UCSF
UC San Francisco Previously Published Works

Title

Gamma-band transcranial alternating current stimulation in amnestic mild cognitive

impairment: A pilot study

Permalink

|https://escholarship.orgc/item/OSG‘}kGdg

Journal

Alzheimer's & Dementia, 19(S19)

ISSN
1552-5260

Author
Zanto, Theodore P

Publication Date
2023-12-01

DOI
10.1002/alz.075283

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, available at

Ihttps://creativecommons.orgé licenses/bv—nc—nd/‘I.O/i

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/0564k6d2
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

Neurobiology of Aging 129 (2023) 72-88

Contents lists available at ScienceDirect

NEUROBIOLOGY
OF AGING

Neurobiology of Aging

journal homepage: www.elsevier.com/locate/neuaging.org

Gamma neuromodulation improves episodic memory and its N

Check for

associated network in amnestic mild cognitive impairment: a pilot
study

Kevin T. Jones ", Courtney L. Gallen *°, Avery E. Ostrand *”, Julio C. Rojas *, Peter Wais *",
James Rini *°, Brandon Chan ¢, Argentina Lario Lago *“, Adam Boxer *, Min Zhao ¢,
Adam Gazzaley *”¢, Theodore P. Zanto *"

@ Department of Neurology, University of California-San Francisco, San Francisco, CA

Y Neuroscape, University of California-San Francisco, San Francisco, CA

€ Weill Institute for Neurosciences, Memory and Aging Center, University of California-San Francisco, San Francisco, CA

d Departments of Ophthalmology and Vision Science and Dermatology, Institute for Regenerative Cures, University of California-Davis, Davis, CA
€ Departments of Physiology and Psychiatry, University of California-San Francisco, San Francisco, CA

ARTICLE INFO ABSTRACT

Article history:

Received 6 September 2022
Revised 10 April 2023
Accepted 17 April 2023
Available online 20 April 2023

Amnestic mild cognitive impairment (aMCI) is a predementia stage of Alzheimer’s disease associated with
dysfunctional episodic memory and limited treatment options. We aimed to characterize feasibility, clinical,
and biomarker effects of noninvasive neurostimulation for aMCI. 13 individuals with aMCI received eight 60-
minute sessions of 40-Hz (gamma) transcranial alternating current stimulation (tACS) targeting regions
related to episodic memory processing. Feasibility, episodic memory, and plasma Alzheimer’s disease bio-
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markers were assessed. Neuroplastic changes were characterized by resting-state functional connectivity
(RSFC) and neuronal excitatory/inhibitory balance. Gamma tACS was feasible and aMCI participants de-
monstrated improvement in multiple metrics of episodic memory, but no changes in biomarkers.
Improvements in episodic memory were most pronounced in participants who had the highest modeled
tACS-induced electric fields and exhibited the greatest changes in RSFC. Increased RSFC was also associated
with greater hippocampal excitability and higher baseline white matter integrity. This study highlights
initial feasibility and the potential of gamma tACS to rescue episodic memory in an aMCI population by

modulating connectivity and excitability within an episodic memory network.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: Ap, beta amyloid; AD, Alzheimer's disease; AF, Arcuate
Fasciculus; aMCI, amnestic mild cognitive impairment; CVLT, California Verbal
Learning Test; DTI, diffusion tensor imaging; EF, electrical field; EPI, echoplanar
imaging; FX, Fornix; GABA, gamma-aminobutyric acid; GFAP, glial acidic protein; GIx,
glutamate/glutamine; E/I, excitatory/inhibitory ratio; Hipp, hippocampus; IADL,
Instrumental Activities of Daily Living; LDI, lure discrimination index; IPL, inferior
parietal lobe; LDFR, long-delay free recall; MDT, mnemonic discrimination task;
MoCA, Montreal Cognitive Assessment; MRS, magnetic resonance spectroscopy; NfL,
neurofilament light chain; ROAST, Realistic vOlumetric Approach to Simulate
Transcranial Electric Stimulation; PAT, paired-associates task; Pars, pars triangularis;
RO, regions of interest; RSFC, resting-state functional connectivity; SDFR, short-delay
free recall; SLF, Superior Longitudinal Fasciculus; tACS, transcranial alternating cur-
rent stimulation; UN, Uncinate
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1. Introduction

The adult aging population is rapidly growing with the Baby
Boomer generation now between 57 and 75 years of age, totaling
over 71 million adults in the United States alone. This rise in the
population of seniors is also associated with increased incidence of
cognitive decline and dementias (Anstey et al., 2019; Lopez et al.,
2006), which will cause a significant burden on society unless the
onset of dementia is delayed or prevented (Brookmeyer et al., 2016).
Amnestic mild cognitive impairment (aMCI) is a predementia stage
of Alzheimer’s disease (AD) that is characterized by a decline in
episodic memory (Christa Maree Stephan et al., 2013; Petersen,
1995). Not only does aMClI adversely affect quality of life, but it poses
an increased risk for progression to AD (Alexopoulos et al., 2006;
Forlenza et al., 2009; Tabert et al., 2006). By 2050, the population of
adults over 65 is expected to double and those with AD are expected
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to quadruple (Brookmeyer et al., 2007). It is estimated that any in-
tervention which slows down cognitive impairment in aging and
increases independence and life expectancy, even by a single year,
would save $367 trillion over 10 years (Scott et al., 2021). Indeed,
successfully targeting cognitive decline in aging could lead to a
larger economic impact than eradicating a disease (Scott et al,,
2021). Given this looming public health crisis, any fruitful inter-
ventions that lead to prophylaxis of cognitive decline will result in a
significant benefit to individuals, families, and society.

Currently, approaches to treating aMCI and AD often involve
pharmaceutical interventions that only manage symptoms (Briggs
et al., 2016; Yiannopoulou and Papageorgiou, 2020). These inter-
ventions do not prevent cognitive decline (Becker et al., 2008;
Knopman et al., 2021). Emerging antiamyloid immunotherapies with
disease-modifying effects have been recently approved for AD, but
the clinical effects are marginal, they are associated with serious
adverse effects, and they are costly. Therapeutic alternatives in AD
are still a compelling need. One emerging approach to treating a
variety of cognitive disorders is transcranial altering current stimu-
lation (tACS), a noninvasive neuromodulatory technique that can
entrain neuronal activity at a given frequency (Herrmann et al,
2013). When tACS is applied to improve cognition, it demonstrates
efficacy in both healthy (Ambrus et al,, 2015; Garside et al., 2014;
JauSovec et al., 2014; JauSovec and JauSovec, 2014; Jones et al., 2019;
Joundi et al., 2012; Meiron and Lavidor, 2014; Polania et al., 2012;
Reinhart and Nguyen, 2019; Van Schouwenburg et al., 2017;
Vosskuhl et al., 2015) and clinical populations (Kallel et al., 2016;
Naros and Gharabaghi, 2017; Prehn-Kristensen et al., 2014). Im-
portantly, tACS has notable advantages over pharmaceutical ap-
proaches, as it does not carry serious adverse side effects (Chaieb
et al.,, 2014; Wassermann et al., 1996), may have a dual effect in
boosting cognitive performance (Vossen et al., 2015) and is com-
paratively cost efficient.

Recent findings from animal models of AD show that 40 Hz
(gamma) stimulation (e.g. through light, sound, magnetic, or electrical
stimulation sources) improves episodic memory and learning, facilitates
neurogenesis, and reduces biomarkers associated with AD pathology
including beta amyloid (AB) and tau (laccarino et al., 2016; Jeong et al.,
2014; Liu et al., 2020; Martorell et al., 2019; Singer et al., 2018; Zhen
et al, 2017). In humans with MCI/AD, preliminary evidence suggests
gamma tACS may also have positive effects on episodic memory
(Benussi et al., 2022, 2021), particularly 1-month post treatment (Kehler
et al., 2020). The effects of gamma tACS have been linked to increased
cortical blood perfusion (Sprugnoli et al., 2021), indirect measures of
cholinergic transmission (Benussi et al., 2021), and possibly reductions
in tau (Dhaynaut et al., 2020), all of which are implicated in the pro-
gression to AD. Together, these studies provide evidence that gamma
tACS may be used as a therapeutic intervention for AD.

