0.01 6.326 <0.001  0.36 ± 0.01 0.34 ± 0.01 4.927 0.001 

sGC from occipital to frontal 1 0.78 ± 0.52 0.35 ± 0.21 2.955 0.007  0.79 ± 0.50 0.39 ± 0.26 2.593 0.019 

sGC from occipital to frontal 2 0.76 ± 0.46 0.31 ± 0.17 2.267 0.033  0.80 ± 0.49 0.37 ± 0.26 2.817 0.012 
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Figure 1. White matter tracts involved in the entrainment of gamma rhythms at visual cortex by flickering light stimulation and the propagation of 

entrained gamma rhythms from visual cortex to other target brain regions 

FLS, flickering light stimulation; PTR, right posterior thalamic radiation; SLF 2, superior longitudinal fasciculus 2; SLF 3, superior longitudinal fasciculus 

3; Frontal 1, fore of middle to inferior frontal area; Frontal 2, rear of middle to inferior frontal area;  
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Figure 2. Experimental procedures of the sub-study 1 of the study 1 

FLS, flickering light stimulation; rsEEG, resting-state electroencephalogram; BR, break 
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Figure 3. Experimental procedures of the sub-study 2 of the study 1 

FLS, flickering light stimulation; rsEEG, resting-state electroencephalogram; BR, break 
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Figure 4. Electroencephalography channels over posterior thalamic radiation and white matter 

tracts of occipital-temporal, central direction and parietooccipital- frontal direction. (A) EEG 

channels for PTR: Oz (B) EEG channels for MLF: left temporal FT7, T7, TP7, TP9; left central FC5, 

FC3, C5, C3, CP5, CP3; right temporal FT8, T8, TP8, TP10; right central FC4, FC6, C4, C6, CP4, CP6; 

occipital POz, O1, Oz, O2 (C) EEG channels for SLF 2: left frontal 1 AF7, AF3, F7, F5; left frontal 2 
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F7, F5, FC5, FC3; right frontal 1 AF4, AF8, F6, F8; right frontal 2 F6, F8, FC4, FC6; occipital POz, 

O1, Oz, O2 ; (D) EEG channels for SLF 3: left frontal 1 AF7, AF3, F7, F5; left frontal 2 F7, F5, FC5, 

FC3; right frontal 1 AF4, AF8, F6, F8; right frontal 2 F6, F8, FC4, FC6; occipital POz, O1, Oz, O2  

PTR, posterior thalamic radiation; MLF, middle longitudinal fasciculus; SLF 2, superior longitudinal 

fasciculus 2; SLF 3, superior longitudinal fasciculus 3 
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Figure 5. Comparisons of the grand-average event-related spectral perturbation of steady-state visually evoked potentials induced by flickering 

light stimulus in younger adults between different parameters of the flickering light stimulation in the sub-study 1 of the study 1   

Each column shows ERSP from 750 ms before the onset of FLS to 750 ms after the offset of flickering light stimulation 

(A) Comparison between colors in the experiment 1 of the sub-study 1 of the study 1 

(B) Comparison between intensities in the experiment 2 of the sub-study 1 of the study 1 

FLS, flickering light stimulation; ERSP, event-related spectral perturbation 
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Figure 6. Comparisons of the grand-average event-related spectral perturbation of steady-state 

visually evoked potentials induced by flickering light stimulus in older adults between different 

parameters of the flickering light stimulation in the sub-study 2 of the study 1 

Each column shows ERSP from 750 ms before the onset of FLS to 750 ms after the offset of flickering 

light stimulation 

FLS, flickering light stimulation; ERSP, event-related spectral perturbation 
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Figure 7. Main effect of the time window on grand-average event related synchronization of 

steady-state visually evoked potentials induced by flickering light stimulus  

T0–T10 indicates 250 ms time windows from 250 ms before the onset of FLS to 500 ms after the offset 

of FLS. (A), (B), and (C) are the results of the experiment 1 of the sub-study 1, the experiment 2 of the 

sub-study 1, and the sub-study 2 respectively in the study 1  

Error bars indicate standard errors. 

*p <0.05, **p <0.01, ***p <0.001 by repeated measures analysis of variance with Bonferroni post hoc 

comparisons 
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Figure 8. The spectral Granger Causality of entrained gamma rhythm in the experiment 2 of the sub-study 1 (A) and the sub-study 2 (B) of the 

study 1.  

t-values represent the increased spectral Granger causality of the parietooccipital to frontotemporal gamma rhythm connections compared to rsEEG. The 

left-upper side of each matrix represents the parietooccipital to frontotemporal connections. The electrode numbers from 1 to 63 correspond to Fp1, Fp2, 

AF7, AF3, AFz, AF4, AF8, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FT9, FT7, FC5, FC3, FC1, FC2, FC4, FC6, FT8, FT10, T7, C5, C3, C1, Cz, C2, C4, C6, T8, 

TP9, TP7, CP5, CP3, CP1, CPz, CP2, CP4, CP6, TP8, TP10, P7, P5, P3, P1, P2, P4, P6, P8, PO7, PO3, POz, PO4, PO8, O1, Oz, and O2, respectively.  
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Figure 9. Main effect of color on grand-average event related synchronization of steady-state 

visually evoked potentials induced by flickering light stimulus in the experiment 1 of the sub-

study 1 (A) and the sub-study 2 (B) of the study 1 

Error bars indicate standard errors. 

