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Abstract.

Background: Exposure to 40 Hz stroboscopic light, for one hour a day, has previously been published as a potential treatment

option for Alzheimer’s disease in animal models. However, exposure for an hour a day to 40 Hz stroboscopic light can be

strenuous and examining other types of 40 Hz inducing stimuli is paramount if chronic treatment is wanted.

Objective: A core assumption behind ensuring a therapeutic outcome is that the visual stimuli can induce 40 Hz gamma

entrainment. Here, we examine whether a specific visual stimulus, 40 Hz invisible spectral flicker (ISF), can induce gamma

entrainment and how it differs from both continuous light (CON) and 40 Hz stroboscopic light (STROBE).

Methods: The study included non-simultaneous EEG-fMRI neuroimaging of 13 young healthy volunteers during light

exposure. Each light condition (i.e., CON, ISF, or STROBE) was active for 30 seconds followed immediately by the next.

Results: Entrainment of 40 Hz neural activity were significantly higher signal-to-noise ratio during exposure to ISF (mean:

3.03, 95% CI 2.07 to 3.99) and STROBE (mean: 12.04, 95% CI 10.18 to 13.87) compared to CON. Additionally STROBE

had a higher entrainment than ISF (mean: 9.01, 95% CI 7.16 to 12.14).

Conclusion: This study presents a novel method of 40 Hz entrainment using ISF. This enables the possibility of future

randomized placebo-controlled clinical trials with acceptable double blinding due to the essentially imperceivable flicker,

which is expected to substantially reduce discomfort compared to interventions with stroboscopic flicker.
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INTRODUCTION

The number of patients suffering from Alzheimer’s

disease (AD) increases with an aging population [1].

Unfortunately, there is currently no disease modify-

ing treatment available [2], causing the doctors and

patients to solely rely on symptomatic treatment.

Patients with AD have an accumulation of

amyloid-� (A�) and tau protein in the neural tissue.

Therefore, it is considered that a treatment, which

reduces the accumulation of these proteins, may be

a potential treatment for AD. Indeed, many potential

drugs have been tested for reduction of A� and tau

protein [3]. Recent studies have demonstrated that it

is possible to reduce the amount of A� and tau by

inducing neural oscillations at 40 Hz [4–6].

This has been done non-invasively by exposing

mouse models of AD to 40 Hz stroboscopic light.

Induction of 40 Hz entrainment by exposure to flick-

ering light is also possible in humans [7, 8]. However,

to our knowledge, repeated measures of 40 Hz flick-

ering lights in longer periods of minutes to hours

of exposure have only been tested in few studies

[9–11].

Exposure to 40 Hz stroboscopic light is, however,

expected to be strenuous to look at, especially with

a proposed exposure time of 60 min per day [4].

This study is therefore working with a novel form

of light called invisible spectral flicker (ISF) [12].

The type of ISF used in this study alternates between

two spectrally different compositions of light that

renders the flickering invisible to the observer while

creating a perceived color of white light similar to

continuous light. The imperceptible flicker charac-

teristic of the ISF equates it with bright light therapy

which is already acknowledged as a treatment with

high tolerability for different psychiatric disorders

[13] and dementia [14]. The ISF at 40 Hz will be

compared to 40 Hz stroboscopic light and continu-

ous non-flickering light. The immediate effect will be

evaluated using electroencephalography (EEG) and

functional magnetic resonance imaging (fMRI). The

aim is to estimate the immediate effect on neuronal

activity by exposure to 40 Hz ISF. The use of EEG

will help determine the neurophysiological response

with high temporal acuity; however, EEG lacks spa-

tial resolution especially in subcortical structures

[15]. Therefore the study has added the use of blood

oxygen level dependent (BOLD) fMRI to investigate

subcortical changes as a result of exposure, as BOLD

signal has been seen to follow gamma activity in other

studies [16–21].

MATERIALS AND METHODS

Participants

Young healthy volunteers were recruited through

personal contact or bulletins at local educational facil-

ities. It was estimated that 10–15 participants would

be a sufficient sample size for explorative analysis

in this study. Eligibility of participants was based

on the following in- and exclusion criteria, inclusion

criteria: Age > 18 years and no use of prescription

medication (contraceptives were allowed). Exclusion

criteria: Claustrophobia, metal implants, pacemaker

or cochlear implants, pregnancy, breastfeeding, and

psychiatric disorders.