In addition to understanding how tACS can improve aspects of
cognitive functioning (i.e. episodic memory) and AD-related bio-
markers (e.g. Ap and tau), neuroimaging methods also serve as im-
portant diagnostic tools for detecting underlying neural changes in
MCI and AD. First, MRI-based methods, such as diffusion tensor
imaging (DTI) and resting-state functional connectivity (RSFC), can
detect changes in both structural and functional brain network
connectivity associated with AD progression, respectively. For ex-
ample, prior work has shown lower white matter structural integrity
in MCI and AD (Mayo et al., 2019, 2017). In addition, a large body of
work has demonstrated lower RSFC between key regions involved in
episodic memory processing (e.g. hippocampus [Hipp; Badhwar
et al,, 2017; Song et al., 2013]), inferior parietal lobe (IPL; Wang et al.,
2015), and pars triangularis (Pars; Mascali et al., 2018). Importantly,
these brain regions also exhibit changes in white matter integrity
and regional structure (e.g. volume, cortical thickness). Such al-
terations are associated with episodic memory deficits in MCI

(Goukasian et al., 2019; Hashimoto et al., 2016; O’Shea et al., 2016;
Schaapsmeerders et al., 2015), progression to MCI from normal aging
(Greene et al., 2010), and Ap plaque deposition (Sheline and Raichle,
2013). Second, noninvasive proton magnetic resonance spectroscopy
(MRS) can determine the concentration of brain metabolites such
as gamma-aminobutyric acid (GABA) and glutamate/glutamine
(Glx; Gujar et al., 2005), which are used as a measure of neuronal
excitatory/inhibitory ratio (E/I). Importantly, prior research has
identified a mechanistic connection between glucose metabolism
and GABA receptor availability with RSFC measures (Rajkumar et al.,
2021). These values also decrease in aging with accelerated cognitive
decline in MCI (Oeltzschner et al., 2019) and AD (Huang et al., 2017).
By additionally assessing tACS-related changes in neuroimaging
measures, we can provide important preliminary insight regarding
the underlying neural changes that may enable gamma tACS to re-
mediate cognitive decline in aM(I, and the role of neuroimaging data
as surrogate biomarkers of tACS target engagement.

Despite promising initial results, research on gamma stimulation
is limited and additional preliminary work is needed to assess the
feasibility and clinical efficacy of this intervention (Bréchet et al.,
2021). Therefore, this preregistered study aimed to replicate and
extend results from previous animal and human studies employing
gamma tACS for therapeutic use. To achieve this, we conducted a
single-arm assessment of gamma tACS, where aMCI participants
received 60 min of gamma tACS for each of 8 sessions over 4 weeks.
Specifically, stimulation targeted 3 regions of interest (ROIs) related
to episodic memory processing: the Hipp, IPL, and Pars. Importantly,
both the IPL and Pars are functionally connected with the Hipp
during episodic memory tasks (Nilakantan et al., 2019; Wais et al.,
2018), and therefore these 3 regions form an ideal target for net-
work-level neuromodulation. Although precisely targeting deep
cortical regions such as the Hipp with scalp electrodes is difficult,
prior work has shown that noninvasive neuromodulation to IPL and
Pars can affect Hipp activity through network effects (Nilakantan
et al., 2019; Wais et al., 2018). Therefore, to affect this episodic
memory network, we first generated electrical current models to
identify optimal electrode positions. The results informed our ap-
proach as we broadly applied tACS bilaterally across electrodes
spanning from frontal to parietal regions.

Our primary goal in this study was to assess aspects of interven-
tion feasibility in an aMCI population (i.e. compliance, tolerability).
We secondarily examined stimulation-related changes in behavioral
metrics of episodic memory functioning, such as verbal learning and
memory recall, verbal fluency, and mnemonic discrimination as well
as AD-related biomarkers Ag and tau. As exploratory measures, we
assessed neurofilament light chain (NfL) and glial acidic protein
(GFAP), as they have been associated with axonal damage (Gaetani
et al,, 2019; Khalil et al., 2020, 2018; Preische et al., 2019) and astro-
gliosis (Chatterjee et al., 2021; Yang and Wang, 2015), respectively. In
addition, we examined tACS-induced neural changes with MRI, fo-
cusing on RSFC and MRS-based metrics. Together, we aim to establish
the feasibility and initial efficacy for gamma tACS to remediate cog-
nitive decline in aM(lI, alter biomarker status, and induce neuroplastic
changes with the hope of gamma stimulation becoming a reliable
therapeutic that can lead to prophylaxis of further decline.

2. Methods
2.1. Participants

This study was preregistered at ClinicalTrials.gov with identifier
NCT04646499. The study protocol was approved by the University of
California San Francisco (UCSF) Institutional Review Board and all
participants signed informed consent documents prior to participating
in the study. Participants received $20 per hour for participation and a
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$50 bonus for completion of the study. To be eligible for this study, all
participants were 60-80 years of age, fluent in English, had at least 12
years of education, and had normal or corrected-to-normal vision. In
addition, participants had to have aMCI (see below for aMCI inclusion
criteria) and be able to complete cognitive tasks and cooperate with all
study procedures. The exclusion criteria were as follows: neurological
or psychiatric disorders other than aMCI, receiving investigational
medications or participated in a clinical trial with medications within
the previous 30 days, family history of epilepsy, implanted electronic
devices (e.g. pacemaker), prior serious head trauma, pregnant, or IQ
under 80. In addition, participants were not on cholinesterase in-
hibitors, memantine, psychotropics, antidepressants, or antianxiety
medications. Finally, participants did not have color vision deficiency, a
history of substance abuse, glaucoma, macular degeneration, am-
blyopia, or strabismus.

Fourteen older adults with aMCI were enrolled, and 13 completed
the entire intervention in a single-arm design (age mean: 73.62 years
(SD: 5.44), Montreal Cognitive Assessment mean (MoCA; Nasreddine
et al., 2005): 23.39 (SD: 3.66), Education years mean: 17.69 (SD: 2.78),
7 Male, 11 right-handed). Although there is no agreement on a single
set of criteria for an MCI diagnosis (Petersen, 2004), participants were
considered aMCI based on the presence of a self-reported memory
complaint, a deterioration of memory skills as compared to other
cognitive functioning, and intact activities of daily living (Petersen
et al,, 1999). More specifically, participants were considered aMCI by
scoring between 27 and 16 on the MoCA and had a self-complaint of
memory difficulty. In addition, participants needed an age-matched Z
score of at least -1 on immediate memory or delayed memory (as
measured by the California Verbal Learning Test, short version Delis
et al.,, 2000) and at least =1 Z score on verbal fluency (D words), se-
mantic fluency (animals), processing speed (digit symbol and number
trails tasks), or task switching (number letter trails task). All

A Timeline B

participants scored as having intact activities of daily living by scoring
as mostly independent on the Instrumental Activities of Daily Living
(IADL) (see Section 5.4 below). One participant withdrew voluntarily
prior to any cognitive assessment or tACS.

2.2. Study timeline

The study required 10 visits to UCSF over 5 weeks. During visit 1,
participants completed baseline assessments of the IADL (Petersen,
2003) survey, cognitive tests assessing baseline episodic memory
performance, and an MRI scan (Week 1, Fig. 1A). On the following
week, participants received gamma tACS while engaged in the Sti-
mulation Tasks (see details below) on 5 consecutive weekdays
(Week 2, visits 2-6, Monday-Friday). On one day during each of the
3 following weeks, participants also completed the Stimulation
Tasks while receiving gamma tACS (Weeks 3-5, visits 7-9). These
sessions occurred on the same day of the week for each participant
(e.g. consecutive Tuesdays), with a small number occurring + one
day. Finally, during the 5th week (visit 10), participants completed
the same procedure as the baseline assessment (visit 1), which in-
cluded the IADL survey, tests of episodic memory, and an MRI scan.
All study activities took place at UCSF, except for one participant
who completed the 8 tACS sessions in their home. For this partici-
pant, a researcher was present with the required tACS equipment
during the at-home sessions, and the participant completed the MRI
and outcome assessments at UCSF.

2.3. Surveys
Participants completed the IADL (Lawton and Brody, 1969) during

the initial pre-tACS and post-tACS follow-up Cognitive Task sessions
(Weeks 1 and 5, respectively). Additionally, following each tACS

California Verbal Learning Test (CVLT)

CVLT, PAT,
, PAT, MRI & CVLT CVLT
Week 1 | Fluency, & [ Encoding, || PAT || LOFR, p| Fiueney ff CVLTFC
s Phlebotomy 9, " Y Recognition
urveys SDFR Cued Recall
20 min break 10 min break
tACS + . .
Week 2 | stimulation C Paired Associates Task (PAT)
Tasks
Encoding Cued Recall Recognition
tACS + Indoors or ‘ = gn 2 il
Week 3 | Stimulation ] Outdoors? L Q
Tasks 1,2,0r3 Old or New?
2500 ms Untimed 2500 ms Untimed Untimed
tACS +
Week 4 Sieeon D Mnemonic Discrimination Task (MDT)
asks
MDT Encoding MDT Test
Will the item
tACS + CVLT, PAT, I ne Fluency task ;
Week 5 | stimulation || Fluency & |of . MRI& | fitinsidea & Tablet % | Old or New?
T Phlebotomy lady’s \/\
asks Surveys shoebox? Game
2500 ms Untimed 2500 ms Untimed

Fig. 1. (A) Weekly timeline for the study protocol. For Week 2, participants received tACS while completing the mnemonic discrimination task (MDT), fluency task, and a
tablet game, collectively referred to as the ‘Stimulation Tasks.’ (B) The California Verbal Learning Test (CVLT) paradigm and timing. Following encoding of the words participants
completed a distractor list and then the short-delay free recall (SDFR). Following a 20-minute break participant completed the long-delay free recall (LDFR). Following the next 10-
minute break participants completed the forced-choice recognition section. (C) Paired Associated Task (PAT) paradigm and timing. Participants completed the PAT during the 20-
minute break of the CVLT. (D) The Mnemonic Discrimination Task (MDT) paradigm and timing. Eight unique sets of stimuli were used during each MDT task conducted

concurrently with each tACS session.
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session, participants filled out a tolerability survey of the following
11 measures on a scale of 0 (not noticeable) to 10 (not tolerable):
headache, neck pain, scalp pain, tingling, itching, burning sensation,
increased alertness, increased sleepiness, trouble concentrating,
acute mood change, and presence of phosphenes. Prior to the initial
tACS session (Week 1) participants completed surveys that measure
their anticipation, anxiety, and expected benefits on both memory
and cognition following tACS on a scale of 1-10. Following the final
tACS session (Week 5), participants were probed on the same cate-
gories for their perceived benefits of the tACS intervention.

