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Background: Over 55 million people worldwide are currently diagnosed with Alzheimer’s disease (AD) and live with debilitating episodic memory deficits. Current pharmacological treatments have limited efficacy. Recently, transcranial alternating current stimulation (tACS) has shown memory improvement in AD by normalizing high-frequency neuronal activity. Here we investigate the feasibility, safety, and preliminary effects on episodic memory of an innovative protocol where tACS is administered within the homes of older adults with AD with the help of a study companion (HB-tACS).

Methods: Eight participants diagnosed with AD underwent multiple consecutive sessions of high-definition HB-tACS (40 Hz, 20-min) targeting the left angular gyrus (AG), a key node of the memory network. The Acute Phase comprised 14-weeks of HB-tACS with at least five sessions per week. Three participants underwent resting state electroencephalography (EEG) before and after the 14-week Acute Phase. Subsequently, participants completed a 2–3-month Hiatus Phase not receiving HB-tACS. Finally, in the Taper phase, participants received 2–3 sessions per week over 3-months. Primary outcomes were safety, as determined by the reporting of side effects and adverse events, and feasibility, as determined by adherence and compliance with the study protocol. Primary clinical outcomes were memory and global cognition, measured with the Memory Index Score (MIS) and Montreal Cognitive Assessment (MoCA), respectively. Secondary outcome was EEG theta/gamma ratio. Results reported as mean ± SD.

Results: All participants completed the study, with an average of 97 HB-tACS sessions completed by each participant; reporting mild side effects during 25% of sessions, moderate during 5%, and severe during 1%. Acute Phase adherence was 98 ± 6.8% and Taper phase was 125 ± 22.3% (rates over 100% indicates participants completed more than the minimum of 2/week). After the Acute Phase, all participants showed memory improvement, MIS of 7.25 ± 3.77, sustained during Hiatus 7.00 ± 4.90 and Taper 4.63 ± 2.39 Phases compared to baseline. For the three participants that underwent EEG, a decreased theta/gamma ratio in AG was observed. Conversely, participants did not show improvement in the MoCA, 1.13 ± 3.80 after the Acute Phase, and there was a modest decrease during the Hiatus −0.64 ± 3.28 and Taper −2.56 ± 5.03 Phases.

Conclusion: This pilot study shows that the home-based, remotely-supervised, study companion administered, multi-channel tACS protocol for older adults with AD was feasible and safe. Further, targeting the left AG, memory in this sample was improved. These are preliminary results that warrant larger more definite trials to further elucidate tolerability and efficacy of the HB-tACS intervention. NCT04783350.

Clinical trial registration: https://clinicaltrials.gov/ct2/show/NCT04783350?term=NCT04783350&draw=2&rank=1, identifier NCT04783350.
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Introduction

Over 55 million people worldwide are currently diagnosed with Alzheimer’s disease (AD) and this number is predicted to nearly double by the year 2050, due to the aging population (Alzheimer’s Association, 2022; World Health Organization, 2022). Early on in the course of their condition, AD patients typically have episodic memory loss, which is devastating to them as well as to their family and caregivers and is a useful indicator of how the disease will progress (El Haj et al., 2017; Abraham et al., 2020).

The targets of current pharmacological therapy for memory enhancement are beta-amyloid plaque (β-amyloid) deposition (Avgerinos et al., 2021; van Dyck et al., 2022), one of the pathophysiological hallmarks of AD, and the related dysregulation of the cholinergic system (Hampel et al., 2018). Alongside cholinergic dysregulation and β-amyloid accumulation, recent studies have shown that high frequency brain network activities that support successful memory encoding and recall of new information are altered decades before AD clinical onset, and the disrupted networks predict future pathology and brain atrophy (Koenig et al., 2005; Sperling et al., 2009; Babiloni et al., 2016; Palop and Mucke, 2016; Palop, 2020). Specifically, recent research has focused primarily on the role of gamma desynchronization (30–80 Hz) in AD manifestation, raising the possibility of exploiting it as a novel therapeutic target.