Light paradigm and conditions

This study had three different conditions of light

(Fig. 1) all from the same purpose-built light source

(OptoCeutics ApS). The first condition was a control

condition of non-flickering continuous light (CON).

The second condition was 40 Hz ISF (ISF). The third

condition was 40 Hz stroboscopic light (STROBE).

All light conditions had a matching correlated color

temperature of 3191 K, CIE 1931 chromaticity coor-

dinates of (x,y) = (0.410, 0.376), and a Duv (Delta

uv) value less than 0.01, and thus within the range

of white light. All light conditions were brightness

matched at an average of 150 lux per second at the

level of the eye, verified by a handheld lux-meter

(MK350 LED Meter, URPtek, Taiwan).

Two paradigms of exposure to the light were com-

pleted. In both paradigms, each condition was active

for 30 s followed immediately by the next condition

with no interval between conditions (Fig. 1D). The

first paradigm was an AB paradigm comparing a con-

dition A (CON) and a condition B (ISF), with 15

repetitions of each condition for a total of 15 min. The

second paradigm included all three conditions (CON,

ISF, and STROBE), in an ABC paradigm. Here, each

condition was repeated 20 times for a total of 30 min.

To reduce carry-over effects from the prior condition,

the order of conditions in each block was randomized

for the individual participant. For the fMRI record-

ings, a control paradigm was added, which tested no

light versus continuous non-flickering light with four

repetitions for each for a total of 4 min.

Electroencephalography

EEG was recorded in a designated room shielded

from external electrical interference with lights
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Fig. 1. Experimental design. A) Normalized spectral irradiance of the different light conditions used, top panel: non-flickering light (CON),

middle panel: 40 Hz ISF, lower panel: 40 Hz stroboscopic light. B) Normalized spectral irradiance of the 1st and 2nd half cycle of the different

conditions. C) Color temperature of the three light conditions used. D) Illustration of the AB and ABC paradigms.

turned off and blackout curtains drawn, resulting in

low background illuminance below 5 lux. EEG was

recorded with 26 electrodes arranged according to the

international 10–20 system plus a dipolar EOG sensor

and a bipolar electrocardiogram (ECG) correspond-

ing to II. Sampling rate was 1000 Hz. During the

recording, the participants sat in a comfortable chair

70 cm from the light source. The participants were

instructed to refrain from voluntary movements and

direct their gaze directly at the light source as much as

possible. If the conductor of the experiment observed

gaze deviation, the participant would be reminded to

direct their gaze at the light source.

Functional magnetic resonance imaging

Each participant underwent an MRI examination

on a 3T MR scanner (Siemens MAGNETOM Vida)

with a 64-channel receive head coil. Light was pro-

jected to the scanner by a fiber optic cable, which was

divided into a cable for each eye (Fig. 2). The fiber

optic cable was positioned 5 cm from the medial cor-

ner of the eye resulting in the same light intensity at

the level of the eye as during the EEG. High resolu-

tion anatomical T1 weighted MPRAGE images were

acquired for reference with the following parameters:

Slice thickness (ST) 0.9 mm, Field of view (FOV)
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Fig. 2. Experimental setup in the MR scanner. Fiber optic cables projected light to the eyes of the subject within the MR scanner. Each fiber

optic cable was positioned 5 cm from the medial corner of each eye to achieve equal light intensity at the level of the eyes to that used in the

EEG setup.

230 mm, Repetition time (TR) 2000 ms, Echo time

(TE) 2.41 ms, Flip Angle (FA) 9 deg, and Accelera-

tion Mode (AM) GRAPPA. Functional BOLD echo

planar images were acquired for both the AB, ABC,

and the control paradigms with the following param-

eters: ST 3.0 mm, FOV 192 mm, TR 1200 ms, TE

30.00 ms, FA 66 deg, AM SMS, and Slice order;

interleaved within each multi slice block.

Data analysis

Electroencephalography

Raw EEG recordings were manually pre-processed

to identify bad channels, containing significant 50 Hz

interference or no EEG related signals, and arte-

facts [22]. Analysis of the EEG recordings was done

using MNE-Python [23]. Data was down sampled to

250 Hz, a zero-phase finite impulse response (FIR)

high-pass filter with a hamming window and cut-

off frequency at 1 Hz was applied along with a

50 Hz notch filter (zero phase FIR Notch filter at

50 Hz, hamming window and transition of 0.5 Hz), to

reduced line noise. Data was then re-referenced using

the reference electrode standardization technique

(REST) in order to approximate a zero reference for

each electrode [24].

