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Abstract

Visual entrainment is a powerful and widely used research tool to study visual

information processing in the brain. While many entrainment studies have focused

on frequencies around 14–16 Hz, there is renewed interest in understanding

visual entrainment at higher frequencies (e.g., gamma-band entrainment). Notably,

recent groundbreaking studies have demonstrated that gamma-band visual

entrainment at 40 Hz may have therapeutic effects in the context of Alzheimer's

disease (AD) by stimulating specific neural ensembles, which utilize GABAergic

signaling. Despite such promising findings, few studies have investigated the opti-

mal parameters for gamma-band visual entrainment. Herein, we examined

whether visual stimulation at 32, 40, or 48 Hz produces optimal visual entrain-

ment responses using high-density magnetoencephalography (MEG). Our results

indicated strong entrainment responses localizing to the primary visual cortex in

each condition. Entrainment responses were stronger for 32 and 40 Hz relative to

48 Hz, indicating more robust synchronization of neural ensembles at these lower

gamma-band frequencies. In addition, 32 and 40 Hz entrainment responses

showed typical patterns of habituation across trials, but this effect was absent for

48 Hz. Finally, connectivity between visual cortex and parietal and prefrontal cor-

tices tended to be strongest for 40 relative to 32 and 48 Hz entrainment. These

results suggest that neural ensembles in the visual cortex may resonate at around

32 and 40 Hz and thus entrain more readily to photic stimulation at these fre-

quencies. Emerging AD therapies, which have focused on 40 Hz entrainment to

date, may be more effective at lower relative to higher gamma frequencies,

although additional work in clinical populations is needed to confirm these

findings.
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Practitioner Points

• Gamma-band visual entrainment has emerged as a therapeutic approach for elimi-

nating amyloid in Alzheimer's disease, but its optimal parameters are unknown.

• We found stronger entrainment at 32 and 40 Hz compared to 48 Hz, suggesting

neural ensembles prefer to resonate around these relatively lower gamma-band

frequencies.

• These findings may inform the development and refinement of innovative AD

therapies and the study of GABAergic visual cortical functions.
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1 | INTRODUCTION

Visual entrainment is a phenomenon whereby neural populations in

the visual cortex synchronize their firing to an external stimulus

(e.g., a flickering light). This visual entrainment response is distinct

from a transient response (Notbohm et al., 2016), where the onset of

a stimulus evokes a single instance of synchronized neural activity

(Regan, 1989). The amplitude of visual entrainment responses are

thought to reflect the overall size of the neural population locked to

the photic stimulation (Di Russo et al., 2007; Hillyard et al., 1997;

Lopes da Silva, 1991; Pfurtscheller & Lopes da Silva, 1999), with many

studies showing aberrant visual entrainment amplitudes in the context

of neurological and psychiatric disorders (Angelini et al., 2004;

Clementz et al., 2004; Jin et al., 2000; Shibata et al., 2008; Springer

et al., 2022), as well as modulation by transcranial brain stimulation

techniques (Heinrichs-Graham et al., 2017). More broadly, studies

have shown that visual entrainment is a powerful research tool for

studying the integrity of neural ensembles and may be sensitive to

some of the earliest signs of neuropathology.

While the majority of previous work has focused on entrain-

ment in the canonical alpha and beta frequency bands (< 20 Hz),

interest in visual entrainment at higher frequencies (i.e., gamma

range) has recently increased. Converging evidence from multiple

studies indicates that entrainment at around the alpha (�10 Hz)

and low beta (�15 Hz) frequencies tend to elicit the strongest and

most robust visuocortical response relative to neighboring fre-

quencies (Herrmann, 2001; Lazarev et al., 2001; Pastor et al., 2003,

2007). This spectral preference or advantage may reflect that local

neural ensembles in the visual cortex tend to endogenously reso-

nate within this frequency range (Pastor et al., 2003). However, as

noted above, visual entrainment at higher frequencies (i.e., gamma

range) has been far less studied, despite the recent increase in

interest due to potential therapeutic interventions in the context

of Alzheimer's disease (AD). Specifically, groundbreaking animal

studies have demonstrated that visual entrainment in the gamma

band can reduce amyloid-β and hyperphosphorylated tau in the

brain (Adaikkan et al., 2019; Hu et al., 2023; Iaccarino et al., 2016;

Martorell et al., 2019). This animal work has led to nascent human

studies, where sessions of 40 Hz photic stimulation have been ten-

tatively linked to a reduction in the clinical manifestations

(Cimenser et al., 2021; Clements-Cortes et al., 2016) and bio-

markers of AD (Chan et al., 2022; He et al., 2021) in some patients

(for reviews, see Hu et al., 2023; Manippa et al., 2022; Traikapi &

Konstantinou, 2021). Unfortunately, the two studies that directly

measured levels of amyloid-β (and hyperphosphorylated tau) in

humans found no changes following 40 Hz photic stimulation ther-

apy (He et al., 2021; Ismail et al., 2018). Similarly mixed results

have been found when stimulating the frontal or precuneus cortex

at 40 Hz using transcranial alternating current stimulation (tACS;

(Benussi et al., 2021, 2022; Dhaynaut et al., 2022; Kehler

et al., 2020; Kim et al., 2021; Moussavi et al., 2021; Naro

et al., 2016; Zhou et al., 2022; but see Sprugnoli et al., 2021)) or

repetitive transcranial magnetic stimulation (rTMS; (Koch

et al., 2022)). While intriguing, gamma-band entrainment therapy in

humans has yet to show the same promise as in animal models.

