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Abstract

INTRODUCTION: We evaluated the long-term effects of daily 40 Hz (gamma fre-

quency) audiovisual stimulation on cognition and biomarkers in five patients with mild

Alzheimer’s disease (AD).

METHODS:Over 2 years, patients received 1-h daily stimulation. Electroencephalog-

raphy (EEG)was used to assess neural entrainment;magnetic resonance imaging (MRI)
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measured brain volumes; actigraphy monitored activity patterns; neuropsychological

tests evaluated cognition; and S-PLEX assaymeasured plasma pTau217.

RESULTS: No adverse events occurred over the study period. Three female patients

with late-onset AD (LOAD) retained strong EEG entrainment and showed less decline

inMini-Mental State Examination (MMSE), Clinical Dementia Rating (CDR), and Func-

tional Assessment Scale (FAS) scores compared to matched controls from National

Alzheimer’s Coordinating Center (NACC), Alzheimer’s Disease Neuroimaging Initia-

tive (ADNI), and Longitudinal Early-Onset Alzheimer’s Disease Study (LEADS). Plasma

samples were available for only two of five participants – both with LOAD – and both

showed pTau217 reductions of 47% and 19%.

DISCUSSION: These findings suggest that long-term 40 Hz audiovisual stimulation is

safe, feasible, and may offer cognitive and biomarker benefits in some individuals with

mild AD, supporting further investigation.

CLINICAL TRIAL REGISTRATION INFORMATION: ClinicalTrials.gov

(NCT04055376).

KEYWORDS

40 Hz audiovisual stimulation, ADNI, Alzheimer’s disease, LEADS, long-term treatment, NACC,
plasma pTau217

Highlights

∙ Five mild Alzheimer’s disease (AD) patients safely used daily 40 Hz audiovisual

stimulation for 2 years.

∙ Late-onset AD (LOAD) patients showed increased 40 Hz electroencephalography

(EEG) power and improved cognitive scores.

∙ National Alzheimer’s Coordinating Center (NACC) data enhanced early-phase

analysis and support precisionmedicine in AD studies.

∙ Plasma pTau217 declined in 2 LOAD patients after 2 years of daily use.

∙ This small pilot is the first to link long-term 40Hz therapy to AD biomarker change.

1 BACKGROUND

Alzheimer’s disease (AD) is a complex neurodegenerative disor-

der characterized by the progressive accumulation of amyloid-beta

plaques and phosphorylated tau tangles as hallmark pathological

features.1 Beyond thesemolecular pathologies, disruptions inneuronal

network oscillations, including gamma-band oscillations (30–80 Hz),

have been observed in AD mouse models2–5 and patients with AD.6,7

Emerging evidence indicates that evoked 40 Hz gamma oscillations

using sensory stimulation – or Gamma Entrainment Using Sensory

(GENUS) stimuli – may help mitigate AD pathology and support cogni-

tive function in transgenic animal models.8 Using mouse models of AD

and neurodegeneration, we found that visual and auditory 40 Hz light

stimulation decreases amyloid levels and ameliorates cognitive impair-

ment, with combined stimulation yielding enhanced effects.9–12 These

findings have since been validated and expanded upon in numerous

animal models.13–21

Several clinical trials have explored the effects of gamma frequency

sensory stimulation in AD patients. A feasibility study demonstrated

that 1-h daily 40 Hz sensory stimulation with GENUS is safe, well-

tolerated, and associated with reduced brain atrophy and improved

sleep and memory after 3 months of use.22 Another trial reported

improved sleep quality and activities of daily living in AD patients

after 4–8weeks of 40Hz stimulation, suggesting potential therapeutic

benefits.23 Additionally, a 6-month trial in mild to moderate AD found

that gamma stimulation was safe and may offer cognitive benefits and

improved outcomes on the ADCS-ADL (Alzheimer’s Disease Cooper-

ative Study – Activities of Daily Living) scale and for sleep scores.24

The same group also reported white matter preservation, reduced

myelin loss,25,26 and less brain atrophy27 after 6 months of 40 Hz light

and sound stimulation, warranting further investigation. While these

early findings are promising, prior trials are limited to short-term (1–

6 months) interventions. Here, we extend these findings by describing

the long-term effects of daily at-home GENUS on cognition, biomark-
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed literature in

PubMed about the effects of 40 Hz audiovisual stim-

ulation in patients with mild Alzheimer’s disease (AD).