2.4. Magnetic resonance imaging

Participants completed 2 MRI sessions with the same protocol
prior to and following the tACS intervention (i.e. during the pre- and
post-tACS phases, respectively; Fig. 1A). All data were collected by a
Siemens 3 T MAGNETOM Trio MRI using a 64-channel head coil. First,
high-resolution T1-weighted anatomical images were acquired
(1x1x1mm voxel size, FOV =160 x 240 x 256 mm, repetition time
[TR] =2300 ms, echo time [TE] =3 ms, flip angle [FA] =9°). For MRS, 2
voxels were placed in the left Pars, and left Hipp (3 %3 x2 cm each)
based on the T1 structural scan. We then collected GABA-edited
MEGA-PRESS scans (Mescher et al, 1998) (TR/TE=2000/68 ms;
Rothman et al.,, 1993), 128 averages, FA = 90°), with editing pulses at 1.9
edit-ON and 7.2 edit-OFF ppm (Mescher et al., 1998). The edit-ON and
edit-OFF differences yield the peaks affected by the editing pulses.

Next, participants completed approximately 6 minutes of eyes-
closed resting-state functional MRI (rs-fMRI) using a T2*-weighted
echoplanar imaging (EPI) sequence with the following parameters:
560 volumes, TR=850ms, TE=32.8 ms, FA=45°, in-plane resolu-
tion =2.2 mm?, 66 total 2.2 mm slices using a multiband acceleration
factor of 6. Participants were instructed to close their eyes, remain
awake, and be as still as possible. Last, DTI data were collected with 10
nondiffusion-weighted images (b=0s/mm?) followed by 96 diffu-
sion-weighted images (b=2500s/mm?; TR=2420ms, TE=72.2ms,
and FA=85"). One participant did not have usable rs-fMRI at their
post-tACS session due to imaging artifacts, resulting in usable datasets
from 12 participants for these analyses. One participant did not have
baseline DTI data due to time constraints in the MRI, resulting in
usable datasets from 12 participants for these analyses.

2.5. Fluid biomarkers

Participants had 2 phlebotomy sessions immediately after their
pre- and post-MRI sessions, on days with baseline behavioral as-
sessments in Week 1 and the final tACS session in Week 5, respec-
tively. Before both sessions, participants were instructed to fast from
any food intake prior to arrival for a minimum of 4 h. Following the
session, participants had an opportunity to rest and eat food. On both
sessions, blood was collected by phlebotomy in EDTA tubes and
centrifuged at 2000g for 10 min at 4 °C. Plasma was then aliquoted in
500 microliter polypropylene tubes, and stored at -80 °C until ana-
lyses, with an average needle-to-frozen storage time < 2 h. Plasma was
analyzed according to vendor protocols, using commercially available
kits Neuro 4-PLEX E [amyloid B;_4, (Ap42), amyloid B1_49 (Ap40), NfL,
and GFAP] and pTau181 for single molecule arrays (Simoa) in an HD-X
analyzer (Quanterix, Billerica, MA). Lowest level of quantification and
average coefficient of variations were 0.378 pg/mL, 4.1% for Ap42;
1.02 pg/mL, 3.5% for Ap40; 0.4 pg/mL, 4.3% for NfL; 2.89 pg/mL, 4.6%
for GFAP; and 0.4 pg/mL, 10.1% for pTaul81. Analyzed samples un-
derwent only one thaw cycle prior to use. Samples were run in du-
plicate, with kits from the same lot. At the end of data collection, the
entire sample was gradually brought to room temperature for ana-
lysis. All analyses were conducted by a board-certified laboratory
technician blinded to the hypotheses of our study. Although listed in

our ClinicalTrials.gov registration, we were unable to assess neuro-
granin in the processing kit used. Following analysis, we were able to
measure the picograms per milliliter (pg/mL) of each of the 4 AD
biomarkers at both time points, to quantify stimulation-related
changes in AD biomarker levels between the 2 time points.

2.6. Neuromodulation

Participants were fitted with a neoprene head cap with electrodes
located at 8 locations bilaterally (F7, F8, FT7, FT8, T7, T8, P7, and PS8;
10-20 EEG system; Supplementary Fig. 1). The tACS was delivered
through an 8-channel mobile Starstim device (Neuroelectrics, Spain)
with NG Pistim electrodes (contact area: 3.14 cm?). On each session,
the tACS current was ramped up slowly over 4 min to a total of 1.6 mA
(0.4 mA per electrode baseline to peak, with (Liu et al., 2022) the 4
contralateral electrodes set to 180° offset), maintained full strength
for 52 min, then ramp back down to 0 mA over 4 min. The electrode
configuration was selected based on models of the tACS electric field
(EF) distribution, where we sought to target multiple regions of the
cortex known to be related to episodic memory processing: the Hipp,
IPL, and Pars. Using NIC2 software (Neuroelectrics, Spain), we iden-
tified the electrode configuration that achieved a balanced EF dis-
tribution across our ROIs. The current intensity was selected based on
our preliminary research in mouse models of AD (under review: Liu
et al,, 2022), which tested whether there was a dose-response curve
between gamma stimulation strengths and efficacy. We observed that
higher current intensities of gamma stimulation had the strongest
effects. Therefore, we applied the highest dose of stimulation that we
believed would be tolerable to adults with MCI, without inducing
overly distracting side effects such as phosphenes or physical sensa-
tions that are more likely at higher stimulation doses. During each of
the eight 60-minute tACS sessions, participants engaged in the Sti-
mulation Tasks (see below for details). Following the end of each tACS
session, participants filled out a survey of side effects (see Surveys
above). During each of the eight 60-minute tACS sessions, participants
engaged in the Stimulation Tasks (see below for details). Following the
end of each tACS session, participants filled out a survey of side effects
(see Surveys above).

2.7. Cognitive testing

During Week 1, prior to any tACS sessions (Fig. 1A), participants
first completed the California Verbal Learning Test (CVLT; Delis et al.,
2000) to assess aspects of episodic memory, including delayed free
recall, and cued recall/recognition. The CVLT is a task known to
positively correlate with hippocampal size (Aslaksen et al., 2018;
Pohlack et al., 2014), act as an early detector of AD (Pozueta et al,,
2011), and track disease progression such as demyelination in mul-
tiple sclerosis (Fink et al., 2010). Participants completed the standard
and alternate versions of the CVLT during the initial cognitive testing
session (Week 1; Fig. 1B) and the final Cognitive Testing session
(Week 5), with the order counterbalanced across participants. The
CVLT has a 20-minute and a 10-minute break period, with the
former separating the short-delay free recall (SDFR) from the long-
delay free recall (LDFR), and the latter break separating the LDFR
from the force-choice recognition portion.

During the CVLT 20-minute break, participants completed the
Paired-Associates Task (PAT). The PAT assesses episodic memory via
recall and recognition of pairs of face and scene stimuli and, therefore,
was selected so that the stimuli would not interfere with the verbal
words encoded during the CVLT (Fig. 1C). We used a modified version
of the PAT, where the stimulus presentation timing was increased by
500-2500 ms; however, the trial count and task demands were the
same as the PAT in Voskontas et al. (Viskontas et al., 2016). The task
begins with an encoding period consisting of 10 face-scene pairs.
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After the presentation of each face-scene pair (2500 ms), participants
judged whether the person was in an indoor (‘D’ key) or outdoor
scene (‘K’ key). The 10 face-scene pairs were presented randomly 6
times each. Immediately following the PAT encoding period, partici-
pants were tested in the recall period where they were presented
with one face or scene (2500 ms) followed by 3 items of the other
category (scenes or faces, respectively). Participants then responded
(untimed) with which of the 3 items they believed was paired with
the initial stimulus presented during the encoding phase. Each face
and scene item pair were used as the probe 3 times resulting in 60
total recall trials. Following the end of the PAT recall period, partici-
pants were presented with a recognition task where they were shown
either correctly matched or incorrectly matched face-scene pairs
(untimed). Correct face-scene pairs were presented 3 times in random
order each, and incorrect pairs were presented 60 times resulting in
90 trials. An alternate version of the PAT task was used during the
final cognitive testing session with unique stimuli (Week 5), and these
2 versions were counterbalanced between participants.