The discrepancy between the animal and human studies could be

species related differences in the ideal parameters for gamma-band

visual entrainment. In other words, while 40 Hz entrainment produces

the strongest entrainment in rodents, a different gamma-band fre-

quency may be better suited for entrainment in the human brain. For

instance, some studies have shown that lower gamma-band frequen-

cies (30 to 35 Hz) compared to 40 Hz photic stimulation elicits the

stronger entrainment (Lee et al., 2021; Park et al., 2022; Pastor

et al., 2003), while other studies have shown an advantage at higher

frequencies (�47 Hz; (Gulbinaite et al., 2019)). Moreover, a recent

study demonstrated improved memory recall in healthy adults follow-

ing gamma-band entrainment at frequencies above 40 Hz (i.e., 60 Hz;

(Manippa, Filardi, et al., 2024)). Importantly, the therapeutic effects in

animals are strongest in neural tissues that strongly entrain to the

photic stimulation (Iaccarino et al., 2016; Martorell et al., 2019). Thus,

entraining tissue more strongly and/or entraining a larger area of neu-

ral tissue would likely improve therapeutic outcomes, pointing to a

need to identify the optimal parameters for gamma-band visual

entrainment.
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In addition to its newfound therapeutic relevance, gamma band

activity has long been a characteristic of efficient neural processing. In

the visual cortex, gamma band activity is thought to support the bind-

ing of low-level visual information into coherent objects in perception

(Fries et al., 2001; Keil et al., 1999; Tallon-Baudry & Bertrand, 1999).

More generally, gamma activity across the brain is crucial to the effi-

ciency of neural information processing (Uhlhaas et al., 2009) that is

essential for cognitive processes (Jensen et al., 2007; Tallon-

Baudry, 2009; Uhlhaas & Singer, 2006). Along these lines, gamma

activity is aberrant in disorders where cognition is impaired (Arif

et al., 2020; Casagrande et al., 2022; Groff et al., 2020; Kocagoncu

et al., 2020; Spooner et al., 2018; Uhlhaas & Singer, 2006; Wiesman

et al., 2018; Wilson et al., 2011), including AD (Güntekin et al., 2013;

Jafari et al., 2020; Meehan et al., 2023; Stam et al., 2002; Wiesman,

Murman, et al., 2021) and HIV-related cognitive decline (Casagrande

et al., 2021; Spooner et al., 2018, 2020; Wilson et al., 2016, 2019).

Gamma activity is thought to arise from local neural ensembles involv-

ing GABAergic communication (Buzsáki & Wang, 2012; Kujala

et al., 2015; Wilson et al., 2018). In fact, recent work using MR-

spectroscopy has linked GABA concentration to gamma activity (Balz

et al., 2016; Chen et al., 2014; Edden et al., 2009; Gaetz et al., 2011;

Muthukumaraswamy et al., 2009), and GABA signaling is disrupted in

disorders with aberrant gamma activity (Bi et al., 2020; Chen

et al., 2014; Enomoto et al., 2011; Jiménez-Balado & Eich, 2021;

Rissman et al., 2007; Rissman & Mobley, 2011; Wilson et al., 2007).

Thus, identifying the precise gamma frequencies that produce the

strongest visual entrainment responses may have important therapeu-

tic implications in the context of neurology and psychiatry, and may

advance the field's understanding of many aspects of visual percep-

tion and the role of local GABA-gated circuitry.

In the current study, we examined whether visual stimulation at a

specific gamma-band frequency is optimal for visual entrainment. As

noted above, recent therapeutic approaches to AD have focused on

40 Hz entrainment, but whether this frequency is optimal for gamma

range visual entrainment in humans is unknown. Thus, we focused on

gamma entrainment at equal increments around this 40 Hz frequency

(32 Hz, 40 Hz, and 48 Hz) to determine whether entrainment would

be stronger at slower or faster gamma band frequencies. These fre-

quencies were specifically chosen in order to include a lower bound

of the gamma band that is near beta, as well as a higher gamma fre-

quency that is equidistant from 40 Hz. We limited the conditions to

three to ensure task compliance and limit participant fatigue, as the

experiment was about 15 minutes long with the three current condi-

tions. In addition to entrainment amplitude, we tested whether the

different stimulation frequencies were associated with distinct habitu-

ation patterns across trials (Abdulhussein et al., 2022; Megela &

Teyler, 1979; Rauschel et al., 2016; Schupp et al., 2006) and/or differ-

ent whole-brain functional connectivity patterns with the visual corti-

ces. Our primary hypotheses were that all frequencies would lead to

robust gamma entrainment in primary visual cortices, but that the

three stimulation frequencies would be associated with significant dif-

ferences in entrainment amplitude, potentially reflecting the ideal res-

onant frequency of local GABA circuits.