In animal models of AD, entrainment-induced restoration of gamma oscillations reduces the pathogenic load of β-amyloid and significantly improves behavior (Iaccarino et al., 2016; Adaikkan et al., 2019; Etter et al., 2019; Martorell et al., 2019). Further, neuroimaging evidence indicate that the AG is a key node in the memory network, and gray matter volume reduction in the AG has been linked to AD memory symptoms (Oh et al., 2013; Humphreys et al., 2021; van de Mortel et al., 2021). For the translation of these findings to humans, transcranial alternating current stimulation (tACS) has drawn interest for its ability to modulate cortical excitability and improve cognitive functions by safely modulating brain activity at a precise frequency in targeted brain structures (Zaehle et al., 2010; Antal and Paulus, 2013; Herrmann et al., 2013; Cappon et al., 2015, 2016). Recent initial studies in AD have demonstrated that the application of tACS at gamma frequency targeting key nodes of the memory network improved episodic memory and restored cholinergic neurotransmission (Benussi et al., 2021; Kim et al., 2021; Benussi et al., 2022; Zhou et al., 2022).

These recent findings are very encouraging for the application of tACS as a safe and effective intervention in patients with AD. However, studies to date have been limited by the fact that only a single tACS session was administered in a clinic-lab setting, which raises questions about how long memory effects will last and whether it will be possible to scale up tACS interventions for patients who cannot afford to travel to a specialized clinic center. Thus, there is an urgent need for a safe, effective, and more accessible home-based intervention for memory in AD.

We have previously developed an innovative methodology and demonstrated the safety and feasibility of providing a home-based, remotely supervised, study companion (e.g., caregiver, family member, friend) administered, multi-channel neuromodulation protocol for older adults (Cappon et al., 2022). This approach offers the opportunity to integrate therapeutic benefit into the daily life of participants and increasing access to tACS treatment. Caregivers are also empowered as they play a vital role as study companions directly assisting in treatment for their loved one. In the present pilot study, we report the results of a case series investigation including eight AD-diagnosed participants who received multiple sessions of home-based, remotely supervised, study companion administered, multi-channel tACS targeted at the left angular gyrus (L-AG). Assessing the intervention’s safety, feasibility, and early clinical impact on episodic memory were the study’s primary objectives.



Materials and methods


Participants

Ten participants were enrolled in the study, with two participants (P004 and P009) withdrawing due to personal reasons unrelated to their participation in the trial. Eight participants diagnosed with AD received home-based transcranial alternating current stimulation (HB-tACS) from March 3rd, 2021 to June 3rd, 2022. Demographic and clinical characteristics of participants are presented in Table 1. All participants had amnestic impairment, verified by the study neurologist. Inclusion criteria for participants were: AD diagnosis (characterized by AD biomarker positivity and by in-person assessment by qualified health care personnel), over the age of 50, able to give consent, ability to read, write, and communicate in English, and able to identify an eligible study companion to participate with them in the study to administer the HB-tACS. Exclusion criteria included major psychiatric co-morbidities, dermatological conditions on the scalp, an inability to provide informed consent, or any contraindications to tACS (such as recent seizures, implanted medical devices, use of neuroactive drugs, etc.). Inclusion criteria for study companions were: at least 21 years old, self-reported computer proficiency, able to read, write, and communicate in English, willingness to learn how to administer HB-tACS, availability during weekdays of the study period to administer HB-tACS to the study participant, and a MoCA score of 27–30 to demonstrate their cognitive capacity. Study companions demographic characteristics and the number of HB-tACS sessions completed during the study are displayed in Table 2.


TABLE 1    Participant demographics and clinical characteristics.
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TABLE 2    Study companions demographic, level of education, and the number of sessions completed.
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Study design

The study intervention consisted of multiple consecutive sessions of HB-tACS (40 Hz, 20-min) targeting the left angular gyrus (L-AG), a key node of the memory network. The protocol consisted of three phases: Acute Phase, Hiatus Phase, and the Taper Phase (see Figure 1). During the Acute Phase, the study companions conducted daily 20-min HB-tACS sessions for 14 weeks, with a minimum of five sessions each week (maximum of one session per day, seven sessions per week). A subset of three participants completed an optional resting state high-density electroencephalography (HD-EEG) visit at baseline and at the end of the acute phase. HD-EEG was included to gain insight into the underlying neurophysiological alterations induced by tACS, we opted to make it optional to minimize the burden of additional assessments since it wasn’t a primary outcome of the present study. After the Acute Phase, participants and their study companions completed 3 months without any stimulation during the Hiatus Phase. The goal of the Hiatus Phase was to capture the extent to which any effects of HB-tACS on memory may have been sustained after 3 months without stimulation. Subsequently, in the Taper phase, we asked participants to complete 2–3 HB-tACS sessions per week over 3 months. The objective of this phase was to facilitate maintenance of any benefit derived from HB-tACS in the Acute Phase. Assessments were conducted at baseline and at the end of each of the three phases. Further, we monitored adherence to the HB-tACS protocol through all phases and a member of the research staff called the study companions once a week during the Acute and the Taper Phase to check on the participants’ condition and to record any subjective effects of tACS on their memory.
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FIGURE 1
Study design. The Acute Phase lasted 14 weeks, the study companions conducted daily 20-min HB-tACS sessions with a minimum of five sessions per week (maximum of one session per day, seven sessions per week). The Hiatus lasted 3 months no HB-tACS sessions were administered. In the Taper Phase, we asked participants to complete 2–3 HB-tACS sessions per week over 3 months.




