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a b s t r a c t 

Background: Recent disease-modifying treatments for Alzheimer’s disease show promise to slow cognitive decline, 

but show no efficacy towards reducing symptoms already manifested. 

Objectives: To investigate the efficacy of a novel noninvasive brain stimulation technique in modulating cognitive 

functioning in Alzheimer’s dementia (AD). 

Design: Pilot, randomized, double-blind, parallel, sham-controlled study 

Setting: Clinical research site at UT Southwestern Medical Center 

Participants: Twenty-five participants with clinical diagnoses of AD were enrolled from cognition specialty clinics. 

Intervention: Treatment consisted of high definition transcranial direct current stimulation (HD-tDCS) delivered 

for 20 min over the medial prefrontal cortex. Ten sessions of sham, 1 mA, or 2 mA stimulation were received. 

Measurements: Cognitive outcomes were measured at baseline, after the last HD-tDCS session, and 8-weeks post- 

treatment. The primary outcome was change in total learning and delayed recall on the Rey Auditory Verbal 

Learning Test (RAVLT) immediately post-treatment and at 8-weeks. Secondary outcomes included measures of 

language, processing speed, and executive functioning. A multi-stage approach was used to examine cognitive 

outcomes, which included evaluation of effect sizes, statistical effects, and rate of clinically meaningful responses. 

Results: In this pilot trial, no statistically significant differences on cognitive outcomes were found between 

sham and active HD-tDCS immediately post-treatment ( p’s > 0.05). However, moderate-to-large effect sizes were 

identified for enhanced RAVLT total learning (Cohen’s d = 0.69–0.93) and phonemic fluency ( d = 1.08–1.49) for 

both active HD-tDCS conditions compared to sham, with rates of clinically relevant improvement between 25 

and 33%. Meaningful enhancement persisted to 8 weeks only for the 1 mA condition. 

Conclusions: Multiple sessions of HD-tDCS over the medial prefrontal cortex appears to have potential to produce 

meaningful cognitive enhancements in a proportion of patients having AD with improvements maintained for at 

least 8 weeks in some. 

Trial Registration Information: ClinicalTrials.gov (NCT05270408). Registered December 30, 2021. 
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. Introduction 

Treatments cleared for Alzheimer’s dementia (AD) show promise to

elay cognitive decline, but do not lessen the cognitive deficits already

resent. New treatments that could enhance cognitive functioning, and

n turn, lead to improvements in quality of life would fill an unmet need.

lthough AD involves decline in multiple cognitive domains, episodic
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emory decline is the prototypical feature for many with AD, wherein

earning and remembering new events and personal experiences are im-

aired [ 1 ]. Only fragments of information are able to be encoded, stored,

nd recalled [ 2 ]. As a result, assessment of encoding and storage of

erbal-based memories is the most sensitive approach for detecting and

haracterizing problems in episodic memory functioning in AD [ 3 ]. Hip-

ocampal atrophy is closely linked to the episodic memory deficits, but
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here are multiple brain structures and tracts in the functional network

e.g., Papez circuit) for the encoding, storage, and retrieval of episodic

emories that show abnormalities in AD [ 4 ]. In theory, modulation of

 node in the neural network, or a distal region having strong connec-

ions to the network, could enhance functioning of the neural network

nd lessen associated AD symptoms. Noninvasive brain stimulation is

apable of modulating neural networks [ 5 ] and has received consider-

ble interest as a possible new intervention for AD. 

Transcranial direct current stimulation (tDCS) is a form of noninva-

ive brain stimulation shown to increase neuronal activity from hyper-

olarization of the resting membrane potential to promote long-term

otentiation and neuroplasticity [ 6 ]. Such effects were magnified and

ersisted for considerably longer durations after repeated stimulation

 7 ]. Thus, multiple sessions of tDCS might strengthen neural networks

o produce long-lasting cognitive improvements in disorders such as AD.

ot surprisingly, tDCS has been widely investigated in clinical trials in

D (see [ 8 ] for a detailed review). Most applied the electrical current

o the left dorsolateral prefrontal cortex or left temporal cortex. Either

ay, stimulation likely reached components of the neural network for

pisodic memory, as the electrical field would have diffusely coursed

hrough cortical and subcortical regions. However, the optimal montage

or tDCS is still undetermined and most trials examined tDCS effects on

lobal cognition only, rather than episodic memory and other specific

ognitive domains [ 8 ]. Among the few that did, the length of treatment,

urrent intensity, electrode configuration, outcome measures, and find-

ngs were inconsistent. As such, whether tDCS can produce clinically

eaningful, reproducible, and durable effects on prominent cognitive

roblems in AD is unclear [ 8 ]. 