2 | METHODS

2.1 | Participants

A total of 28 adults (11 males, 17 females) with a mean age of 26.14

(SD = 4.31) years were selected for inclusion in this study. Of the

28 adults, 7.14% were left-handed, 14.28% were Black, 3.57% were

American Indian/Alaska Native, 75.00% were Caucasian, and 7.14%

were more than one race. This distribution corresponds closely to the

racial demographics of the surrounding area. Exclusionary criteria

included any medical illness affecting CNS function (e.g., HIV/AIDS,

Lupus, etc.), any neurological or psychiatric disorder, cognitive impair-

ment, history of head trauma, current substance abuse, and the stan-

dard exclusionary criteria related to MEG and MRI acquisition

(e.g., ferromagnetic implants). The Institutional Review Board

reviewed and approved this investigation. Each participant provided

written informed consent following a detailed description of the

study.

2.2 | Experimental paradigm

During the MEG recording, participants sat in a nonmagnetic chair

within a magnetically shielded room and were instructed to fixate on

an entrainment stimulus that flickered at 32, 40, or 48 times per sec-

ond (Hz) with a 50% duty-cycle. The stimulus was a small white circle,

2.75 inches in diameter that was presented centrally on a black back-

ground and subtended a visual angle of 3.5�. The duration of each

flicker-train was 1500 ms and the interstimulus interval was a random

interval between 2000 and 2500 ms (Figure 1). The order of flicker

frequencies (i.e., 32 Hz, 40 Hz, and 48 Hz) was pseudorandomized so

that no more than three trials of the same frequency were presented

consecutively. Participants completed 74 trials per flicker frequency,

resulting in 222 total trials. The entrainment stimuli were presented

using the Psychophysics Toolbox (Kleiner et al., 2007) and a PROPixx

DLP LED projector (VPixx Technologies Inc., Saint-Bruno-de-Montar-

ville, Canada). The stimulation frequencies were verified using a fast

Fourier transform of data from a fiber-optic photodiode attached to

the presentation screen while the experimental paradigm was dis-

played. To ensure that participants were attending to the flickering

stimulus, the task had 24 oddball trials in which participants were

instructed to respond via button press with their right index finger

when the fixation dot changed from grey to blue. A total of 246 trials

were completed, for a total run time of 15.5 minutes.

2.3 | MEG data acquisition

All MEG recordings were conducted in a two-layer magnetically-

shielded VACOSHIELD room (Vacuumschmelze, Hanau, Germany).

Neuromagnetic responses were sampled continuously at 1 kHz, with

an acquisition bandwidth of 0.1–330 Hz, using a MEGIN Triux Neo

MEG system with 306 magnetic sensors (Helsinki, Finland). During
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data acquisition, participants were monitored via real-time audio-

visual feeds from inside the shielded room. Subject-wise MEG data

were corrected for head motion and subjected to external noise

reduction using signal space separation with a temporal extension

(Taulu & Simola, 2006).

2.4 | Structural MRI processing, and MEG
coregistration

Preceding MEG measurement, five head position indicator (HPI) coils

were attached to the participant's head and localized, together with

three fiducial points and at least 100 scalp surface points, with a 3D

digitizer (Fastrak, Polhemus Navigator Sciences, Colchester, VT, USA).

Once in the MEG, electrical currents with unique frequencies

(e.g., 322 Hz) were fed into each of the HPI coils. These HPI coil cur-

rents induced measurable magnetic fields, allowing the position of the

HPI coils to be actively tracked relative to the MEG sensors through-

out the recording. Since HPI coil locations are known in head coordi-

nates, all MEG measurements could be transformed into a common

coordinate system. With this coordinate system, subject-wise MEG

data were coregistered with their high-resolution structural

T1-weighted MRI data prior to source reconstruction using BESA MRI

(Version 3.0, BESA GmbH, Gräfelfing, Germany). Structural MRI data

were transformed into standardized space and aligned parallel to the

anterior and posterior commissures. Following source analysis, each

participant's MEG functional images were also transformed into stan-

dardized space and spatially resampled to enable comparison across

participants.

2.5 | MEG preprocessing, time-frequency
transformation, and sensor-level statistics

Cardiac and ocular artefacts (blinks and eye movements) were

removed from the data using signal-space projection (SSP), which was

accounted for during source analysis (Uusitalo & Ilmoniemi, 1997).