Study procedures

The study was approved and monitored by an independent Institutional Review Board (Advarra, Inc.) and registered as clinical trial at clinicaltrials.gov (NCT04783350). All subject interaction was conducted either in-person at the Hebrew Rehabilitation Center in Boston, MA, or remotely via videoconferencing media. Prior to enrolling in the study, participants and study companions attended a 45-min phone screening to ensure they fulfilled eligibility criteria. If eligible, participants then completed an in-person screening visit comprised of a medication history, neurological exam, Clinical Dementia Rating (CDR), and a Montreal Cognitive Assessment (MoCA) (from which the Memory Index Score (MIS) is calculated) to assess global cognitive status. Participants were given the choice to undergo resting state HD-EEG recording if they were eligible for the study.



Optimized tACS current flow modeling to target the left angular gyrus

The specific tACS system used in this study is the Starstim®-Home Kit (Neuroelectrics Corp.). The Starstim® device includes a headcap that resembles a swimming cap with holes located where small electrodes can be attached and secured in place in the correct position on the scalp. These electrode holes are color- and number-coded so that electrode leads with corresponding colors coming from the tACS device are appropriately attached to the corresponding electrodes, eliminating the potential for accidental mismatching of the electrodes and the leads. Each session involved a multichannel tACS montage with maximal anodal current targeting the left AG administered via 6 NG Pistim electrodes (circular electrodes with a contact of area of 3.14 cm2) using the Starstim®-Home system. Created using the Stimweaver® algorithm (Ruffini et al., 2014), the montage was specifically designed to optimize stimulation over the left AG and at the same time minimize off target stimulation effects based on a standard brain model (see Figure 2). During each sessions the currents delivered by any single electrode did not exceed 2.0 mA, well below recommended safety limits (Antal et al., 2017). The average E-field normal component on the target was En = 0.24 V/m, and En = 0.10 V/m on the surrounding regions. For all participants, current intensity was ramped up over 60 s, then sustained at the stimulation intensity for 20 min, then ramped down over 60 s. This standard approach is both well-tolerated and safe in older adults (Cappon et al., 2022).
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FIGURE 2
The multichannel tACS intervention for AD. (A) The red area on the default brain model represents the left angular gyrus, or Brodmann’s area 39 (BA39). This target area was used to develop the current flow modeling and electrode montage. (B) The optimized six-electrode montage developed in this study to target the left AG (anode shown in red, cathodes in blue) and normal component of the electric field to the cortex induced by the montage (V/m). (C) Set-up of the Neuroelectrics Starstim® Home Kit headcap and tablet.




Home-based study companion-led tACS administration

After being enrolled, participants and their study companions came to the laboratory on three consecutive days to receive hands-on instruction in the administration of tACS. On the first day, study companions were given an overview of the Starstim®-Home Kit (Neuroelectrics Corp.) tACS equipment by a trained research staff member. On the same day, research staff administered the first tACS session to the study participant, instructing the study companion who observed the administration. On the second day, the study companion was encouraged to carry out as much of the tACS session as possible without guidance from the research staff. However, the study companion was allowed to ask for assistance as necessary, and research staff corrected them if they made any mistakes. On the third day, study companions independently administered the stimulation to the participant, while research staff assessed the performance of the study companion using an evaluation check list adapted from Charvet et al. (2015). Participants then brought the HB-tACS device home to complete stimulation sessions independently with remote supervision from research staff. For further explanation of this HB-tES training and supervision program, please see Cappon et al. (2022) and den Boer et al. (2022).