The EEG recordings was then divided into epochs

according to the conditions (non-flickering contin-

uous light, 40 Hz ISF or 40 Hz stroboscopic light).

Epochs containing artefacts were rejected from fur-

ther analysis, and bad channels were interpolated

using spherical splines [25]. The first and last 1 sec-

ond of each stimulation epoch were rejected to avoid

risk of synchronization inaccuracies. Power spectral

density (PSD) was calculated using the Welch method

with a 10-s window, 50% overlap, and zero padded

to achieve a resolution of 0.05 Hz [26]. The signal

to noise ratio for entrainment (SNR) were calculated

as the ratio between the 40 Hz peak and the average

power of the nearest frequencies located 2 Hz from

the target frequency (40 Hz) as described [26, 27].

Functional magnetic resonance imaging

fMRI data were pre-processed using the SPM12

extension to MATLAB (MathWorks, Inc., Natick,

MA USA). The fMRI volumes were realigned to

the first volume of each series, and the slice-timing

corrected. The volumes were then co-registered to

the anatomical T1W MPRAGE and normalized to

standard space (MNI) [28, 29]. Finally, the volumes

were smoothed by an 8 mm Gaussian kernel. The

initial fMRI data analysis was done by both a conven-

tional mass-univariate approach [30] followed by a
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multi-variate pattern analysis (MVPA) [31, 32] seek-

ing to decode stimulation conditions from the fMRI

signal. Statistical significance for the mass univariate

approach was determined by topological inference,

corrected for the Benjamini-Hochberg false discov-

ery rate [33].

The Python3 toolboxes, scikit-learn and ni-learn

(v 0.8.1) [34, 35] were used for the MVPA to cre-

ate a support vector classifier (SVC) for binary

classification of the treatment conditions as previ-

ously demonstrated by [36]. The ABC paradigm was

reduced to a two-class problem by excluding one con-

dition per binary classification. To take into account

the hemodynamic delay, the labels were shifted by

4 TRs corresponding to 4.8 s, and furthermore 4

TRs were discarded (two at the start and two at the

end of each block) to eliminate potential transient

effects. The model was trained and tested using cross-

validation (CV) both within subjects and between

subjects. As the conditions were balanced, the per-

formance was evaluated by the prediction accuracy

within and between subjects by leaving out 1/k of

the data for within subject and an entire subject

for between subjects. Significance of the accuracy

was determined by random permutation tests [37,38]

where labels were shuffled randomly to form an

empirical null distribution of the accuracy. For details

regarding the MVPA, See Supplementary Table 1.

Statistical analysis

A linear mixed effect model was applied to the

EEG data to test significant difference in SNR peak

of ISF compared to CON in the AB paradigm

and ISF and STROBE compared to CON in the

ABC paradigm. Both models included condition as

a fixed effect and block and subject as a random

effect. Higher-order interaction terms were insignif-

icant except for interaction between condition and

subject, and this term was thus kept in the reduced

model. Tukey’s adjustment was used to control the

family-wise error rate (FWER) at the � = 0.05 level

for pairwise comparisons, and the Kenward-Roger

approximation was used to estimate the degrees of

freedom. Statistical tests were conducted in RStudio

(R-4.0.4) [39] using lme4 (v. 1.1-27.1) [40] to model

the data and lmerTest (v 3.1-3) [41].

Ethics

All participants in this study were able and pro-

vided an informed consent following thorough verbal

and written information of the project. The project

was approved be the local ethics committee (identi-

fication number: SJ-781).

RESULTS

In total, 13 participants were recruited, of these

four females, and the median age was 25 years (range

21–41, mean 28). None of the participants had any

history of systemic disease or disease of the central

nervous system. All participants completed both EEG

recording and MRI.

The 40 Hz ISF clearly induced 40 Hz neural oscil-

lations compared to non-flickering light in both the

AB (mean: 3.03, 95% confidence interval (CI) 2.07 to

3.99, p = 1.68835e–5) and the ABC paradigm (mean:

3.03, 95% confidence interval (CI) 1.17 to 4.08,

p = 0.0012), most prominent in the posterior elec-

trodes closest to the visual cortex (Figs. 3 and 4).