The continuous magnetic time series was divided into 3500 ms

epochs, with the baseline period being defined as the 600 ms prior to

the onset of the flickering stimulus (i.e., �600 to 0 ms). Subsequently,

epochs with remaining artifacts (after cardiac and ocular artifact cor-

rection) were removed based on a fixed threshold method, supple-

mented with visual inspection. Briefly, the amplitude and gradient

distributions across all trials were determined per participant, and

those trials containing the highest amplitude and/or gradient values

relative to this distribution were rejected based on participant-specific

thresholds. This approach was employed to minimize the impact of

individual differences in sensor proximity to the brain and overall head

size, which strongly affect MEG signal amplitude. Artifact-free epochs

were then transformed into the time-frequency domain using complex

demodulation (Hoechstetter et al., 2004; Kovach & Gander, 2016;

Papp & Ktonas, 1977), with a resolution of 0.5 Hz and 100 ms

between 2 and 100 Hz. Following time-frequency transformation,

spectral power estimates per sensor were averaged across trials to

generate plots of mean spectral density per sensor. These sensor-level

data were then normalized to the baseline power within each fre-

quency bin, which was calculated as the mean power for that 0.5 Hz

bin during the �600 to 0 ms time period.

The significant time-frequency windows used for source imaging

were determined by statistical analysis of the sensor-level

F IGURE 1 Schematic of
entrainment task design. (a) A white
dot was presented on a gray
background and flickered on-and-off
at either 32 Hz, 40 Hz, or 48 Hz.
Each trial was preceded by a fixation
dot that was either black (80% of
trials) or blue (20% of trials);
participants were instructed to

respond to the blue dot with a
button press made with the index
finger. The blue dot trials were
excluded from further analysis.
(b) Sine waves illustrating
entrainment patterns for each of the
three frequencies.
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spectrograms across the entire array of 204 gradiometers conducted

in BESA Statistics (Version 2.1 T, BESA GmbH, Gräfelfing, Germany).

Briefly, each pixel per spectrogram was initially evaluated using a mass

univariate approach based on the general linear model, followed by

cluster-based permutation testing to address the problem of multiple

comparisons (Ernst, 2004; Maris & Oostenveld, 2007). Specifically, a

two-stage procedure was utilized to minimize false positive results

while maintaining sensitivity. The first stage consisted of performing

paired-sample t-tests against baseline on each pixel per spectrogram

and thresholding the output spectrograms of t-values at p < .05 to

define time-frequency bins containing potentially significant oscilla-

tory deviations from baseline. Time-frequency bins that survived

thresholding (at p < .05) were clustered with temporally and/or spec-

trally neighboring bins that also survived, and cluster values were

derived by summing all t-values within each cluster. In stage two, non-

parametric permutation testing was used to derive a distribution of

cluster-values and the significance level of the cluster(s) from stage

one were tested directly using this permuted distribution, which was

the result of 10,000 permutations. Based on this cluster-based permu-

tation analysis, only the time-frequency windows that contained sig-

nificant oscillatory deviations from baseline at the p < .001, corrected,

threshold across all participants were subjected to source imaging

(i.e., beamforming).

2.6 | MEG source imaging and statistics

Cortical regions were imaged through a time-frequency-resolved

extension of the linearly constrained minimum variance (LCMV)

beamformer (Dalal et al., 2006; Gross et al., 2001; Van Veen

et al., 1997). The images were derived from the cross spectral den-

sities of all combinations of MEG gradiometers averaged over the

time-frequency range of interest, and the solution of the forward

problem for each location on a grid specified by input voxel space.

In principle, the beamformer operator generates a spatial filter for

each grid point that passes signals without attenuation from a given

neural region, while suppressing activity in all other brain areas.

The filter properties arise from the forward solution (i.e., lead field

matrix) for each location on a volumetric grid specified by input

voxel space and from the MEG cross spectral density matrix. Basi-

cally, for each voxel, a set of beamformer weights is determined,

which amounts to each MEG sensor being allocated a sensitivity

weighting for activity in the particular voxel. Following convention,

the source power in these images was normalized per participant

using a pre-stimulus period (i.e., baseline) of equal duration and

bandwidth (Hillebrand et al., 2005). Such images are typically

referred to as pseudo-t maps, with units (pseudo-t) that reflect

noise-normalized power differences (i.e., active vs. passive) per

voxel. MEG pre-processing and imaging used the Brain Electrical

Source Analysis (version 7.1) software.