No study yet has investigated the safety and efficacy of

stimulation for more than 6months.

2. Interpretation: No adverse effects were reported by

three femalepatientswithmild late-onsetAD (LOAD) and

two male patients with mild early-onset AD (EOAD) who

used 1-h daily 40 Hz audiovisual stimulation for 2 years.

40 Hz EEG response to stimulation declined in EOAD but

increased in LOAD patients, who demonstrated signifi-

cantly improvedMini-Mental State Examination (MMSE),

Clinical Dementia Rating (CDR), and FAS scores com-

pared to matched subjects from National Alzheimer’s

Coordinating Center (NACC), Alzheimer’s Disease Neu-

roimaging Initiative (ADNI), and Longitudinal Early-Onset

Alzheimer’s Disease Study (LEADS). Two LOAD patients

showed a decrease of 47% and 19% in plasma levels of

pTau217.

3. Future directions: These results provide the rationale for

larger long-term studies of 40 Hz audiovisual stimulation

in LOADpatients andunderscore theutility of nationwide

AD studies such as NACC as a source of no-treatment

controls.

ers, sleep parameters, and safety in patients with mild AD dementia

after approximately 2 years of daily 1-h usage.

2 METHODS

Five participants from our original single-blinded, randomized,

placebo-controlled trial (NCT04055376)22 that was designed to

evaluate the safety and efficacy of 40 Hz GENUS in patients with

mild AD dementia, chose to continue in an open-label extension.

Four of these participants had been in the control arm of the original

trial (CONSORT diagram, Figure S1) and switched to using 1-h daily

GENUS stimulation at month 6 (LOAD1) or month 9 (LOAD3, EOAD1,

EOAD2), and one participant (LOAD2) had been included in the

treatment arm and continued to use 1-h daily GENUS stimulation for

a total of 30 months from baseline. 40 Hz light and sound GENUS

stimulation was delivered at home using the devices described in Chan

et al. (2022), consisting of a 2′ by 2′ light emitting diode (LED) panel

and a speaker delivering synchronized 40 Hz light and sound, with a

centrally mounted tablet to provide entertainment (Figure S2). Scalp

electroencephalography (EEG), actigraphy, T1-weighted magnetic res-

onance imaging (MRI), and neuropsychological testingwere performed

and analyzed essentially as described before,22 except that Freesurfer

version 7.4.1 was used for MRI analysis and MNE-Python28 for EEG

analysis. All measurements were taken at time points, including at

least 0, 3, and ∼30 months, relative to the start of the original trial.

Adverse events were recorded on structured questionnaires. Average

changes in test scores or brain-structure volumes were estimated

and corrected for confounding variables using the scikit-learn29 and

statsmodel30 Python libraries. Longitudinal blood samples were only

obtained for two of the five participants after long-term treatment.

Plasma pTau217 concentrations were determined using the S-PLEX

human pTau217 assay (MSD, Rockville, Maryland) and plasma protein

concentrations using the BCA assay (Thermo Scientific,Waltham,MA).

3 RESULTS

At baseline, three of the participants, all female, presented with late-

onset AD (LOAD), and two participants, both male, with early-onset

AD (EOAD), defined as a diagnosis of AD before the age of 65. All

five participants had mild AD at the start of the original trial (CON-

SORT diagram, Figure S1), with plasma pTau217 values above the

cutoff considered diagnostic for AD31 (Table 1) and experienced only

mild adverse events over the ∼30 months combined duration of the

original trial and the open-label extension periods. No adverse events

TABLE 1 Baseline demographics of AD patients in long-term
extension

Characteristic LOAD1 LOAD2 LOAD3 EOAD1 EOAD2

Years of age at

baseline

76 88 81 63 55

Age of onset 72 87 79 61 54

Gender F F F M M

Years of education 12 20 10 12 18

MMSE 22 26 22 24 23

MOCA 20 23 16 20 12

ADAS-Cog 13 7 18 18 24

Global CDR 1 1 1 1 1

CDR SOB 6 6 5.5 5 4.5

FAS 10 20 19 10 13

APOE E3/E3 E3/E3 E3/E3 E3/E3 E3/E4

Taking Aricept (n (%)) Yes Yes No No Yes

Plasma pTau217

(pg/mL)