During the CVLT 10-minute break, participants completed a
verbal and semantic fluency task where they had 60 s to say as many
words as possible that begin with the given letter or fit the category
(excluding proper nouns). During the pre- and post-tACS interven-
tion (visits 1 and 10) participants completed the categories F, A, S
(Thurstone, 1938), and animals (Goodglass and Kaplan, 1983). The
cognitive testing always occurred at the beginning of the day, so that
no fatigue effects lowered participant performance and to ensure
that participants could successfully complete both standardized
memory tests (CVLT) as well as the computerized memory test (PAT).

2.8. Stimulation tasks

Once the tACS began, participants completed a series of
Stimulation Tasks designed to engage episodic memory. First, they
completed the Mnemonic Discrimination Task (MDT; Stark et al.,
2013; P. E. Wais et al., 2021), which assesses high-fidelity long-term
memory. The MDT was adapted from established behavioral pattern
separation tasks that are thought to be dependent on the hippo-
campus (Bakker et al., 2008; Wais et al., 2017; Yassa et al., 2011).
During each tACS session, participants completed the MDT with
unique stimuli consisting of common real-world items (Brady et al.,
2013; P. E. Wais et al., 2021). This resulted in 8 versions of the MDT,
which were counterbalanced in order between participants (for-
wards or backwards order). Immediately after the tACS began, par-
ticipants completed the encoding portion of the MDT task. During
encoding, participants were cued first with “will the object fit inside
a lady’s shoe box?” Following the prompt, participants viewed 39
items in a random order and responded to the question for each item
with an untimed button press (Fig. 1D). Next, participants were
presented with a second cue “can you carry the object across the
room using only one hand?” Participants then responded to this
question following a random presentation of the same 39 items. All
items were presented for 2500 ms followed by a screen that listed
the button press responses (“D” for yes, “K” for no). A fixation cross
was presented on the screen for 1000 ms between trials. The MDT
encoding portion of the task is timed to last 8-10 min. All versions of
the MDT task were created using PsychoPy (Peirce et al., 2019).

Following the MDT encoding period, participants completed
20 min of a commercially available tablet game, Spot the Difference.
This game was chosen so that participants are mentally engaged in a
visual search task that has no interference with recently encoded
items from the MDT task and not a task that would evoke stress due
to task difficulty. Participants completed this task at their own pace
and advanced to new images without any score being kept. Next,
participants completed the semantic fluency task (Goodglass and
Kaplan, 1983; Thurstone, 1938) with 3 letters and a category similar

to the cognitive testing with F, A, S, and animals (see above). Here,
we created 8 unique sets each consisting of 3 letter prompts and one
semantic category. Thus, the fluency task was not repeated across
any of the tACS sessions and was different from the fluency tasks
used as our Cognitive Tasks outcome measures. Participants were
instructed to name as many items as possible.

During the final 10 min, participants completed 3 MDT test
blocks where they viewed 13 items seen during encoding, 13 items
that were an alternate (similar) version of the encoded items, and 5
novel lures. For each item, participants responded as to whether
they were the same exact item from the encoding task from the
beginning of stimulation. Each item was viewed for 2500 ms and
followed by a screen where participants would respond whether the
item was definitely old (“D” key), maybe old (“F” key), maybe new
(“J” key), or definitely new (“K” key). A fixation cross was presented
on the screen for 1000 ms between trials. The order of the target,
lure, and novel items was random within each of the 3 testing
blocks. In total, the tasks for the participant to complete during
stimulation are equal to the length of the tACS session (1 h).

3. Data processing and statistical analysis

Given the relatively small number of participants in this study,
we used nonparametric tests for all statistical analyses to reduce
influence from potential extreme values. Changes in outcome me-
trics were assessed with nonparametric Wilcoxon sign-ranked tests.
We also report rank-biserial correlations (r;;) to represent effect
sizes of these changes, similar to Cohen’s d. We set a significance
threshold of p < 0.05 and report nonsignificant ‘trends’ at p < 0.10.
As this is a hypothesis-generating pilot study, we did not correct for
multiple comparisons for each test conducted. Fig. 2 indicates the
amount of data included in the analyses for each outcome measure.

3.1. Primary Outcomes

Our primary outcome measures were feasibility and tolerability
of 8 sessions of gamma tACS. To assess these, we measured dropout
rate of participants and the reported side effects collected following

Post-
Enrolled consent
(N=14) dropout
(N=1)
Allocated to Drop out
tACS & | | during
Training training
(N=13) (N=0)
Analyzed
(N=11-13)
Be;‘a"l'(ora' Phlebotomy || RSFC/DTI MRS
P ?PS Pre & Post Pre & Post Pre & Post
’&_13‘)’St (N=13) (N=12) (N=11)

Fig. 2. Flow chart of participant enrollment, data collection, and analysis stages.
One participant withdrew prior to completing any tasks. One participant had ex-
cessive movement during the RSFC at follow-up. One participant had no DTI scan due to
time constraints at baseline. Two participants had an error in the MRS protocol at
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each stimulation session. Analysis of the side effects collected fol-
lowing the end of tACS consists of the average across all 8 sessions
for the 11 potential categories. These metrics were rated on a scale of
0 (not noticeable) to 10 (not tolerable). As this was a single-arm
design, we compared side effect ratings from this study to those
from a recently completed a multisession tACS intervention in
healthy older adults of the same age range (Zanto et al., 2021), in
which we administered 1 mA of 6 Hz tACS to the prefrontal cortex
(F3-F4, 10-20 EEG system). This allows for an age-matched com-
parison between prior stimulation protocols and one that is higher
in dose (1.0mA, 1.6 mA), frequency (6 Hz, 40Hz), and duration
(~20 min, 60 min) as employed in the current study. Given that side
effect ratings from the previous tACS protocol (6 Hz, 1 mA, 20 min)
were not statistically different from other duration or frequency
control groups, this comparison provides additional insight re-
garding the perceptual experience and may help guide future re-
searchers when designing gamma stimulation protocols. As both
studies included the same side-effects questionnaire categories, we
conducted a nonparametric Mann-Whitney U test to assess differ-
ences in the average ratings for each metric between the 2 studies.

3.2. Secondary Behavioral Outcomes

Secondary outcome measures assessed changes in performance
on the memory and fluency tasks (CVLT, PAT, fluency). The CVLT is a
standardized cognitive test with different task demands at each
stage. For CVLT, we focused on the correct items named during the
SDFR and LDFR sections. For the PAT, we measured accuracy for both
the recall and recognition portions. For the semantic (animals) and
verbal (F, A, S) fluency task, we measured the number of correct
nonrepeated words.

3.3. Secondary Fluid Biomarker Outcomes

Secondary biomarker measures were assessed by analyzing
change in each fluid biomarker. This pre- and post-tACS analyses of
the blood draw samples allow for changes in measures of amyloid
(Cullen et al., 2021; Nakamura et al., 2018; Schindler et al., 2019), tau
(Cullen et al., 2021), NfL (Kaeser et al., 2021), and GFAP (Chatterjee
et al., 2021; Gaetani et al., 2019; Khalil et al., 2020, 2018; Preische
et al., 2019; Yang and Wang, 2015). In addition, we measured the
ratio of AB42 to Ap40, as this ratio is believed to be a better metric for
identifying AD individuals than individual Ap values (Janelidze et al.,
2016; Lehmann et al., 2018; Risacher et al., 2019). Changes in these
biomarkers from pre-tACS to post-tACS were assessed with Wil-
coxon sign-ranked tests.

3.4. Exploratory Behavioral Outcomes

We examined changes in MDT task performance as a non-
registered exploratory measure, focusing on the changes in the lure
discrimination index (LDI, proportion lure correct rejection—propor-
tion novel false alarm; Wais et al., 2021) between the initial tACS
session and final tACS session. Changes in performance were assessed
with a Wilcoxon sign-rank test. As the MDT task was completed
concurrently with the tACS, it is important to note that changes in
MDT performance reflect gains during tACS from repeated test per-
formance, rather than transfer to an untrained task, as with our sec-
ondary outcomes. In addition to examining changes in this study
population, however, we also compared initial and final LDI perfor-
mance in these MCI participants to a placebo training control group of
healthy older adults from a previous study, where no training-related
MDT gains were expected (Wais et al.,, 2021). For this analysis, we
compared both initial and final performance between these groups
using nonparametric Mann-Whitney U tests (Wais et al., 2021).

Further, we examined changes in IADL from pre-tACS to post-
tACS as an exploratory measure on each of the categories: bathing,
dressing, grooming, mouth care, toileting, transferring bed/chair,
walking, climbing stairs, eating, shopping, cooking, managing med-
ications, phone use, housework, driving/transport, and managing
finances. Specifically, we measured change in the IADL metrics from
the pre-tACS to post-tACS session by measuring the average rating
across all IADL categories and comparing these in nonparametric
Wilcoxon signed-rank tests between the pre-tACS baseline and post-
tACS follow-up sessions.