*p <0.05, **p <0.01 by repeated measures analysis of variance with Bonferroni post hoc comparisons 
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Figure 10. Main effect of luminal intensity on grand-average event related synchronization of 

steady-state visually evoked potentials induced by flickering light stimulus in the experiment 2 of 

the sub-study 1 (A) and the sub-study 2 (B) of the study 1 

Error bars indicate standard errors. 

*p <0.05, **p <0.01, ***p<0.001 by repeated measures analysis of variance with Bonferroni post hoc 

comparisons 
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Figure 11. Main effect of luminal intensity on the averaged strength of spectral Granger Causality from parietooccipital to frontotemporal gamma 

rhythm connections in the experiment 2 of the sub-study 1 (A) and the sub-study 2 (B) of the study 1 

Error bars indicate standard errors.  

*p <0.01, **p<0.001 by repeated measures analysis of variance with Bonferroni post hoc comparisons 
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Figure 12. Main effect of flickering frequency on grand-average event related synchronization of 

steady-state visually evoked potentials induced by flickering light stimulus in the experiment 1 

(A) and experiment 2 (B) of the sub-study 1 and the sub-study 2 (C) of the study 1 

Error bars indicate standard errors. 

*p <0.05, **p <0.01, ***p<0.001 by repeated measures analysis of variance with Bonferroni post hoc 

comparisons 
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Figure 13. Main effect of flickering frequency and the interaction of flickering frequency with the 

luminal intensity on the averaged strength of spectral Granger Causality from parietooccipital to 

frontotemporal gamma rhythm connections. (A) Main effect of flickering frequency in the 

experiment 2 of the sub-study 1 of the study 1; (B) Main effect of flickering frequency in the sub-study 

2 of the study 1; (C) Effect of flickering frequency under 400 cd/m2 FLS in the experiment 2 of the sub-

study 2 of the study 1; (D) Effect of flickering frequency under 700 cd/m2 FLS in the experiment 2 of 

the sub-study 2 of the study 1 

Error bars indicate standard errors. 

*p <0.05, **p <0.01, ***p<0.001 by repeated measures analysis of variance with Bonferroni post hoc 

comparisons



64 

 

 

Figure 14. Effect of the fractional anisotropy values of posterior thalamic radiations on the event-related synchronization of gamma rhythms at Oz 

entrained by flickering visual stimulation in the linear regression analyses 

FA, fractional anisotropy; l-PTR, left posterior thalamic radiation; r-PTR, right posterior thalamic radiation 
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 Figure 15. Effect of the fractional anisotropy values of middle and superior longitudinal fasciculi 

on spectral Granger Causality of the connectivities from visual cortex to other brain regions in 

the multiple linear regression analyses adjusting ERS at Oz.  

(A) left MLF and occipital to left temporal connectivity; (B) left MLF and occipital to left central 

connectivity; (C) right MLF and occipital to right temporal connectivity; (D) right MLF and occipital 

to right central connectivity; (E) left SLF2 and parietooccipital to fore of left middle frontal connectivity; 

(F) left SLF2 and parietooccipital to rear of left middle frontal connectivity; (G) right SLF2 and 

parietooccipital to fore of right middle frontal connectivity; (H) right SLF2 and parietooccipital to rear 

of right middle frontal connectivity; (I) left SLF3 and parietooccipital to fore of left inferior frontal 

connectivity; (J) left SLF3 and parietooccipital to rear of left inferior frontal connectivity; (K) right 

SLF3 and parietooccipital to fore of right inferior frontal connectivity; (L) right SLF3 and 

parietooccipital to rear of right inferior frontal connectivity 

y, response; x1, predictor; x2, predictor; MLF, middle longitudinal fasciculus; SLF, superior 

longitudinal fasciculus 
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국문 초록 

서울대학교 대학원 

뇌인지과학과 

박예승 

연구배경 및 목적: 40Hz 점멸광자극 (flickering light stimulation, FLS)을 사용한 

감마뇌파동조는 알츠하이머병 (Alzheimer’s disease, AD) 모델 쥐에서 병리를 감소시키고 

인지 기능을 향상시키는 데 효과적이었지만 알츠하이머병 환자에서는 그 효능에 대해 

논란이 있다. 알츠하이머병 환자의 상충되는 결과는 몇 가지 주요 요인에 기인할 수 

있다. 첫째, 감마뇌파동조를 위한 FLS의 최적 매개변수는 일주 동물인 인간과 야행성 

동물인 쥐 간에 다를 수 있다. 둘째, 최적의 FLS에 대한 반응은 백질 (white matter, WM) 

섬유 다발 미세 구조적 무결성의 개인 간 차이로 인해 알츠하이머병 환자 간에 다를 수 

있다. 이 연구는 일주 동물인 인간에서 감마뇌파를 동반하기 위한 FLS의 최적 매개변수 

(색상, 밝기 및 점멸 주파수)를 찾고 감마뇌파의 동반 및 전파에 대한 백질 섬유 다발의 

확산비등방성 (fractional anisotropy, FA)의 영향을 조사하는 것을 목표로 했다. 