To assess the anatomical basis of the responses identified through

the sensor-level analysis, the 3D beamformer output maps were

averaged across all participants. To investigate neural differences in

visual processing as a function of stimulation frequency, virtual sensors

were extracted per participant from the voxel with the strongest

entrainment response per hemisphere in the grand-averaged image

(i.e., across all participants and conditions). To compute virtual sensors

(i.e., voxel time series data), we applied the sensor weighting matrix

derived from the forward solution to the preprocessed signal vector,

which yielded a time series for the specific voxels in source space. For

each coordinate of interest, the envelope of spectral power was com-

puted for the frequency range used in the beamforming analysis, which

was centered around each entrainment frequency (i.e., 31–33 Hz, 39–

41 Hz, and 47–49 Hz; see below). For each participant, the mean base-

line activity per spectral window (e.g., 31–33 Hz) was derived by aver-

aging the absolute amplitude time series data across the baseline

period (�500 to 0 ms). This value was then used to normalize the post-

stimulus time series. Estimates of the entrainment response were

derived by averaging these normalized time series across the time win-

dow used in the beamforming analyses (i.e., 500 to 1000 ms; see

below). Since we did not have any laterality hypotheses, we collapsed

across hemispheres for each spectral window.

2.7 | Statistical analyses: Effect of entrainment
frequency on oscillatory power

The effect of entrainment frequency (i.e., 32 Hz, 40 Hz, and 48 Hz)

on oscillatory power was tested using repeated measures analysis

of variance (ANOVA) implemented in IBM SPSS Statistics (Version

25). This model included oscillatory power for each frequency,

with a within subjects factor of entrainment frequency that had

three levels. Finally, to reduce the impact of outliers on statistical

analyses, participants with values 2.5 SDs above or below the

group mean were excluded for each analysis. In total, three partici-

pants were excluded for outlying data. Note that including or

excluding these participants did not change our significant

findings.

2.8 | Statistical analysis: Habituation of
entrainment response

To determine if the entrainment responses showed a habituation

pattern, the single trial values of oscillatory power were submitted

to a linear mixed-effects model using the nlme package (Pinheiro

et al., 2022; Pinheiro & Bates, 2000) in R, where oscillatory power

was compared to trial number across all participants. Specifically,

the model was implemented as: Power � Frequency � Trial,

random = (�1 + Frequencyj Participant), assuming a normal Gauss-

ian distribution of random effects. In addition to investigating the

overall effect of habituation, we investigated the simple slopes of

each frequency to determine which entrainment frequencies habit-

uate across trials.
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2.9 | Functional connectivity

To investigate how cortico-cortico interactions differ as a function of

entrainment frequency, the peak voxels from the primary visual cortex

in the statistical maps described above were used as seeds for calcula-

tion of a coherence beamformer using the dynamic imaging of coher-

ent signals (DICS) approach (Gross et al., 2001). Briefly, this approach

uses the time-frequency averaged cross-spectral density to calculate

voxel-wise estimates of neural coherence (i.e., connectivity). These

whole-brain images represent the voxel-wise coherence with the

identified reference or seed voxel. One whole-brain image per

entrainment frequency was calculated using the left and right visual

cortical seed separately, and then averaged together per participant

and entrainment frequency. Note that eight participants were

excluded from this analysis as their connectivity values contained out-

lying data. Because oscillatory power can artificially inflate estimates

of connectivity (Schoffelen & Gross, 2009), we covaried out oscilla-

tory amplitude from these connectivity maps. These connectivity

maps were examined using a voxel-wise repeated measures ANOVA,

with a single within-subjects factor of entrainment frequency with

three levels. To account for multiple comparisons, a cluster forming

threshold of p < .001 and cluster-extent threshold of k >10 (i.e., at

least 640 mm3 of brain tissue) were used, based on Gaussian random

fields theory (Poline et al., 1995; Worsley et al., 1996). In addition, any

cluster falling within 4 cm of either seed voxel was excluded (Brookes

et al., 2011).

3 | RESULTS

3.1 | Sensor-level neural responses

Sensor-level time-frequency analysis across all participants revealed

significant oscillatory responses in a large number of posterior sensors

for each base entrainment frequency (32 Hz, 40 Hz, and 48 Hz), as

well as harmonics of the stimulation frequencies, all of which showed

increased amplitude relative to baseline (p < .001, corrected;

Figure 2). Given the goal of the study, we focused on 2 Hz wide bands

centered on each entrainment frequency and the time window with

the strongest response amplitude, which was 500–1000 ms following

the onset of the flickering stimulus. We did not image the harmonics.

3.2 | Entrainment condition differences in
oscillatory activity

As described in the methods (Section 2.6), entrainment responses

were extracted from peak voxels identified in the grand averaged

F IGURE 2 Sensor and source level
activity during visual entrainment.
(a) Averaged time-frequency spectrograms
from a posterior sensor (MEG2343) for 48 Hz
(top), 40 Hz (middle), and 32 Hz (bottom)
entrainment conditions. Time (ms) is shown
on the x-axis and frequency (Hz) on the y-axis,
and the color scale illustrates the percent
change in oscillatory power relative to the
baseline period (�600 to 0 ms). Clear
entrainment can be seen at each fundamental
driving frequency, and at the 2nd harmonic
for the 40 and 32 Hz conditions. (b) Mean
beamformer images (pseudo-t; see color bar)
of the entrainment frequency for (from top to
bottom) the 48, 40, and 32 Hz conditions, as
well as the grand average of all three
entrainment conditions. The functional images
show that entrainment peaked in a consistent
primary occipital cortical region for each
stimulation frequency.
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response maps (i.e., brain maps averaged across the three entrainment