4. Exploratory neural outcomes
4.1. Resting-state functional MRI

We conducted exploratory analyses on the rs-fMRI data collected
during the pre- and post-tACS scans. Standard preprocessing of MRI
data for functional connectivity analyses was carried out with AFNI
(Cox, 1996) and FreeSurfer (Fischl, 2012). First, participants’ T1-
weighted anatomical images were skull-stripped and segmented
into gray matter, white matter, and cerebrospinal fluid (CSF) using
FreeSurfer. Next, EPI data were preprocessed using afni_proc.py in
AFNI. First, the despike option was applied to interpolate extreme
outlier time points from the BOLD signal intensity time courses.
Next, the EPI data were motion corrected (aligning each EPI volume
to the volume with the minimum outlier fraction), coregistered to
the T1-weighted anatomical image, warped to MNI space, and re-
sampled to an isotropic resolution of 2mm?> Further, we im-
plemented noise reduction by regressing out several ‘nuisance’
variables: (1) 12 motion regressors (6 realignment parameters and
their derivatives), (2) voxel-wise local white matter regressors using
AFNTI's fast ANTATICOR method, and (3) the top 3 principal compo-
nents from lateral ventricle voxels. EPI data were also bandpass fil-
tered (0.01-0.10 Hz), and volumes with excessive motion (>1 mm
root mean square motion) and the volume prior were censored.
Nuisance regression, bandpass filtering, and censoring were per-
formed in a single step.

To measure functional connectivity, we quantified Pearson’s
correlations (and applied a Fisher z-transform) between ROI time-
series from Pars, IPL, and Hipp (left and right) during the baseline
and follow-up MRI sessions. Pars and Hipp ROIs were automatically
output from the MRS scan (see below), and we generated an addi-
tional IPL ROI in FSL (Jenkinson et al., 2012). We copied each left
hemisphere mask to the right hemisphere to generate masks for all 6
regions. We calculated functional connectivity as the average con-
nectivity between each ROI pair between and within hemispheres
(e.g. IPL-Hipp connectivity calculated as the average of right IPL-
Hipp, left IPL-Hipp, right IPL - left Hipp, and left IPL - right Hipp).
We note that RSFC for one participant had relatively high values at
baseline for each ROI pairing (average RSFC: 0.64) compared to the
other participants (Table 2), despite having no visible artifacts or
excessive motion. Although our statistical analyses use nonpara-
metric tests to reduce influence from such extreme values, we also
report all RSFC analyses with and without this participant and in-
dicate whether the results differ (Supplementary Table 2). Im-
portantly, due to technical issues, this participant did not have
baseline MRS or DTI measures and therefore did not overly influence
correlation results with those metrics.

4.2. MRS

Proton 1H MRS data were collected in 2 ROIs (left Pars and left
Hipp). MRS data from our third ROI (IPL) were not collected due to
time constraints in the scanner. During the second MRI session, we
duplicated voxel placement based on images from the first MRI
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session (Bai et al., 2017). All GABA and GIx concentrations were
analyzed using GANNET 3.1 (Edden et al.,, 2014), which is a specia-
lized toolbox for Matlab (The Mathworks Inc., 2016) designed to
analyze GABA by calculating the area under the curve. The E/I ratio of
Glx to GABA within ROIs was calculated (GIx/GABA+, both CSF-cor-
rected with a water reference file). This ratio measured the ex-
citatory/inhibitory balance within the ROI at both the pre-tACS and
post-tACS MRI sessions. Two participants had poor shimming at
baseline and were excluded from analyses, resulting in usable da-
tasets from 11 participants for these analyses.

4.3. Diffusion-weighted imaging

DTI data were preprocessed using FMRIB’s Diffusion Toolbox (FDT
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT), a part of Functional MRI of the
Brain software (FSL; Analysis Group, FMRIB, Oxford, United
Kingdom; Smith et al., 2004). We first removed noncortical tissue
with the Brain Extraction Tool within FSL. To correct for head
movement and eddy current distortions, we used Eddy Correct. Next,
we used DTIfit to calculate fractional anisotropy (FA) maps for each
participant. The FA maps were input into Tract-based Spatial Sta-
tistics in order to create a mean FA skeleton (Smith et al., 2006) by
aligning to a common space (FMRIB58_FA; FA > 0.2 threshold). We
analyzed individual white matter tracts generated with the Johns
Hopkins University white matter atlas included with FSL (Mori et al.,
2008; Wakana et al., 2007). As we did not expect significant change
in FA in a month, we focused on the pre-tACS baseline DTI scan. This
analysis is in line with our previous research demonstrating a cor-
relation between baseline FA and tACS efficacy in healthy older
adults (Jones et al., 2022).

We selected 4 specific white matter tracts that serve our func-
tional ROIs (Pars, IPL, Hipp). First, we selected the Fornix (FX) as it
serves as the dominant outflow tract of the hippocampus (Senova
et al,, 2020). In addition, the FX is essential for acquiring and con-
solidating new episodic memories, weakened FA predicts memory
decline and progression to AD (Fletcher et al., 2013; Mielke et al.,
2012), and FA predicts resting-state functional connectivity in
healthy but not aMCI adults (Kehoe et al.,, 2015). Given that we
employ a recall component of the PAT, it is notable that FA in the FX
correlates with memory recall, but not recognition performance
(Rudebeck et al., 2009). Second, we selected the Arcuate Fasciculus
(AF) as it connects the frontal and temporal lobes by passing through
the parietal lobe, therefore acting as an important tract for the IPL
and Pars ROIs (Ivanova et al., 2021). Importantly, the AF is critical for
language (Ivanova et al., 2021) and in this protocol we include verbal
learning of lists in the CVLT and verbal/semantic fluency tasks as
outcome measures. Third, we selected the Superior Longitudinal
Fasciculus (SLF) as it directly connects the IPL and Pars ROIs (Burks
et al.,, 2017). The SLF also plays a major role in language, attention,
and memory (Kamali et al., 2014), all of which are relevant to the
tasks in this protocol. Fourth, we selected the Uncinate (UN) as it
connects the Pars and Hipp ROIs. The UN does not extend into the
hippocampus, but it is positioned to serve as the major path be-
tween the Hipp and lateral prefrontal cortex (Von Der Heide et al.,
2013), and FA in the UN correlates with memory functioning
(Lockhart et al., 2012; Mabbott et al., 2009; Niogi et al., 2008). Fur-
thermore, lower FA in the UN is predictive of early AD symptoms
(Kiuchi et al., 2009).

4.4. Electrical field modeling

Current modeling of the tACS was performed using the Realistic
vOlumetric Approach to Simulate Transcranial Electric Stimulation
(ROAST; Huang et al., 2019) software toolbox for Matlab (The
Mathworks Inc.,, 2016) to map electrical field (EF) changes

throughout the cortex. ROAST is an open-source MATLAB-based,
automated pipeline that applies SPM segmentation to the head and
neck. Following segmentation, typical isotropic electrical con-
ductivities are assigned to the tissues and electrodes, typical
boundary conditions are assigned to the surfaces, and simulation of
current flow is achieved by solving the Laplace equation
(V-(oVV) = 0), where V is potential and ¢ is conductivity. Current
modeling was conducted on the skull-striped cortex of each parti-
cipant’s baseline T1 and T2 scan then fit to the MNI-152 standard
head (Grabner et al., 2006).

4.5. Exploratory neural analyses

To measure changes in neural metrics, we assessed changes in
RSFC (pairwise connectivity between Pars, Hipp, and IPL ROIs), and
MRS-based E/I within in voxels of interest (Pars and Hipp). Changes
in neural measures were assessed with nonparametric Wilcoxon
signed-rank tests. To link behavioral tACS changes with underlying
neural changes, we conducted correlations between the outcome
metrics and neural metrics that had significant changes in the prior
analyses. All correlation analyses were conducted using nonpara-
metric Spearman’s correlations (rho). In addition, we conducted a
separate exploratory correlational analysis between change in neural
outcome metrics and the change in predictor metrics: E/I ratio (Hipp,
Pars), average functional connectivity (IPL-Hipp, Pars-Hipp, Pars-
IPL). Finally, we examined whether baseline neural measures could
predict tACS effects on the secondary outcome measures (CVLT,
fluency). These predictors included metrics at baseline: E/I ratio
(Hipp, Pars), modeled EF, and FA in individual white matter tracts.
Because correlations between modeled EF and the outcome mea-
sures were conducted at the whole-brain level, a cluster threshold
was applied based on a Monte Carlo simulation to correct for mul-
tiple comparisons. Clusters of significant correlations were corrected
to p < 0.001 to ensure only the strongest correlations were identi-
fied. To minimize the influence of large EF values within the CSF, all
EF values greater than 0.25 V/m were set to 0. Additionally, after the
cluster thresholding procedure, any clusters of activity that bordered
the CSF (i.e. outermost gray matter) were masked out (i.e. con-
sidered insignificant).

5. Results
5.1. Primary outcomes: feasibility and tolerability

All 13 aMCI participants who began the initial cognitive testing
session successfully completed the entire study (i.e. there were no
postbaseline assessment dropouts). There were additionally no ad-
verse events and no side effects reported that would have required
tACS to stop for that participant (as indexed by responses of 7 or
more out of 10 on the side effect survey collected at the end of each
tACS session). Average ratings for this study were as follows: head-
ache 0.08 (SD: 0.28), neck pain 0.16 (0.34), scalp pain 0.30 (0.66),
tingling 1.59 (0.85), burning sensation 0.63 (0.91), increased alert-
ness 0.87 (1.01), increased sleepiness 0.30 (0.62), trouble con-
centrating 0.38 (0.43), acute mood change 0.16 (0.30), and
phosphenes 0.78 (1.10).