When comparing the 40 Hz ISF to the 40 Hz stro-

boscopic light, the 40 Hz stroboscopic light induces

a higher amplitude of 40 Hz neural oscillations than

the 40 Hz ISF (mean: 9.01, 95% confidence inter-

val (CI) 7.16 to 12.14, p = 7.0166e–14), but with a

similar spatial distribution mostly prominent in the

posterior electrodes near the visual cortex. Addition-

ally, when comparing non-flickering light with 40 Hz

stroboscopic light in the ABC paradigm, the 40 Hz

stroboscopic light gives a significantly higher SNR

value (mean: 12.04, 95% confidence interval (CI)

10.18 to 13.87, p = 2.9023e–11). The conditions did

not significantly affect the rate of blinking or the heart

rate (see Supplementary Figure 1).

Traditional mass-univariate pattern analysis was

the initial approach for analysis of the MRI data.

As expected, this method did not identify any sig-

nificant differences between the BOLD signal of the

different conditions of light. However, as expected,

clear difference in dominant regions of the visual

system was observed when comparing no light ver-

sus non-flickering light in the control paradigm (see

Supplementary Figure 2).

To further identify and characterize potential

difference between the fMRI responses to the stim-

ulation conditions an MVPA approach was applied.

MVPA was able to discriminate significantly between

the different conditions, however not with a high

degree of accuracy (Fig. 5). The best accuracies were,

not surprisingly, achieved for the control paradigm

(accuracy = 93.6%, p = 0.0058). While the accuracy

was higher, and reached statistical significance, in
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Fig. 3. 40 Hz neural activity from the AB paradigm. A) Shows the PSD for both continuous non-flickering light (CON) and 40 Hz ISF (ISF).

The lower panel is zoomed in to more accurately represents frequencies around 40 Hz. B) Boxplot of signal-to-noise ratios (SNR) for both

conditions. C) Topographical distribution of 40 Hz activity during exposure to continuous non-flickering light. D) As C, but for exposure to

40 Hz ISF. Note the difference in color bar to better visualize the spatial distributions of the induced 40 Hz neural activity.

the comparison of 40 Hz stroboscopic light and

non-flickering continuous light (accuracy = 77.2%,

p = 0.011) than in the comparison of 40 Hz ISF

and non-flickering continuous light (accuracy = 60.3,

p = 0.17).

The difference in accuracy may be attributed to the

difference in peak light intensity between the 40 Hz

stroboscopic light and the other conditions. For the

AB paradigm, the accuracy was slightly lower (accu-

racy 55.4%, p = 0.27) than in the ABC paradigm,

perhaps due to the lower number of samples in the AB

paradigm and thus a smaller data set for the classifier

to learn from. Additional results from the between

subjects comparison can be seen in Supplementary

Figure 3.

DISCUSSION

Clinical trials testing non-invasive entrainment of

40 Hz neural oscillations with light are still lim-

ited, and all used 40 Hz stroboscopic light as the

intervention and either no intervention [9] or non-

flickering light as the control [10, 11]. The current

study aimed to investigate the immediate effect

of exposure to novel 40 Hz ISF in order to test

whether 40 Hz ISF can generate 40 Hz entrainment

similar to 40 Hz stroboscopic light. The effect was

measured using EEG which showed 40 Hz entrain-

ment during exposure to both 40 HZ ISF and 40 Hz

stroboscopic light compared to non-flickering light.

While the power of the immediate evoked response
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Fig. 4. 40 Hz neural activity from the ABC paradigm. A) Shows the PSD for both continuous non-flickering light (CON), 40 Hz ISF (ISF),

and 40 Hz stroboscopic light. The lower panel is zoomed in to more accurately represent frequencies around 40 Hz. B) Boxplot of signal-to-

noise ratios for all three conditions. C) Topographical distribution of 40 Hz activity during exposure to continuous non-flickering light. D)

As C, but for exposure to 40 Hz ISF. E) As C and D, but for 40 Hz stroboscopic light. Note the difference in color bar to better visualize the

spatial distributions of the induced 40 Hz neural activity.

to ISF is far below that of stroboscopic light, it

remains unclear whether the immediate power of

the response determines the subsequent response or

whether the spatial distribution, time above a certain

(yet unknown) threshold, or other possible markers

of effect are of most importance to the proposed

neuroprotective effect[4–6, 42]. Other studies sug-

gest that the spatial distribution of the evoked 40 Hz

response is more important than the absolute power

[5, 10].