conditions and all participants). Statistical analysis of oscillatory power

(i.e., changes in power relative to the baseline) revealed an overall

effect of stimulation frequency (F2,48 = 5.98, p = .005; Figure 3) and

follow-up tests revealed that the 48 Hz entrainment response was

weaker than the 32 (t24 = 2.81, p = .01) and 40 Hz (t25 = 3.73,

p < .001) responses. No difference was observed between 32 and

40 Hz (t25 = �0.44, p = .97).

3.3 | Habituation of oscillatory activity

The linear mixed effects (LME) model indicated that the entrainment

response decreased across trials (i.e., habituated; b = �0.004,

SD = .001, t1797 = �2.95; Figure 4). Analysis of the simple slopes for

each entrainment frequency separately revealed that this habituation

effect was significant for the 32 Hz (b = �0.41, p = .003) and 40 Hz

(b = �0.36, p = .02) entrainment response, but not the 48 Hz

response (b = �0.15, p = .29).

3.4 | Functional connectivity

We tested if functional connectivity at the entrainment frequency

between the visual cortical seed regions and the brain differed across

entrainment frequencies using a voxel-wise repeated-measures

ANOVA. This analysis revealed two significant clusters, located in left

inferior parietal lobule (F2,38 = 8.56, p < .001) and left precentral gyrus

(Figure 5; F2,38 = 9.18, p < .001). Post hoc pair-wise comparisons

were conducted on the peak-voxel in each cluster. In the left precen-

tral gyrus, connectivity was stronger for 40 relative to 32 (t19 = 3.85,

p < .001) and 48 Hz (t19 = 3.38, p = .003) and did not differ between

32 and 48 Hz (t19 = 0.01, p = .99). In the inferior parietal lobule, con-

nectivity was weaker for 32 relative to 40 (t19 = �3.63, p = .002) and

48 Hz (t19 = �3.43, p = .003) and did not differ between 40 and

48 Hz (t19 = 0.97, p = .34).

4 | DISCUSSION

In the current study, we tested which gamma-band frequency (32, 40,

or 48 Hz) elicited the strongest entrainment response in visual cortex

in a sample of healthy young adults. All three stimulation frequencies

produced strong entrainment responses in primary visual cortex. We

found that the entrainment response was strongest for 32 and 40 Hz

relative to 48 Hz. In addition, entrainment at both 32 and 40 Hz, but

not 48 Hz, showed a typical pattern of habituation across trials. These

results suggest that, within the gamma frequency range, neural

ensembles in visual cortex tend to synchronize more readily

(i.e., resonate) at 32 and 40 Hz relative to 48 Hz. The implications of

these findings on gamma entrainment therapy and the functional rele-

vance of visual cortical gamma activity are discussed below.

Visual entrainment in the gamma band has recently received

increased interest in part due to its potential therapeutic utility in AD,

where repeated sessions of 40 Hz visual stimulation have been linked

to reduced amyloid-β and hyperphosphorylated tau in animals

(Adaikkan et al., 2019; Hu et al., 2023; Iaccarino et al., 2016; Martorell

F IGURE 4 Habituation of entrainment responses. The
entrainment response amplitude (% change relative to baseline) per
stimulation frequency is displayed on the y-axis, and trial number is on
the x-axis. The lines represent the slope of the entrainment response
decrease over trials (i.e., habituation) per condition, with the shading
surrounding each line indicating the standard error of the mean.
Linear mixed effects (LME) analyses revealed that the 32 (p < .001)
and 40 Hz (p = .02) entrainment responses habituated, such that the
responses became weaker as a function of trial number. However,
this effect was not present at the 48 Hz stimulation
frequency (p = .29).

F IGURE 3 Oscillatory power at each entrainment frequency. The
brain map (top right) depicts the average entrainment response across
all three entrainment conditions and all participants (i.e., the grand
average). The box plots illustrate the entrainment response from
500 to 1000 ms for each frequency condition separately, which was
extracted from bilateral occipital peaks depicted in the brain map and
averaged across hemispheres. The X denotes the mean, the box edges
are the first and third quartiles, and the whiskers indicate the minima
and maxima. The surrounding violin plots illustrate the probability
density. A repeated measures ANOVA revealed that the entrainment
response was strongest for 32 and 40 Hz relative to 48 Hz
(F2,48 = 5.98, p = .005).
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et al., 2019). At least preliminary evidence points to similar findings in

human trials, including a reduction in the clinical manifestations of AD

(Chan et al., 2022; Cimenser et al., 2021; Clements-Cortes

et al., 2016; He et al., 2021; Hu et al., 2023; Manippa et al., 2022;