To test whether side effects were significantly different from an
active tACS group (6 Hz, 1 mA, 20 min) in a previous older adult
study (Zanto et al., 2021), we conducted Mann-Whitney U tests
comparing average side effects between the 2 studies on each ca-
tegory. The only categories that were rated significantly higher in the
current study were headache (W =82.5, p=0.033, r,;, =-0.37), tin-
gling (W =204, p=0.006, r,p, =0.57), itching (W=193, p=0.02, 1y,
=0.49), and phosphenes (W=186.5, p=0.004, r,, =0.44). Despite
differences between studies, it is important to note that the averages
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Fig. 3. Behavioral change following 8 sessions of gamma tACS over 4 weeks. (A) Change from baseline on the CVLT SDFR and LDFR. (B) Change from baseline on the PAT recall
and recognition portions completed during the 20-minute break in the CVLT. (C) Change from baseline on verbal and semantic fluency tasks. Parentheses represent the standard
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for each rating were still quite low (1.59 or less out of 10), indicating
that these side effects were barely noticeable. The increased phos-
phenes are to be expected given that phosphenes are less common
at 6 Hz than frequencies 10 Hz or higher (Kar and Krekelberg, 2012;
Turi et al., 2013). Similarly, the increased perception of headache,
tingling, and itching were likely due to the higher stimulation in-
tensity and longer duration applied in this study.

5.2. Secondary outcomes: memory and fluency

To assess our hypothesis that 8 sessions of gamma tACS improves
memory performance, we first compared the correct items named
during the SDFR and LDFR, respectively, from pre- to post-tACS using
Wilcoxon signed-rank tests (see Table 2 for averages and effect
sizes). The results revealed a significant improvement in the SDFR
(W=10, p=0.024, r,, =0.74; Fig. 3A) and a nonsignificant ‘trend’ for
gain in the LDFR (W =15.5, p=0.066, r;, = 0.69). Next, to assess im-
provements in visual memory on the PAT, we compared the pre- and
post-tACS accuracy on the recall and recognition sections. The re-
sults revealed a nonsignificant ‘trend’ for accuracy gains on the PAT
recall (W=10, p=0.083, r, =0.64; Fig. 3B) but not recognition
(W=7, p=0.148, 1, =0.61) portions of the task. To measure im-
provements in verbal fluency, we compared the average correct
items named from the FAS task, pre- to post-tACS. The results re-
vealed a significant improvement in words named (W=13.5,
p=0.049, r;, =0.65; Fig. 3C), was which driven by a significant gain
in only A words (W =4.5, p=0.021, r;, = 0.86). Repeating this analysis
for semantic fluency (animals) revealed no significant improvement
following tACS (W =48.5, p=0.861, r;;, =0.07).

Given the single-arm nature of the study, we sought to assess
whether the participants’ survey results prior to tACS predicted any
gains in memory or fluency (i.e. to help rule out potential placebo or
expectancy effects from receiving stimulation). Spearman’s correla-
tions of the self-reported level of comfort and anxiety of receiving
tACS and the expected benefits on both memory and cognition re-
vealed no significant correlation with changes in any of these sec-
ondary outcome measures (comfort: all p > 0.217, anxiety: all
p > 0115, memory: all p > 0.201, cognition: all p > 0.166).
Importantly, this suggests that the participants’ reported experience
with tACS or their expected benefits were not predictive of the ob-
jective benefits observed on the secondary outcome tasks.

5.3. Secondary outcomes: AD biomarkers

To assess our hypothesis that 8 sessions of gamma tACS affect
biomarker load in the plasma of aMCI participants, we first com-
pared the concentration of Ap40, AB42, and the ratio of Ap42 to Ap40
(Ap42/40) from pre- to post-tACS. The results revealed no significant
change in Ap (all p > 0.34; see Table 1). Similarly, there were no
significant changes in pTaul81 (p=0.305) or NfL (p=0.675) fol-
lowing tACS (p=0.305). Of note, the biomarker data are consistent
with prior research assessing plasma-based biomarkers in an MCI
population. Specifically, Simoa immunoassays previously used to
characterize the AB42/40 ratio have exhibited higher values in con-
trol groups (0.073) compared to an MCI population (0.066; Jiang
et al.,, 2022; Karikari et al., 2020), indicating our observed Ap42/40
ratios (0.058 pre-tACS, 0.059 post-tACS) were more comparable to
an MCI population than a healthy control group. Similarly, the ob-
served pTau181 values (3.38 pg/mL pre-tACS, 3.60 pg/mL post-tACS)
were more closely aligned with previous published values for an MCI
population (3.7 pg/mL) than a healthy control group (2.4 pg/mL;
Thijssen et al., 2021).

5.4. Exploratory cognitive outcomes

We also assessed changes in performance on the MDT task that
was completed during each of the 8 tACS sessions over 4 weeks. To
do this, we measured change in the LDI from the initial tACS session
to the final tACS session and observed a significant gain in perfor-
mance (for details, see Supplementary Results). Most interestingly,
we compared performance to a healthy older adult group that also
conducted this task in a separate study (Wais et al., 2021). Results
demonstrated lower performance in the MCI group at baseline, but
comparable performance between groups post-tACS (see
Supplementary Results; Supplementary Fig. 2). This result suggests
that multiple sessions of gamma tACS with repeated sessions of MDT
rescued performance to that of a healthy aged-matched control
group.

We measured change on each IADL metric with a Wilcoxon
signed-rank test between pre-tACS and post-tACS time points. All
metrics revealed no significant change between time points (all
p > 0.33). The lack of significance for IADL changes was due to
ceiling effects at baseline: most responses were marked ‘4’ (96.2%),
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Table 1

Average biomarker load detected in plasma (pg/mL) pre-tACS and post-tACS
Biomarker Pre-tACS Post-tACS w p Value I'b
Ap40 132.02 (29.02) 135.05 (34.38) 375 0.600 -0.18
Ap42 7.65 (2.40) 7.93 (2.75) 38.0 0.635 -0.17
Ap42/40 0.058 (0.02) 0.059 (0.02) 31.0 0.340 -0.32
pTaul81 3.38(0.97) 3.60 (1.24) 30.0 0.305 -0.34
NfL 22.62 (7.48) 22.45 (8.71) 52.0 0.675 0.14
GFAP 232.62 (59.31) 248.54 (56.62) 22 0.108 -0.52

Nonparametric Wilcoxon sign-ranked test statistics (W) for each pre-post tACS biomarker comparison are listed along with significance (p) values and rank-biserial correlations

(rrp). All parentheses represent standard deviation of the mean.

indicating most participants were able to do daily tasks in-
dependently prior to the intervention.

5.5. Exploratory outcomes: neural measures

To measure changes in RSFC across key regions involved in
episodic memory, we analyzed the average connectivity between
each of the ROI pairs (IPL-Hipp, Pars-Hipp, IPL-Pars, including
within- and between-hemispheric connections), using Wilcoxon
signed-rank tests between tACS time points. The results revealed a
significant increase in IPL-Hipp RSFC (W =13, p=0.042, 1, =0.67;
Fig. 4); however, there were no changes in average RSFC for Par-
Hipp or IPL-Pars ROI pairs (Table 2). We confirmed that this pattern
of results was similar when excluding the potential ‘outlier’ parti-
cipant with high RSFC values at baseline (see Supplementary
Table 2). Further, as RSFC estimates can be spuriously affected by
in-scanner motion (Power et al., 2012; Satterthwaite et al., 2013,
2012; Van Dijk et al., 2012), we confirmed that these findings were
not influenced by participant motion (quantified as the Euclidean
norm of motion parameters using AFNI). Motion levels were com-
parable before and after tACS (p=0.81), and changes in motion
before and after tACS were not related to changes IPL-Hipp RSFC
(r=0.02 p=0.95).

Next, we assessed the neuronal excitatory/inhibitory (E/I) balance
as the ratio of Glx/Water to GABA+/Water from the MRS data. We
conducted Wilcoxon signed-rank tests for each of the ROIs (Hipp,
Pars) to assess change from the pre-tACS to post-tACS session. The
results revealed no significant difference between time points for
either of the ROIs (Table 2).

5.6. Exploratory correlations

Given the significant increase in IPL-Hipp RSFC following tACS,
we sought to investigate whether changes in this functional con-
nectivity were related to the observed alterations in episodic
memory (i.e. CVLT SDFR) or verbal fluency. The results of a
Spearman’s correlation revealed that the change in IPL-Hipp RSFC
correlated positively with behavioral improvements in SDFR (Rho
[r]=0.75, p=0.005; Fig. 5A), such that those who had the greatest
gains in IPL-Hipp RSFC improved the most on the SDFR. However, no
such relationship was observed for verbal fluency (r=0.02,
p=0.956). Next, we sought to investigate whether changes in IPL-
Hipp RSFC correlated with change in the E/I balance within the same
ROI (Hipp). The results revealed a significant correlation between
changes in IPL-Hipp RSFC and changes in E/I in the left Hipp
(r=0.683, p=0.05; Fig. 5B), such that participants with greater in-
creases in IPL-Hipp functional connectivity exhibited the largest
increase in hippocampal excitability (i.e. higher E/I ratio).