Study outcomes


Safety


Side effects questionnaire and adverse events

Before and after each home-based tACS session, participants were asked to report any side effects on questionnaires that were implemented using the Starstim®-Home system smart tablet. Based on previous published safety guidelines, participants were asked to report on any physical sensations, scalp abnormalities, cognitive changes, or other symptoms that were present (Antal et al., 2017). A list of the side effects that were asked about can be found in Table 3. Participants were asked to report on the intensity of the side effects, by stating whether their experience for each of the side effects was: absent, mild, moderate, or severe. These responses were received via email by research staff through a study email inbox in real-time. If participants indicated a moderate or severe experience of a side effect prior to the tACS, access to the stimulation was blocked until study staff could ensure that the participant was fit for stimulation.


TABLE 3    Total incidence of side effects and their severity inquired about in the side effect questionnaires pre and post tACS.
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Feasibility


Adherence and compliance

The adherence to the treatment schedule, measured as the ratio of completed HB-tACS sessions to the required sessions as prescribed in the study schedule (a minimum of five sessions per week in the Acute Phase, and a minimum of two sessions per week in the Taper Phase), was used to evaluate the feasibility of the home-based tDCS protocol. This allowed us to capture how HB-tACS session administration can fit into the daily life of the participant and study companion and help determine if this method is feasible for future use in an older adult population.



Clinical outcomes

Clinical outcomes focused on memory and global cognitive functioning, as measured by the Memory Index Score (MIS) and the full Montreal Cognitive Assessment (MoCA), respectively. Research staff who have completed MoCA training and obtained certification administered these examinations to ensure consistency in the administration. They were assessed at baseline, after the Acute Phase, after the Hiatus Phase, and after the Taper Phase. At the end of each of the three phases, data were acquired and stored using a REDCap database, a secure platform for storing data and generating reports.



Montreal cognitive assessment (MoCA)

The MoCA is a clinician-rated screening test consisting of 12 items across different cognitive domains, including visuospatial/executive functioning, animal naming, memory, attention, language, abstraction, delayed recall, and orientation. It can be administered within 10 min, resulting in a maximum total score of 30 points. Lower scores indicate greater cognitive decline, with MoCA scores below 26 indicating the presence of mild cognitive decline (Nasreddine et al., 2005). The 5-min telehealth MoCA was used over the telephone or videoconferencing media as a way to assess cognition without requiring the participant to travel to the research laboratory (Wong et al., 2015). The MoCA 5-min is comprised of five sub-tests that were taken from the MoCA and look at different cognitive domains: orientation, executive functions/language, verbal learning and memory, and attention. This shortened 5-min MoCA is highly correlated in score with the full 12-item MoCA (Wong et al., 2015). The version of the MoCA (including MIS words) was randomized for each assessment to minimize practice effects, though we acknowledge that there is still a potential impact of practice effects (Lei et al., 2022).



Memory Index Score (MIS)

The MIS is a measure of delayed recall memory that is calculated from the MoCA (either the full or 5-min). Five unrelated words are spoken to the participant twice, and each time they are repeated by the participant to facilitate the encoding process. After a 5-min delay, participants are asked to recall the five words. If freely recalled without a cue, 3 points per word is earned toward the MIS. If recalled with a categorical cue, 2 points per word is earned. If recalled when presented with multiple choice options, 1 point per word is earned, for a maximum possible score of 15 points (Julayanont et al., 2014). Thus, the MIS score computation includes points for both the free recall and cued recall conditions, unlike the MoCA, which only accounts for points for the delayed free recall condition. Due to how the MIS is calculated, a large effect can be seen in a participant’s MIS score, but only minimal changes seen in the MoCA overall score.