Traikapi & Konstantinou, 2021), but not a reduction in amyloid-β (He

et al., 2021; Ismail et al., 2018). While limited, the available evidence

suggests that the therapeutic effects are related to the degree of local

entrainment and are confined to neural tissue that entrains the flicker-

ing stimulus to a moderately high level (Iaccarino et al., 2016). Thus,

identifying the stimulation parameters that lead to the greatest ampli-

tude and volume of neural tissue being entrained would be advanta-

geous to such therapeutic approaches, and may lead to better

outcomes in humans. Our current findings suggest that 32 and 40 Hz

compared to 48 Hz elicited the strongest entrainment response, indic-

ative of the synchronization of more local neural cells entraining to

the stimulus (Pfurtscheller et al., 1996). While AD therapies have

focused on 40 Hz photic stimulation, these results suggests that

gamma frequencies below 40 Hz may be equally as effective insofar

as they excite the same proportion of neural tissue, but ineffective at

higher gamma frequencies.

While numerous studies have established that the strongest

visual entrainment response typically occurs with 14–16 Hz stimula-

tion (Herrmann, 2001; Lazarev et al., 2001; Pastor et al., 2003, 2007),

few studies have examined entrainment responses within the gamma

range. The classic experiment by Herrmann et al. (2001), where the

entrainment response was tested across frequencies ranging from

1 to 100 Hz, reported a stronger entrainment response at 40 Hz com-

pared to the neighboring frequencies. In contrast, a recent study

(Gulbinaite et al., 2019) found strongest responses in the gamma

range at �47 Hz compared to lower frequencies in the gamma range

(including 32 and 40 Hz). However, the results from Gulbinaite et al.

(2019) also disagree with Pastor et al. (2003), who found weaker

entrainment responses at 47 Hz compared to neighboring frequen-

cies. In fact, Pastor et al. (2003) reported the strongest gamma band

responses at 30 and 35 Hz compared to higher gamma frequencies,

consistent with our current findings. Similarly, both Park et al. (2022)

and Lee et al. (2021) found stronger entrainment at around 30 to

35 Hz compared to higher gamma frequencies. Taken together, our

results agree with the majority of the limited extant literature and pro-

vide evidence favoring visual stimulation at 32 and 40 Hz.

We also examined connectivity differences at the entrainment

frequencies between each voxel in the brain and the peak entrain-

ment voxel within visual cortex. Overall, stronger connectivity was

observed predominantly at 40 Hz in prefrontal and parietal cortices;

connectivity in the parietal region did not differ between 40 and

48 Hz. The current results partially disagree with recent EEG studies

where connectivity was stronger at entrainment frequencies <40 Hz

(Lee et al., 2021; Park et al., 2022). The discrepant results in these

studies may be due to our calculation being in source space, whereas

connectivity in these other studies was conducted at the electrode

level between posterior and anterior electrodes. These results suggest

that visual information may propagate between primary visual and

higher tier attention cortices more efficiently at 40 Hz compared to

lower and higher gamma-band frequencies. This is particularly rele-

vant to AD therapies, where more widespread entrainment across the

brain could increase the potential to alleviate AD biomarkers. Notably,

the precuneus/inferior parietal cortices has particularly high AB depo-

sition in the earlier stages of AD (Palmqvist et al., 2017). Thus, visual

entrainment at 40 Hz may be best suited to invoke the therapeutic

effects of gamma-band treatment in relevant brain regions.

Beyond therapeutic relevance, gamma-band entrainment is perti-

nent to the study of visual cortical function in general. Visual gamma

activity is thought to be essential to information processing within

local neural circuits (Tallon-Baudry, 2009; Uhlhaas et al., 2009), includ-

ing the binding of low-level visual features in perception (Fries

et al., 2001; Keil et al., 1999; Tallon-Baudry & Bertrand, 1999), and is

strongly tied to GABAergic signaling (Balz et al., 2016; Buzsáki &

Wang, 2012; Chen et al., 2014; Edden et al., 2009; Gaetz et al., 2011;

F IGURE 5 Differences in functional connectivity between the visual cortex and the whole brain at each entrainment frequency. The brain
map (middle) depicts the voxel-wise ANOVA, which compared the connectivity between each voxel and the primary visual cortex at the
entrainment frequency for each entrainment condition. The box plots illustrate the strength of connectivity for the left precentral gyrus (left) and
the left inferior parietal lobule (right) for each entrainment condition. The X denotes the mean, the box edges are the first and third quartiles, and
the whiskers indicate the minima and maxima. The surrounding violin plots illustrate the probability density. *p < .01; **p < .001.
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Kujala et al., 2015; Muthukumaraswamy et al., 2009). The stronger

entrainment responses at 32 and 40 Hz relative to 48 Hz suggests

that neural ensembles, which endogenously operate within the

gamma-band and involve GABAergic signaling, tend to resonate at

these lower gamma-band frequencies rather than higher frequencies.