A plausible explanation for the higher SNR dur-

ing 40 Hz stroboscopic light than 40 Hz ISF may be

the intensity of the light. In the current study, the

intensity was matched at average intensity per sec-

ond rather than peak light intensity. Furthermore, the

40 Hz entrainment in response to the 40 Hz strobo-

scopic light was high in comparison to other studies

using various measures of entrainment amplitude [8,

10, 43, 44].

Traditional mass univariate analysis of the BOLD

fMRI imaging only revealed subtle differences in

the spatial distribution of BOLD signal between

the different non-flickering light and neither 40 Hz

ISF nor 40 Hz stroboscopic light, none of which

were statistically significant. This is surprising as the

BOLD signal has previously been shown to follow the

same spatial distribution as the EEG when investigat-

ing steady state visually evoked potential (SSVEPs)

responses [19] though most studies with frequencies

above 30 Hz [20]. One explanation may be that the

three conditions in this study stimulate the visual

system through the same pathways as they are all iso-

luminant at average over time and have the same color

temperature [45]; other studies using SSVEP used a

no-light condition as control [19, 20]. Other stud-

ies using task-related gamma activity found BOLD

signal to co-localize with the gamma activity; how-

ever, task related trials involve more complex neural
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Fig. 5. Confusion matrices of the multivariate pattern analysis of within-subject comparison with 1000 permutations. A) AB paradigm

comparing non-flickering continuous light to 40 Hz ISF. B) ABC paradigm comparing non-flickering continuous light to 40 Hz ISF. C) ABC

paradigm comparing non-flickering continuous light to 40 Hz Stroboscopic light. D) Control paradigm testing no light stimulus against

non-flickering lights.

processing than crude driven induced gamma to an

external driver as in SSVEP and in this study. Another

explanation may be that it the temporal smooth-

ing induced by the hemodynamic response renders

high frequency content impossible to observe directly

using BOLD fMRI [46]. As the mass univariate anal-

ysis was not able to determine if any subcortical

structures were affected by the 40 Hz entrainment

in the ISF and STROBE conditions, a multivariate

pattern analysis was applied.

In contrast to the mass univariate analysis, the more

complex multivariate pattern analysis was able to pre-

dict the condition with some degree of accuracy. The

multivariate pattern analysis on the other hand uses

BOLD signal from all voxels to generate a predic-

tion model. This prediction model may be affected

by other derived effects of the conditions such as dis-

comfort, eye strain, movement, etc., and as such, it

will remain unclear whether the prediction model was

based on BOLD signal directly related to the condi-

tion or derived effects such as the afore mentioned

factors.

The physiological purpose of gamma activity has

been a mystery for many years [47], but there seems

to be a consensus that gamma activity is related

to interneurons [42, 48], especially the parvalbu-

min positive interneurons [49, 50]. Rodent studies

have found increased cognitive performance during

induced gamma [51, 52], along with emerging evi-

dence of a neuroprotective effect of daily induced

gamma [4–6].

The relatively small number of participants and

the fact that all participants were young and healthy

limit the conclusions that can be drawn from this

study. Although previous studies have determined

that age does not significantly affect the 40 Hz gamma

response [44] to stroboscopic light, it seems reason-

able that patients with AD have a similar response as

the visual acuity is not affected in patients with AD

[53] and trials have found 40 Hz response to 40 Hz

stroboscopic flicker in patients with AD [9, 10].

Despite the limited sample size, this study clearly

indicates that significant entrainment of 40 Hz EEG

activity is possible using 40 Hz ISF. It may be

suggested that an increased sample size may have

increased the sensitivity in the analysis of the fMRI

BOLD images; however, based on the distribution of

the individual observation this is unlikely.

The introduction of 40 Hz ISF may enable future

clinical trials to have a true placebo intervention
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blinded for both the participants and the researchers.

In addition, we propose that 40 Hz ISF is less strenu-

ous to use and might as a result increase the adherence

in future clinical trials. Unfortunately, this latter

hypothesis is not tested in the current study and needs

testing in future studies.

Conclusion

In conclusion, this study presents a novel method

of non-invasive induction of 40 Hz neural oscilla-

tions with ISF. This enables the possibility of future

randomized placebo-controlled clinical trials with

acceptable double blinding due to the essentially

imperceivable flicker. Finally, it is strongly antici-

pated that the level of discomfort is lower for 40 Hz

ISF compared to 40 Hz stroboscopic light. However,

this latter anticipation deserves more rigorous testing

in future studies.
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