At baselinea 27.6 9.78 12.13 9.77 25.97

After∼30months of

GENUS

14.5 7.88 ND ND ND

Note: Bolded values indicate pTau217 concentrations from participants

with longitudinal data.

Abbreviations: AD,Alzheimer’s disease; APOE, apolipoprotein E;CDR,Clin-

ical Dementia Rating; CDR-SOB, Clinical Dementia Rating Sum of Boxes;

EOAD, early-onset Alzheimer’s disease; FAS, Functional Assessment Scale;

GENUS, Gamma Entrainment Using Sensory; LOAD, late-onset Alzheimer’s

disease; MMSE, Mini-Mental State Examination; MOCA, Montreal Cogni-

tive Assessment.
apTau217 concentrations > 6.8 pg/mL are considered diagnostic for

Alzheimer’s disease.
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F IGURE 1 The 40Hz power in response to GENUS. Power remains stable in late-onset AD subjects (A, C), but declines in early-onset AD
subjects (B, C). EEGwas first recorded for 1min without stimulation (dotted black lines) and then for 1min during GENUS stimulation (solid lines).
AD, Alzheimer’s disease; EEG, electroencephalography; GENUS, Gamma Entrainment Using Sensory Stimulation.

were reported by participants on structured questionnaires at follow-

upvisits in theopen-label extensionperiod. At baseline, oneparticipant

using the control setting reported one episode of nervousness which

resolved10min after initial presentation and another participant using

the control device reported tiredness after 1 h of stimulation which

eventually also resolved after 1month of daily “control” stimulation.

EEG at baseline indicated a robust power increase at 40 Hz in

response to GENUS stimulation for all five participants (Figure 1). The

EEG signal at 40Hzwasmostly located in the occipital regions, indicat-

ing a strong response to light stimulation (Figure S3). For one subject

(LOAD2), 40 Hz signal was also detected in the frontal vertex regions,

the expected location for response to sound stimulation.32 At ∼30

months, GENUS-evoked 40Hz power levels were increased over base-

line for the three LOAD participants (109%, 164%, 113%, Figure 1A,C)

but showed a steep decline for the two EOAD participants (38%, 32%,

Figure 1B,C). Notably, the topographical pattern of the 40 Hz EEG
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F IGURE 2 Changes in intra-daily variability and inter-daily
stability in sleep over time. Shaded areas show expected ranges based
on the standard deviations for patients withmild-cognitive
impairment given in Li et al., 2020.33 Y-axis is reversed for intra-daily
variability.

signal remained the same for each subject (Figure S3). These data indi-

cate that GENUS stimulation remained effective in the LOAD, but not

in the EOAD participants.

Actigraphy measurements, conducted over a two-week period at

each time point, indicate that intra-daily variability (i.e., fragmenta-

tion of rhythm) was reduced in four participants after starting 40 Hz

GENUS and was in the range expected for participants with mild-

cognitive impairment33 for all five participants. Inter-daily stability (i.e.,

strength of coupling to the external environment) improved for two of

the five participants (Figure 2).