EEG recording and analysis

For those participants who opted in to this part of the study, 5 min of eyes closed resting state high density EEG were recorded continuously using a 256 channels HydroCel Geodesic Sensor Net (Electrical Geodesic Inc., Eugene, OR, USA) at 1 KHz sampling rate and bandpass filtered 0.3 to 500 Hz. Electrode impedance was kept under 50 Kohm. EEG data was pre-processed using EEGLAB (Delorme and Makeig, 2004) and custom-made Matlab (The MathWorks, Inc., Natick, MA, USA) scripts. First, face and neck electrodes were removed from the data. Then we retained only 62 of the remaining scalp electrodes that could be directly mapped to the 10–10 international electrode position system (Luu and Ferree, 2005). Line noise (i.e., 60 Hz and harmonics) was then attenuated using the Zapline algorithm (de Cheveigné, 2020). Excessively noisy or disconnected electrode channels were spline interpolated and data was re-referenced to the average of all channels. Next, the continuous data was segmented into non-overlapping two-second-long epochs. All epochs were visually inspected and those that contained any artifacts were removed. The cleaned preprocessed data was then used for source reconstruction in Brainstorm (Tadel et al., 2019). For each subject a forward model was estimated via the openMEEG algorithm (Kybic et al., 2005) using the default settings (i.e., 3 layers with 1,922 vertices each; skull and scalp conductivities of 1 and brain conductivity of 0.0125; adaptative integration), and based on the MNI ICBM152 average brain template (Mazziotta et al., 1995). The inverse solution was estimated using the minimum norm imaging method (Salmelin and Baillet, 2009). Sources were then computed as current density maps for constrained orientations only (i.e., normal to cortex). We aimed to determine how much the HB-tACS intervention impacted the oscillatory power of gamma oscillations in the left angular gyrus. In source space, we then defined a single region of interest (ROI) containing the left angular gyrus, based on the Desikan-Kiliani cortical parcellation (Desikan et al., 2006). Power spectral density estimates were then extracted from all voxels of this ROI using the Welch method (Welch, 1967) and averaged. Finally, we computed relative power frequency bands for theta (4–7.9 Hz), alpha (8–13.9 Hz), beta (14–29.9 Hz), and gamma (30–50 Hz), and the ratio of theta to gamma.





Results


Safety


Side effects questionnaire and adverse events

All side effects reported from baseline to the end of the Taper Phase were transient. The most frequently reported side effects were mild and reported during less than 1% of sessions, as shown in Table 3. The two exceptions to this, however, were the side effects “Sensations under the electrode” and “Sleepiness.” Participants reported sensations under the electrode (such as a tingling or an itching feeling) during 25.6% of sessions. Feeling sleepy as a consequence of the stimulation was reported during 4% of sessions, and found to be transient (Table 4). Overall, side effects were reported in 33.4% of sessions, with participants reporting mild side effects during 26.6% of sessions, moderate side effects during 5.6% of sessions, and severe side effects during 1.2% of sessions as seen in Table 3. Upon the participants reporting a moderate or severe side effect, research staff was notified and would immediately contact participants and gather more information about the side effect and how they were currently feeling. After this contact, research staff would report the situation to the medically responsible study physician, who would assess the event and advise participants on how to proceed. The monitoring of adverse events showed that no adverse events occurred during the course of the study.


TABLE 4    Frequency with which participants reported sensations under the electrodes.
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Feasibility


Adherence

All eight participants and their study companions had very high adherence to our protocol, collectively completing 780 HB-tACS sessions between baseline and the end of the Taper Phase. The adherence of individual participants is shown in Table 5. The average percent adherence to the tACS protocol for the Acute Phase was 98% ± 6.8%, showing that participants and their study companions were able to strongly comply with daily tACS. The average adherence in the Taper Phase is encouraging, as when participants were empowered to choose the number of tACS sessions they completed, nearly all completed more than the minimum of 2 sessions per week, with an average adherence of 125% ± 22.3%, or completing an average of 2.5 sessions each week. Adherence rates over 100% indicates participants completed more than the minimum required sessions per week.


TABLE 5    Participant adherence to tACS protocol in the Acute Phase and Taper Phase.
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Cognitive outcomes


Memory Index Score (MIS)

All participants showed memory improvement at the end of the Acute Phase, with an average improvement of 7.25 ± 3.77 points. This was sustained during the Hiatus 7.00 ± 4.90 and Taper 4.63 ± 2.39 phases compared to baseline. Even at the end of the study period, all participants had maintained some of the original benefit from the Acute Phase. These average changes in scores are showed in Figure 3, with individual scores in Figure 4A. The individual MIS scores at each assessment point are also displayed in Table 6.
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FIGURE 3
Participant average score change from baseline on Memory Index Score (MIS) (green) and MoCA (purple). While global cognition measured by the MoCA stayed stable with a modest decrease over time, episodic memory measured by the MIS showed great improvement from baseline after the Acute Phase, which was sustained even after the Taper Phase.
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FIGURE 4
(A) Individual participant MIS scores over the course of the study duration. (B) Individual participant MoCA scores over the course of the study duration. Shortened 5-min MoCA were administered via videoconferencing media to assess potential short-term effects of the stimulation on global cognitive status and any incremental change at 1 and 2 months of the Acute Phase. (C) EEG results: theta/gamma ratio at baseline, and after the Acute Phase of tACS intervention course at the end of Acute Phase. Left panel shows a bar graph of each participant’s theta/gamma ratio at Baseline and at the end of the Acute Phase within the defined left angular gyrus ROI (see in Methods; EEG recording and analysis section). Right panel shows the distribution of theta/gamma ratio in source space and projected onto the MNI template; the red transparent contour highlights the ROI from which the bar graph data was extracted.