연구방법: 인지기능이 정상인 젊은 성인 16명과 노인 35명을 대상으로, 시각피질에 

감마뇌파동조를 유도하고, 동조 된 시각피질의 감마뇌파를 다른 뇌 영역으로의 전파시킬 

수 있는 FLS의 최적 색상 (백색, 적색, 녹색 및 청색), 밝기 (10 cd/m2, 100 cd/m2, 400 cd/m2 

및 700 cd/m2) 및 점멸 주파수 (32-50 Hz)를 사건 관련 비 동기화/사건 관련 동기화 (event-

related desynchronization/event-related synchronization, ERD/ERS)와 스펙트럼 그랜저 인과성 

(spectral Granger Causality, sGC) 분석을 이용하여 조사했다. 아울러 젊은 성인과 노인에서 

FLS의 부작용을 조사했다. 이어서 감마뇌파가 FLS에 의해 시각피질에 적절하게 동조 된 

인지기능이 정상인 노인 26명을 대상으로, 시각피질에서 동조 된 감마뇌파의 ERS와 
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시각피질과 측두 및 전두 영역들 간 연결성인 sGC에 후방시상방사와 중간 및 상부 

세로다발들의 확산비등방성이 미치는 영향을 회귀분석과 분산분석을 이용하여 조사했다. 

연구결과: 사람에서는 백색 (p < 0.05) 및 적색 (p < 0.01)과 같은 장파장 FLS가 녹색 및 

청색과 같은 단파장 FLS보다 감마뇌파동조를 더 강하게 유발하고, 동조 된 감마뇌파를 

더 넓은 뇌 영역으로 전파시켰다. 또 700 cd/m2 (p < 0.001) 및 400 cd/m2 (p < 0.01)와 같은 

강한 휘도 FLS는 100 cd/m2 및 10 cd/m2와 같은 약한 휘도 FLS보다 감마뇌파동조를 더 

강하게 유발하고, 동조 된 감마뇌파를 더 넓은 뇌 영역으로 전파시켰다. 34-38 Hz에서 

점멸하는 FLS는 젊은 성인에서 감마뇌파를 동반하고 전파하는 데 가장 효과적이었고 

(Pz에서 동반: p < 0.05, 전파: p < 0.05) 32-34 Hz에서 점멸하는 FLS는 노인에게 가장 

효과적이었다 (Pz에서 동반: p < 0.05, 전파: p < 0.001). 노인에서 32-34 Hz에서 점멸하는 700 

cd/m2의 백색 FLS는 시각 피질에서 가장 강하게 감마뇌파를 동반하고 (p < 0.05) 다른 뇌 

영역으로 가장 널리 전파했다 (p < 0.05). 

32 Hz에서 점멸하는 700 cd/m2의 FLS는 좌후시상방사선의 FA가 낮지 않은 

노인보다 낮은 노인에서 감마뇌파가 시각피질에 덜 동반된다 (p < 0.05). 또한, 시각 

피질에서 측두엽 및 전두엽 영역으로의 감마뇌파 sGC는 중간 및 상부 세로 다발의 FA와 

유의하게 연관되었다 (p < 0.05).  젊은 성인은 더 짧은 파장과 더 약한 강도를 가진 

FLS에 비하여 더 긴 파장 (백색과 적색)과 더 강한 휘도 (700 cd/m2)의 FLS에 더 많은 

부작용을 보였다 (파장 p < 0.05 및 휘도 p < 0.01). 그러나 노인은 700 cd/m2에서 400 cd/m2 

사이, 백색과 적색 FLS 사이에서 유사한 수준의 부작용을 보였고 (p > 0.05), 부작용의 

심각성은 젊은 성인보다 경미했다. 

결론: 주행성인 인간에서 감마 동조를 위한 최적의 점멸 주파수는 야행성 쥐보다 약 20% 

낮았다. 더 강한 휘도와 더 긴 파장의 FLS가 감마뇌파를 더 잘 동조 시킬 수 있지만 더 
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크고 심각한 부작용을 초래할 수 있다. 노인의 경우 32-34 Hz에서 점멸하는 700 cd/m2의 

백색 또는 적색 FLS가 감마뇌파를 동조하고 전파하는 데 최적일 수 있다. 감마뇌파는 

백질 섬유 다발의 미세 구조적 무결성이 손상된 노인에서는 최적의 FLS에 의해 

적절하게 동조 되지 않았기 때문에, 감마뇌파의 동조 및 전파와 관련된 백질 영역의 

무결성은 시각적 자극을 사용하여 감마뇌파동조 적용을 결정할 때 측정되고 고려되어야 

한다. 

주요어: 감마뇌파, 동조, 전파, 점멸광자극, 백질 미세 구조 무결성, 인간, 노인 

학번: 2017-26326  
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