Cognitive testing included the five tests most commonly used in

AD studies, namely the Mini-Mental State Examination (MMSE)34,

Clinical Dementia Rating Sum of Boxes (CDR-SOB)35, Functional

Assessment Scale (FAS)36, Montreal Cognitive Assessment (MoCA)37,

and Alzheimer’s Disease Assessment Scale-Cognitive (ADAS-Cog)38

tests. Control (i.e., no-GENUS) data were obtained from the National

Alzheimer’s Coordinating Center (NACC), the Alzheimer’s Disease

Neuroimaging Initiative (ADNI), and the Longitudinal Early-Onset

Alzheimer’sDiseaseStudy (LEADS) databases (Table S1). Fromall three

databases, we selected participants that were matched to open-label

extension participants on age range by sex and that had a CDR global

score of 0.5 or 1 and an MMSE score ≥ 19 and ≤ 26 at baseline,

matching the original inclusion criteria for the open-label extension

participants. We further filtered for control participants with test

scores for at least three visits spaced out over at least 24 and at most

36 months, thus closely matching the testing window relative to base-

line to that for the open-label extension participants. Plotting test

scores over time for each of the final control participants showed data

from all three databases to be seamlessly integrated, without any dis-

cernible separation by database (Figure S4), validating their use as AD

population controls. Using linear regression, we estimated an average

yearly change in test scores for each participant and each test and cor-

rected the score changes for the effect of years of education. Figure 3A

shows the distribution of score changes for the control participants by

test and sex/age-of-symptom onset as box plots and the correspond-

ing score changes for the open-label extension participants as dots. As

expected, control subjects on average showed a score decline for all

tests (Figure3A, black triangles), whichwasmorepronounced in EOAD

than in LOAD controls. For the female LOAD participants, almost all

scores showed less decline or more improvement than seen on aver-

age for control participants. ForMMSE, CDR-SOB, and FAS scores, this

difference was significant when compared to a distribution of 100,000

randomly selected control samples (p-values of 0.02, 0.02, and 0.01,

respectively; Figure 3A and Figure S5). For the male EOAD partici-

pants, score changes fell as often below as above the average changes

seen in controls. In this cohort, GENUS treatment was associated with

stabilization or improvement inMMSE, CDR-SOB, and FAS scores over

a two-year period in participants with LOAD but may be less effective

in EOAD.

StructuralMRI scans were used tomeasure volume changes in tem-

poral lobe structures known to show atrophy with AD progression

(hippocampus, amygdala, middle temporal gyrus – MTG, and infe-

rior temporal gyrus – ITG) as well as ventricular dilation with AD

progression.39,40 No-GENUS control data were again obtained from

the NACC and ADNI databases. Control participants were matched to

open-label extension participants on sex, age range, MMSE score at

baseline, and availability of at least two MRI scans spaced out over at

least 11 and atmost 36months, and brain-structure volumeswere nor-

malized to intracranial volume and corrected for the effect of baseline

intracranial volume. Volume changes for the selected brain structures

were not significantly different between open-label extension and con-

trol participants but tended to be less severe in the LOAD participants

(Figure 3B).

For two of the three LOAD participants, we were also able to

evaluate changes in the plasma concentrations of phosphorylated

tau 217 (pTau217), a highly sensitive biomarker for AD pathology

that strongly correlates with amyloid burden.41–43 In both patients,

we saw a decrease in plasma pTau217 levels after ∼2 years of

daily GENUS stimulation, by 47% (LOAD1) and 19.4% (LOAD2);

this decrease remained after normalizing to total plasma protein

(54.9% and 19.2%). Notably, such a reduction in plasma pTau217

in response to a non-invasive intervention has not previously been

demonstrated in humans, and the pTau217 reduction observed here

suggests that long-term GENUS treatment may potentially reduce

amyloid pathology, as has been shown in clinical trials of anti-amyloid

antibodies.44

4 DISCUSSION

This pilot study assessed the long-term effects of daily 40 Hz multi-

modal GENUS in patients with mild AD. We found that daily 40 Hz

audiovisual stimulation over 2 years is safe, feasible, andmay slow cog-

nitive decline and biomarker progression, especially in late-onset AD

patients.
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F IGURE 3 Overlay of open-label extension participant data on control distributions of average yearly changes in test scores (A) or
brain-structure volumes (B). Changes in brain-structure volume are given as a percentage of baseline volume. Boxes andwhiskers show quartiles
and 5th or 95th percentile, respectively, and black triangles showmeans for control subjects. Numbers of controls are given as “n= ”. P-values were
calculated based on the z-scores of the average yearly changes for the three late-onset subjects relative to a distribution of average yearly changes
for 100,000 randomly selected samples of three control subjects. Y-axes are reversed for CDR, FAS, ADAS-Cog in (A) and for lateral ventricles in
(B). For FAS, where not all of the 10 questions are applicable for all subjects, an average score was calculated by dividing the score sum by the
number of questions answered. ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive; CDR, Clinical Dementia Rating; FAS, Functional
Assessment Scale; ITG, inferior temporal gyrus; MTG, middle temporal gyrus.