TABLE 6    Memory Index Scores (MIS) for all participants and comparisons to baseline.
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Montreal Cognitive Assessment (MoCA)

Participants did not show any dramatic change in the MoCA at the end of the Acute Phase, with an average of 1.13 ± 3.80 points. There was a modest decrease during the Hiatus −0.64 ± 3.28 and Taper −2.56 ± 5.03 Phases from baseline. These average changes in scores are showed in Figure 3, with individual scores in Figure 4B. The individual MoCA scores at each assessment point are also displayed in Table 7.


TABLE 7    MoCA scores for all participants during the course of the study and comparisons to baseline.
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Neurophysiological outcome


EEG resting-state

As the EEG was optional in this study, only a subset of three participants chose to take part: P007, P008, and P011. Theta/gamma ratio, which was assessed in source space within the ROI including the left angular gyrus (L-AG), decreased in all 3 participants after the Acute Phase (Figure 4C).






Discussion

In the present study, we adopted our recently developed method of providing a home-based, remotely supervised, study companion (e.g., caregiver, family member, friend) administered, multi-channel neuromodulation protocol for older adults (Cappon et al., 2022).

We monitored side effects throughout the experiment using a customized side-effect questionnaire administered on a tablet. No serious adverse events occurred across the total of 780 HB-tACS sessions. The side effects recorded during the study were mostly mild and transient. Specifically, of the 31% of sessions in which side effects were reported, participants reported 80% mild, 17% moderate and 3% severe side effects on an intensity rating with a range of mild, moderate, and severe options. This is in line with previous research that showed that tACS was well-tolerated and that no serious adverse events were reported when tACS was administered in accordance with the safety guidelines (Antal et al., 2017).

We found that the study companions effectively conducted the tACS sessions at home after receiving instruction and training. This was demonstrated by the fact that, on average, 68.6 tACS sessions in the Acute Phase and 28.9 sessions in the Taper Phase were delivered successfully by study companions. This is promising for future research as it shows that the training in tACS administration can empower study companions to conduct the stimulation sessions themselves in the home of the study participants and that this approach can free up research staff members from having to conduct the tACS sessions, thereby substantially increasing the intervention’s scalability and access. High adherence levels observed throughout the Acute Phase and Taper Phase provide evidence for the feasibility of the HB-tACS approach. The 125% adherence during the Taper Phase indicates that study companions were administering more sessions than the minimum amount requested by research staff. These findings are remarkable given that better treatment outcomes depend on higher levels of adherence and considering that individuals with chronic conditions frequently lose interest in following their prescribed treatment plan (Brown and Bussell, 2011).

All eight participants showed improvement in memory over the course of the trial. The improvement in memory at the end of the Acute Phase (7.38 points in the MIS score) was sustained 3 months later after the Hiatus Phase (7.00 points) and 6 months later after the Taper Phase (4.63 points). The episodic memory enhancement that was maintained at the end of the Taper Phase relative to baseline is clinically encouraging given the progressive nature of episodic memory deficits in AD. However, given the lack of control group in this study, it is impossible to determine whether these effects were due to the stimulation or due to some other element of trial participation. Importantly, potential practice effects on the MIS test were minimized using different memory stimuli during each iteration of the test. In fact, if memory from a previous run of the test would have influenced performance, it likely will have been in a negative fashion through proactive interference. However, it is possible that practice effects could have had a potential impact. It is worth noting that the MoCA scores remained the same even when MIS scores increased. This is in line with previous literature that suggests that targeting domains of cognitive functioning with non-invasive brain stimulation may be a net zero-sum game (Brem et al., 2014). This is something that merits further investigation in larger, well controlled trials.