We previously observed that baseline white matter micro-
structure (FA) predicted tACS-induced strengthening of (EEG) func-
tional connectivity in a group of healthy older adults (Jones et al.,
2022). Therefore, we also conducted exploratory correlations
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Fig. 4. Change in RSFC between ROI pairings from pre-tACS to post-tACS MRI
sessions. (A) Axial (top) and sagittal (bottom) view of ROI masks in MNI space for the
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terpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

between changes in RSFC and FA in individual white matter tracts
(FX, AF, SLF, UN). The results revealed a positive correlation between
change in IPL-Hipp RSFC and each individual white matter tract
(range of r=0.52-0.66; Fig. 5C); however, only the FX (r=0.62,
p=0.048), SLF (r=0.65, p=0.037), and UN (r=0.62, p=0.048)
reached significance, although the AF numerically approached a
trend (r=0.52, p=0.107). We confirmed that these patterns of RSFC
results were similar when excluding the potential outlier participant
(Supplementary Table 2).

Next, we tested whether baseline measures of the E/I ratio cor-
related with either of the observed changes in the behavioral out-
come measures (i.e. CVLT SDFR and verbal fluency). For this analysis,
E/l ratio was calculated from 2 ROIs (Hipp, Pars). Results from
Spearman’s correlations between baseline E/I and behavioral metrics
showed no significant relationships between these baseline mea-
sures and performance changes (all p > 0.182).
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Table 2

Outcome metric statistics from Wilcoxon signed-ranked test between pre-tACS and post-tACS time points
Metric Pre-tACS Avg Post-tACS Avg w p Value I'rb
CVLT: SDFR (words) 6.54 (4.29) 8.08 (4.34) 10 0.024 0.74
CVLT: LDFR (words) 6.69 (4.85) 7.85 (4.95) 15.5 0.066 0.60
PAT: Recall (%) 0.54 (0.16) 0.69 (0.26) 10 0.083 0.64
PAT: Recognition (%) 0.67 (0.11) 0.76 (0.18) 7 0.148 0.61
Fluency: Semantic (words) 16.85 (8.37) 16.31 (5.31) 485 0.861 0.07
Fluency: Verbal (avg words) 14.67 (3.78) 16.05 (3.71) 13.5 0.049 0.65
Fluency: F (words) 15.23 (4.29) 17.00 (4.16) 15.5 0.129 0.53
Fluency: A (words) 12.31 (3.64) 14.62 (3.91) 4.5 0.021 0.84
Fluency: S (words) 15.69 (4.15) 16.23 (3.56) 23.5 0.421 0.29
MRS: E/I (Hipp) 2.17 (1.68) 1.62 (3.55) 24 091 0.07
MRS: E/I (Pars) 2.56 (2.34) 1.89 (0.78) 22 0.641 0.22
RSFC: IPL-Hipp (Avg) 0.06 (0.17) 0.15 (0.13) 13 0.042 0.67
RSFC: Pars-Hipp (Avg) 0.12 (0.15) 0.11 (0.14) 34 0.733 0.13
RSFC: IPL-Pars (Avg) 0.39 (0.30) 0.39 (0.25) 27 0.38 0.31

All parentheses represent standard deviation of the mean. The p-values in bold represent p < 0.05, and italicized values represent a trend of p < 0.10.
Key: CVLT, California Verbal Learning Test; SDFR, short-delay free recall; LDFR, long-delay free recall; PAT, Paired-Associates Task; MRS, magnetic resonance spectroscopy; E/I,
excitatory/inhibitory balance; RSFC, resting-state functional connectivity; IPL, inferior parietal lobe; Pars, pars triangularis; Hipp, hippocampus; tACS, transcranial alternating
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A4 o B 10.00 C AAF ¢FX oSLF OUN
e 0.12
£3 oo
i} —~ 5.00 o A
F4 A
5 2 ogdo & 6 0.10 A/A:‘/‘/A
= I o . ah O .
o = o Oo 0O
=1 ° 5 000 5 <0.08 of 99
z, - ° Ly
0 = o ¢
7 < 5.00 / 006 Y e o
£-1 do * te
< o
2 o -10.00 0.04
045 -0.25 -0.05 0.15 0.35 -0.10 0.05 0.20 0.35 -0.05 0.10 0.25
A in IPL-Hipp A in IPL-Hipp Ain IPL-Hipp
Connectivity Connectivity Connectivity

Fig. 5. Spearman’s correlations between the change in IPL-Hipp RSFC and (A) the change in SDFR on the CVLT, (B) change in E/I ratio within the Hipp and (C) baseline FA in
the Fornix (black diamonds), Arcuate Fasciculus (dark gray diamonds), SLF (light gray circles), and Uncinate (white squares) white matter tracts.

Finally, we assessed whether the amount of tACS current that
reached the brain was related to the observed changes in the be-
havioral outcome measures (i.e. CVLT SDFR and verbal fluency).
Therefore, the tACS-induced EF was modeled within the gray and
white matter for each individual and correlated across individuals
with the change (post-pre) in outcome measures via Spearman’s
method. Results of the correlation between the modeled EF and
change in SDFR exhibited a positive correlation with multiple brain
regions, including the precentral gyrus, superior frontal gyrus, su-
perior parietal lobule, frontal pole, lateral occipital cortex, and lin-
gual gyrus. Most notably, a positive correlation was observed
between the change in SDFR and the modeled EF within right IPL
(MNI coordinates: [41, =61, 47]) and right Pars (MNI coordinates: [50,
27, 4]), such that those participants who received the largest amount
of stimulation in these regions also exhibited the greatest increase in
episodic memory performance (Fig. 6A). No negative correlations
were observed. Results of the correlation between the modeled EF
and change in verbal fluency exhibited a positive correlation with
multiple brain regions, including the precentral gyrus, middle frontal
gyrus, cuneus, insula, frontal pole, supramarginal gyrus, lateral oc-
cipital cortex, temporal pole, cerebellum, and parahippocampal
gyrus. Notably, a positive correlation was observed between the

change in verbal fluency and the modeled EF within right IPL (MNI
coordinates: [60, —26, 37]) and right Pars (MNI coordinates: [36, 28,
71), such that those participants who received the largest amount of
stimulation in these regions also exhibited the greatest increase in
verbal fluency (Fig. 6B). Again, no negative correlations were ob-
served.

6. Discussion

We conducted a single-arm 8-week clinical trial to assess the
feasibility and tolerability of tACS targeting key regions involved in
AD to improve cognitive function and biofluid and neuroimaging
variables in aMCI. The results of this study demonstrate that gamma
tACS is a tolerable and feasible intervention for individuals with
aMCI. Additionally, we showed that eight 60-minute sessions of
gamma tACS across 4 weeks improves performance on the untrained
CVLT, as well as verbal fluency measures. Even despite the single-
arm nature of the study, we nonetheless observed that the gains in
the untrained episodic memory task (i.e. CVLT SDFR) were most
pronounced in those with higher modeled EF and changes in func-
tional connectivity between the IPL and hippocampi. This supports
the interpretation that these effects are likely due to the stimulation
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Fig. 6. Spearman’s correlations between the modeled EF and (A) the change in SDFR on the CVLT and (B) the change in verbal fluency. Color represents significant
correlation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rather than a placebo effect and warrants additional investigation
with a randomized controlled trial. These results suggest that
gamma tACS applied broadly throughout the cortex may improve
episodic memory by facilitating functional connectivity between
regions known to support episodic memory.

We also observed novel evidence that changes in IPL-HIPP
functional connectivity were related to increased excitability (GIx/
GABA ratio) within the hippocampus. This finding supports prior
research indicating a relationship between functional connectivity
and regional excitability (Levar et al., 2019; Maximo et al., 2021).
Moreover, this provides additional support for the potential efficacy
of this intervention as MCI and AD populations are known to exhibit
deficits in these metabolites (Huang et al., 2017; Oeltzschner et al.,
2019). However, it should be noted that group changes were not
observed in the E/I (GIx/GABA) ratio within our ROIs. It is possible
that our small sample size in the current study may be under-
powered to detect such a group effect. Nonetheless, the results of
this research certainly warrant additional investigation.

The extent of increased IPL-Hipp functional connectivity was also
correlated with changes in baseline white matter integrity, such that
people with the highest FA at baseline showed the greatest neuro-
plastic changes within a portion of an episodic memory network.
This pattern of results supports our previous tACS research in
healthy older adults where preserved structural integrity allowed for
greater tACS-induced alterations in functional connectivity between
distant cortical regions as well as greater tACS effects on cognitive
performance (Jones et al., 2022). Given that FA is known to decline in
aging and MCI (Mayo et al., 2019, 2017), these results suggest that
tACS effects may be more pronounced prior to the degradation of
white matter. This notion is further supported by a recent study in
early AD individuals where gamma tACS improved episodic memory
the most in individuals with the highest baseline MMSE scores
(Benussi et al., 2022). Thus, tACS and related interventions would be
best suited at the earliest stages of (or prior to) AD progression.