The cognitive improvements observed in MMSE, CDR, and FAS

scores among the LOAD participants in this cohort are noteworthy, as

these measures are commonly used in clinical trials to assess global

cognitive function, dementia severity, and everyday functional capac-

ity.Ourpositive findings regardingFASare consistentwith results from

Cimenser et al. (2021), who reported similar improvements in activi-

ties of daily living, asmeasured by the ADCS-ADL scale, after 6months

of 40 Hz audiovisual stimulation. This convergence underscores the

potential of GENUS to maintain daily functional abilities in patients

with mild dementia due to AD. Interestingly, similar benefits were not

seen in theMoCA nor the ADAS-Cog scores of the LOAD patients. The

reasons for this difference are not clear.

In the EOADparticipants, no significant benefitswere seenwith any

of the five cognitive tests. In these EOAD participants, EEG showed

steeply reduced 40 Hz activity in response to GENUS at 30 months,

while EEG responses in the LOADparticipantswere largely unchanged

frombaseline. These findings suggest thatGENUSmaybe less effective

in EOAD patients, potentially owing to broad pathological differences

from LOAD that could contribute to differential responses.45 Future

research should explore predictors of treatment response, such as

genetic and pathological markers.

We did not observe significant differences in volume loss of tempo-

ral lobe structures between the open-label extension and the control

subjects.While bothGENUSand repetitive transcranialmagnetic stim-

ulation have previously been reported to slow volume loss in brain

structures known to be affected by AD,22,46 these studies assessed

volume loss over a window of only 3–6months.

Additionally, circadian rhythmicity – documented using the actig-

raphy data – improved in some participants following 40 Hz GENUS,

aligning with our earlier findings22 and those reported in Cimenser

et al. (2021), highlighting the potential role for GENUS in stabilizing

sleep and circadian patterns in AD patients.

Notably, one of themost compelling findings from this studywas the

significant reduction of plasma pTau217, a biomarker strongly corre-

lated with AD pathology, in the two LOAD patients in whom follow-up

blood samples were available. These results suggest that GENUS could
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have direct biological impacts on AD pathology, warranting further

mechanistic exploration in larger randomized trials.

This extension study followed an open-label design and did not

include any controls. It is noteworthy that offering the active treatment

to all participants in the open-label extension greatly increased their

willingness to enroll in a randomized controlled trialwith a placebo arm

and to continue using the 40 Hz GENUS device over a period of years.

Lack of a control arm was overcome by using data from the NACC,

ADNI, and LEADS studies as controls. These nationwide studies are

sufficiently large and diverse to allow matching of participants on sex,

age, and cognitive status to the participants in our extension study.

However, we cannot exclude a bias from patient self-selection, and it

remains unclear if the general population would be as diligent in their

compliancewith the use of the 40HzGENUSdevice as the participants

in our extension study.

Another limitation is that sex and age of onset were confounded

in our cohort (all LOAD participants were female; all EOAD partici-

pants were male). Given well-established differences between EOAD

and LOAD in brain network involvement and clinical phenotype, with

EOAD showing a more aggressive disease trajectory,47–49 we empha-

size age of onset as the more biologically meaningful distinction in this

study.

Our findings extend previous shorter-term studies, demonstrat-

ing the long-term safety of GENUS and highlighting the feasibility

of at-home treatment. These results strengthen the rationale for

broader implementation and evaluation of GENUS as a long-term

treatmentmodality. Future research should prioritize large-scale long-

term follow-up studies as well as shorter-term randomized controlled

trials to derive optimal treatment parameters and investigate the

mechanistic underpinnings of GENUS.
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