Finally, the observed EEG changes in the theta/gamma ratio may have a potential relation to the observed behavioral improvement and might indicate neurophysiological changes induced by repeated tACS exposure. Specifically, it has been shown that increased theta/gamma ratio is associated with memory impairment in AD (Moretti et al., 2009) and it is predictive of progression from MCI to AD (Moretti et al., 2011). Our results could potentially indicate a relation between a decrease in theta/gamma ratio and improvement in memory function. However, these are very preliminary results, and our small sample size for the EEG portion of this study makes it difficult to draw any robust conclusions. Further investigation is required to understand the relation between the behavioral and neurophysiological effects of HB-tACS targeted at the AG.

As a feasibility trial testing a novel memory-focused intervention for AD, our study has relevant limitations. First, the sample size is small. A partial explanation for this is that the novelty of this intervention approach required a preliminary pilot study. However, this small sample does limit the generalizability of the feasibility findings for this intervention. Secondly, as the first study of its kind, it was impractical to enroll a control group of AD patients who did not receive tACS or that received sham tACS. Therefore, it is impossible to account for potential placebo effects. Thirdly, the methodology for measuring changes in memory functioning was limited to a singular index. Future studies should aim to encompass a larger breadth of memory measurements to build a more well-rounded idea of how memory was impacted. Fourthly, the results of the EEG source localization are constrained by the elimination of a large number of electrodes due to noise, and the EEG was only assessed in a subset of participants, a too small sample to allow any conclusions to be drawn. Despite these limitations, this study provides relevant data for future tACS investigations in AD. Future studies should build off the present pilot study and aim to enroll higher numbers of patients and include appropriate controls to test clinical efficacy.



Conclusion

This pilot study shows the feasibility and preliminary efficacy of a novel, home-based, remotely supervised, study companion-led, multi-channel neuromodulation intervention for older adults with AD. We observed an improvement in memory scores throughout the duration of the intervention while global cognition was relatively stable, indicating that future interventions might benefit from multifocal neuromodulation targeting multiple cognitive domains. Future additional randomized controlled studies will be required to determine the efficacy of HB-tACS intervention. Our findings, which show safety and high adherence to this intervention are encouraging for continuing research with home-based neuromodulatory interventions for memory functioning in AD. Further, the preliminary evidence about memory improvements and potential decreases in the theta/gamma ratio merit larger and ultimately better controlled trials to more definitively determine the effect of tACS on memory functioning and on the underlying brain activity in AD. Finally, the differential effects on memory and global cognition should be further explored by, for example, administering complex neuromodulation interventions that target multiple cognitive domains simultaneously.
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Headache 0 0 0 0 0 0 0%
Neck pain 0 2 0 0 0 0 0.2%
Scalp pain 0 2 1 2 0 1 0.81%
Scalp burns 3 1 0 2 0 1 0.9%
Sensations under the electrode 3 162* 1 27 0 6 25.6%
Skin redness 1 3 0 0 0 0 0.5%
Sleepiness 1 18 0 11 0 1 4%
Trouble concentrating 0 9 0 0 0 0 1.2%
Acute mood change 1 1 0 0 0 0 0.2%
Other 0 0 0 0 0 0 0%
Total % 1.2% 25.4% 0.2% 5.4% 0% 1.2% 33.4%

*P007 and P010 reported the highest frequency of “sensations under the electrode”, accounting for over 79% of reports (see Table 4).
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Participant | Age | Sex | Education (years) A Diagnosis MoCA score (Baseline) Memory Index Score

(Baseline)
PO01 79 M 19 Late onset AD 21 0
Po02 79 M 19 Late onset AD 23 0
P003 88 F 16 AD 28 0
P006 79 F 16 AD 17 1
P007 71 M 18 AD 18 0
P008 66 M 16 Moderate AD 10* 1
Po10 B3 M 16 Early onset moderate AD 10* 0
PO11 76 M 16 AD 22 4
*Please note P008 and P010 were more impaired in their baseline MoCA score, but as this is a pilot study, we sought to be more inclusive of our participants and their level of decline.
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P002 99% 138%*
P003 91% 91%
P006 99% 100%
P007 113%* 123%*
P008 91% 133%*
P010 97% 139%*
PO11 94% 118%*
Average 98% (6.8) 125% (22.3)

*Adherence over 100% indicates participants completed more than the minimum required

sessions per week.
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