The question remains as to why such a relationship exists between
tACS effects on functional connectivity and white matter integrity.
One possibility is that higher FA enables the stimulating current to
reach distant cortical regions, thereby affecting more network nodes.
In support of this, computational models have converged to show that

increased white matter anisotropy increases the current density along
cortical gyri under the electrodes, between the electrodes, and in
regions distant from the electrodes following white matter tracts
(Bhalerao et al.,, 2019; Lee et al., 2012; Shahid et al., 2013). An alter-
native explanation is that tACS affects local cortical processing, and
that increased FA simply improves network-level communication
(van den Heuvel et al., 2008). In either case, this would explain our
current results as well as recent experimental research demonstrating
greater white matter integrity in stimulated regions yields the
greatest effects of transcranial electrical stimulation on behavioral
performance (Zhao et al., 2021; Zheng and Schlaug, 2015). These re-
sults highlight white matter as an important mediator of tACS effects,
and additional research will be required to understand the me-
chanism by which tACS is affected by white matter integrity.

Interestingly, our protocol also improved episodic memory per-
formance on the trained MDT task to levels comparable to that of
healthy age-matched controls from a prior study. Importantly, the
MCI patients in the current study had repeated practice on different
versions of the MDT task over the 8 tACS sessions and had a quali-
tatively different experience than participants in the previous study.
Therefore, we cannot make strong claims regarding the source of
their improved performance. However, it is encouraging that their
final performance is equal to that of healthy controls.

While this was a single-arm study of only 13 individuals without
a control group, we believe our results are likely due to gamma tACS
rather than practice or placebo effects, as previous research finds
that CVLT scores do not improve with repeated tests following pla-
cebo neurostimulation in AD populations (Bystad et al., 2016). Other
cognitive training studies in older adult populations have also failed
to find transfer to improvements in CVLT recall metrics (Chapman
et al.,, 2016; Richmond et al., 2011; Stamenova et al., 2014); therefore,
the current results support the potential for gamma tACS to rescue
cognition in cognitively declining adults. In addition, we probed
participants expectations for how tACS would affect them, and the
results further ruled out a link between participants’ expectancy and
their observed cognitive gains. It is also worth noting that im-
provements in CVLT (SDFR) and verbal fluency were greatest in those
participants who had the highest modeled EF within the brain -
particularly in regions known to be involved in episodic memory.
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This suggests that tACS indeed helped facilitate cognitive function
and implies that tACS is increasingly effective with higher stimula-
tion intensities, replicating our recent results in older adults (Zanto
et al., 2021). Finally, it is worth noting that we counterbalanced the
order of distinct versions of the outcome measures (CVLT, PAT) and
training tasks (MDT) to minimize practice effects. Together with
other promising results employing gamma tACS in early AD in-
dividuals (Benussi et al., 2022), we believe the combined nature of
repeated tACS paired with engaging cognitive tasks likely resulted in
improved episodic memory performance in our aMCI participants.
As such, these results warrant further investigation and need to be
confirmed in larger sample sizes and in a double-blind manner with
a proper control group.

In a similar vein, there are several reasons why we consider the
observed increases in RSFC to be meaningful without a control
group, and not a practice or placebo effect. First, we have previously
demonstrated that fMRI data exhibit high test-retest reliability in
MCI patients over a 3-month period (Zanto et al., 2014), suggesting
that changes in such a small timeframe would be minimal in the
absence of an intervention. Similarly, an MCI control group for a 7-
week intervention did not exhibit significant RSFC changes (Liu et al.,
2021), and numerically, the (nonsignificant) changes were a decline
in RSFC. Indeed, over the course of 2 years, the probability of con-
version from MCI to AD increases, and this occurs with a con-
comitant decrease in RSFC (Li et al., 2016). As such, it is unlikely that
RSFC would significantly increase in an MCI population without
some form of meaningful intervention. Second, we demonstrated
that the observed changes are likely not due to nonneural sources
that can affect RSFC, such as in-scanner motion. Specifically, we
showed that (1) motion levels were comparable before and after
tACS and that (2) changes in motion were not related to changes in
our main RSFC finding. This adds confidence that the observed RSFC
changes are indeed neural and not related to in-scanner artifacts.

In aging, patterns of neural activity similar to younger adults are
linked with preserved cognition (Chen et al., 2022; Park et al., 2013;
Vidal-Pifieiro et al., 2019), highlighting the importance of preserved
functional connectivity. Importantly, functional connectivity be-
tween IPL and hippocampus has been associated with episodic
memory performance (Hermiller et al., 2019; Warren et al., 2019)
and the strength of connectivity between these regions decline in
healthy aging (Oren et al, 2019) and AD (Wang et al., 2015). Our
results suggest that gamma tACS increased functional connectivity
between the IPL and hippocampi, and this was correlated with im-
provements in episodic memory. Thus, the effects of gamma tACS on
episodic memory performance were likely subserved by connectivity
alterations in the IPL-Hipp portion of a larger episodic memory
network. These results support research demonstrating that tACS
can alter long-range connectivity as measured by EEG (Jones et al.,
2022, 2020) and fMRI (Gundlach et al., 2020; Mondino et al., 2020),
which occur in networks that support changes in behavior.

Given the single-arm design of this study, we are unable to de-
termine whether our tACS protocol affected biomarker load in the
aMCI participants. It is possible that while we did not observe a
statistical change in biomarker load, the values may have been dif-
ferent in these participants had they not received the intervention
such that we may have slowed decline (or maintained current state).
A second possibility is that a greater dose (higher intensity or longer
duration) of tACS may be necessary to reduce biomarker load, as the
EF applied to the cortex in our protocol was slightly less than what
animal models of AD received with intracranial stimulation (Liu
et al, 2020). Given the high tolerability reported, future research
may consider higher tACS current intensities. A third possibility is
that plasma biomarkers may not be sensitive to change in such a

small sample. Finally, it is possible that gamma tACS may have en-
hanced memory functioning on the tasks without affecting bio-
marker load. Rather, observed improvements on the behavioral tasks
may simply be related to functional changes. While we did not ob-
serve significant changes in any of the plasma-based biomarkers,
future studies with a larger number of participants and/or higher
stimulation intensity may be able to detect such changes and
identify optimal protocols for replicating animal studies in humans
(Iaccarino et al., 2016; Jeong et al., 2014; Liu et al., 2020; Martorell
et al., 2019; Singer et al., 2018; Zhen et al., 2017).

Although the results of this pilot study strongly support feasi-
bility of gamma tACS and initial evidence for efficacy of remediating
AD-related decline, there are some limitations that could be ad-
dressed in future work. First, the key limitation to the current study
is the lack of a sham or no-stimulation control group. Future re-
search should be expanded to include multiple groups in a rando-
mized controlled trial with placebo or mechanistic controls and a
larger sample size. Second, while we show gains in cognition and
underlying neural function over 4 weeks, the extent that these
benefits persist following the end of treatment is unknown.
Although additional research will be needed to address persistence
of these effects, prior research has shown that behavioral gains and
changes in hippocampal volume following memory training are
maintained in the weeks following training (Brathen et al., 2022),
and we have previously demonstrated that tACS effects can last for
at least 1-month post intervention (Zanto et al.,, 2021). Third, the
cause of MCI was not determined in our small population. Finally,
future research should also assess the correct timing and/or ne-
cessity of ‘booster’ tACS sessions to maintain benefits that result
from the tACS intervention.

Beyond assessing whether tACS may recover lost cognitive abil-
ities, it is equally important to understand whether this interven-
tional approach may prevent or delay additional decline, effectively
altering the course of disease progression. Following individuals
with aMCI over the course of years after or with concurrent tACS
would elucidate the prophylaxis potential of gamma stimulation to
act as a protective treatment against cognitive decline. Finally, ad-
ditional research should attempt to identify whether a critical period
exists in which individuals would most benefit from such a treat-
ment. The current results tentatively suggest that applying the sti-
mulation early in disease course (or prior to decline) may yield the
best outcomes, but this needs to be directly tested.

Given the limited treatment options for those with MCI, these
results show promise as a clinical therapeutic for rescuing lost
cognitive capabilities in those who are progressing towards AD. The
results replicate previous attempts to use oscillatory gamma sti-
mulation to improve cognition (but not reduce biomarkers) asso-
ciated with AD progression as evidenced in both animal (laccarino
et al.,, 2016; Jeong et al., 2014; Liu et al., 2020; Zhen et al., 2017) and
human research (Benussi et al., 2022, 2021; Kehler et al., 2020;
Sprugnoli et al., 2021). Our results extend this work to show that
changes in episodic memory occur in an intensity-dependent
manner and coincide with increased functional connectivity in a
portion of an episodic memory network. Interestingly, those with
the greatest gains in functional connectivity were the ones who
exhibited high baseline FA in tracts serving the episodic memory
network and exhibited the greatest gains in excitability within the
hippocampus. These observed connections between RSFC, neuronal
excitability, and behavioral improvements should be future targets
for interventions in MCI that employ neurostimulation methods
such as tACS. These promising results warrant future clinical trials
research to expand upon the potential of tACS to remediate MCI
deficiencies and alter disease progression.
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