However, further work is needed. Future studies should consider a

broader array of gamma entrainment parameters to pinpoint the opti-

mal approach and should also test of individual differences in pre-

ferred gamma flicker frequency.

The entrainment response to both 32 and 40 Hz, but not 48 Hz,

habituated across trials. Evoked responses in sensory cortex to nonar-

ousing stimuli have long been shown to habituate with repetition

(Abdulhussein et al., 2022; Megela & Teyler, 1979; Rauschel

et al., 2016; Schupp et al., 2006). While the precise mechanism of

habituation is not fully characterized, the habituation of sensory

responses to redundant stimulation has been widely documented

(Megela & Teyler, 1979; Schoenen, 1996; Thompson &

Spencer, 1966). Interestingly, cortical responses show no habituation

in disorders involving sensory processing (e.g., migraine with aura,

autism; (Dwyer et al., 2023; Harriott & Schwedt, 2014; Rauschel

et al., 2016)), which work (albeit limited) has suggested is due to aber-

rant GABAergic signaling from interneurons (Palermo et al., 2011).

Given the relevance of GABA to both AD therapy and visual cortical

gamma function more generally, as discussed above, habituation pat-

terns of entrained stimuli may be of interest for future entrainment

therapy work.

Other work has used brain stimulation at 40 Hz as a therapeutic

approach to AD and mild cognitive impairment (MCI). While the pre-

cise location of stimulation has differed across studies (Manippa,

Palmisano, et al., 2024), converging evidence indicates that 40 Hz

tACS improves cognitive and memory skills (Benussi et al., 2021,

2022; Kehler et al., 2020; Kim et al., 2021; Moussavi et al., 2021; Naro

et al., 2016; Zhou et al., 2022; but see Sprugnoli et al., 2021), and lim-

ited evidence has shown changes in some AD biomarkers (Dhaynaut

et al., 2022; Zhou et al., 2022). Drawing from animal work, researchers

have proposed that the improvements in cognition following tACS

therapy results from increases in the activity of inhibitory interneu-

rons (Manippa, Palmisano, et al., 2024), which are dysfunctional

(Palop & Mucke, 2016; Styr & Slutsky, 2018) and the root of large-

scale excitatory-inhibitory imbalance in AD (Hijazi et al., 2020). In

addition, some speculate that gamma-band excitation may directly

induce a microglia response to reduce amyloid-β and p-tau burden

(Adaikkan & Tsai, 2020). Future work may consider the effect of

entrainment frequency on these neurobiological processes, rather

than strictly on strength of entrainment per se.

Before closing, several limitations should be noted. First, a limited

number of frequencies were investigated in order to keep the MEG

recording as short as possible while also obtaining sufficient numbers

of trials for beamformer source reconstruction, and we focused on

those surrounding 40 Hz given the recent work surrounding emerging

AD therapies. Future work should investigate higher segments of the

gamma band, the 70–90 Hz range where robust motor responses are

often found (Fung et al., 2022; Meehan et al., 2023; Spooner

et al., 2021; Trevarrow et al., 2019; Wiesman, Christopher-Hayes,

et al., 2021). Second, entrainment was driven by only one type of

stimulus (a white dot). The visual entrainment response is indeed sen-

sitive to the spatial characteristics (Nguyen et al., 2017; Vialatte

et al., 2010) or color (Lee et al., 2021) of the flickering stimulus and

different stimulus types have been localized to different regions in the

visual hierarchy (Gundlach & Müller, 2013; Regan, 1989;

Rossion, 2014). Future studies could explore the impact of stimulus

characteristics on entrainment in the gamma band, with the premise

that higher order visual regions may be more susceptible to entrain-

ment if the stimulus was more complex. Along these lines, diffuse light

sources have been shown to differentially effect brain activity

(Kasteleijn-Nolst Trenité et al., 2012; Leijten et al., 1998), and may be

relevant to the efficacy of gamma-band entrainment therapies.

To summarize, we found stronger visual entrainment responses at

32 and 40 Hz compared to 48 Hz, suggesting that neural ensemble

activity within the gamma band tends to resonate, and thus entrain

more readily, when stimulated at these relatively low gamma range

frequencies. Entrainment therapies for AD have focused on 40 Hz,

but these results suggest that lower frequencies may be equally suited

for such approaches; at the same time, frequencies above 40 Hz

appear to be less ideal. Adding to this notion, 32 and 40 Hz stimula-

tion were associated with habituation across the duration of the

experiment, but the same was not found for 48 Hz. Finally, whole-

brain connectivity patterns with visual cortex tended to be strongest

at 40 Hz. Beyond therapeutic relevance, these results constitute ideal

parameters to study visual gamma band activity in general, which has

been strongly tied to GABAergic signaling (Balz et al., 2016; Chen

et al., 2014; Edden et al., 2009; Gaetz et al., 2011;

Muthukumaraswamy et al., 2009).
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