In light of these gaps, there continues to be a need to thoroughly

xamine the efficacy of tDCS on cognitive functioning in AD. High Def-

nition tDCS (HD-tDCS) was developed to offer more focused control in

elivering electrical stimulation than the conventional method used in

early all prior AD trials. Consisting of small electrodes, there is more

exibility in positioning electrodes to apply stimulation with greater

recision. The primary purpose of this pilot randomized controlled trial

as to investigate if multiple sessions of HD-tDCS could lessen ver-

al episodic memory deficits in AD. Two current intensities (1 mA and

 mA) were studied to examine dose-dependent effects given the inten-

ity range of prior tDCS trials in AD and absence of empirical support for

n optimal dosage to produce cognitive effects. The medial prefrontal

ortex was chosen as the site for delivering the electrical current based

n electrical field models indicating ( Fig. 1 ) this was favorable for po-

ential modulation of the dorsal anterior cingulate (dACC) as shown in

rior HD-tDCS studies [ 9 ]. Because the dACC is part of a node in the

eural network involved in episodic memory functioning [ 4 , 10 ], it was

he region of interest to shape electrode configuration. However, to our

nowledge, this target has not been explored in AD using HD-tDCS. The

ACC and surrounding frontal structures and tracts are also involved in
2

ther cognitive abilities that decline in AD, including language, process-

ng speed, and executive functioning [ 11 ]. Thus, a secondary aim was to

xamine these other cognitive domains as HD-tDCS induced outcomes.

uration of treatment effects was also explored by evaluating whether

ny modest cognitive changes produced from HD-tDCS persisted for 8

eeks. 

ethods 

This pilot study was registered at Clinicaltrials.gov (NCT05270408)

nd included the recruitment of participants with a clinical diagnosis of

ossible or probable AD [ 12 ] from cognition specialty clinics in Dallas-

ort Worth. The trial was a randomized, double-blind, parallel, sham-

ontrolled design. Participants received 10 daily sessions over a 2-week

eriod of either sham, 1 mA, or 2 mA stimulation. Assignment was ran-

omized by a computer at a ratio of 1:2:2 according to the sham ( n = 5),

 mA ( n = 10), and 2 mA ( n = 10) conditions. Participants and study per-

onnel who performed outcome assessments were blinded to HD-tDCS

ondition. Cognitive assessments were completed at a baseline visit, im-

ediately following the last HD-tDCS session, and again at an 8-week

ollow-up visit. The eligibility criteria, protocol, and statistical analysis

lan are available in the e-Materials . The study was approved by the

T Southwestern Institutional Review Board and informed consent was

btained from all participants and their legal representatives. 

D-tDCS protocol 

HD-tDCS was delivered for 20 min on 10 separate days over a 2-week

eriod using a Neuroelectrics Starstim® system with 12-mm Ag/AgCl

isc electrodes (NE029-P.08.MD:GV) filled with conductive gel. Elec-

rodes were placed in a 4 × 1 ring configuration on a Neuroelectrics

eoprene headcap corresponding to the International 10–20 EEG sys-

em [ 13 ]. The anode was placed in the center at Fz (1 or 2 mA inten-

ity) and surrounded by 4 cathodes at FPz, F7, F8, and Cz (each 25%

f 1 or 2 mA). Active stimulation involved a 60-second ramp up period

o the assigned current intensity (1 mA or 2 mA) and remaining at that

ntensity for 20 min. Sham HD-tDCS consisted of a 60-second ramp up

o 1 mA and then turning off for 20 min. All HD-tDCS sessions were

pplied to participants while awake and resting. 

ognitive measures 

A brief cognitive assessment was completed and the primary out-

ome was the Rey Auditory Verbal Learning Test (RAVLT [ 14 ] as it is

ensitive for measuring dysfunction of encoding and storage processes in

erbal episodic memory in AD [ 15 ]. The RAVLT involves immediately

ecalling a list of 15 words read aloud over 5 consecutive presentation
Fig. 1. Electrical Current Models During HD-tDCS . Stimulation 

models using SIMNIBS of the active conditions with 1 mA and 

2 mA current intensities. Computational modeling was performed 

on a multi-sequence average template brain for Alzheimer’s demen- 

tia made available by Dadar et al. 2022 [ 38 ] and openly sourced at 

https://zenodo.org/records/5018356 . 

https://zenodo.org/records/5018356
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rials (encoding) and a 30-minute delayed recall trial (storage). Stan-

ardized scores were calculated to examine total learning (number of

tems immediately recalled for the 5 trials) and delayed recall based

n widely used metanorms [ 16 ]. Age at baseline was used for deriving

ll standardized scores since an increase during the study could artifi-

ially inflate post-treatment scores, erroneously making performances

etter. Secondary outcomes included performances for visual episodic

emory, language, processing speed, and executive functioning. Visual

pisodic memory was assessed through the Brief Visuospatial Memory

est-Revised (BVMT-R) [ 17 ]. Language was assessed with the Boston

aming Test (BNT) – 30 item form [ 18 ] (odd/even item versions; pro-

ated for normative data [ 19 ] and Delis-Kaplan Executive Function Sys-

em (DKEFS) Phonemic Fluency and Category Fluency [ 20 ]. Process-

ng speed was assessed with the Southwestern Assessment of Process-

ng Speed [SWAPS [ 21 ]], Trail Making Test Part A [TMT A [ 22 ]], and

KEFS Color-Word Interference Color Naming and Word Reading tasks

 20 ]. Executive functioning was assessed with the Trail Making Test Part

 [TMT B [ 22 ]], DKEFS Category Switching Fluency [ 20 ], and DKEFS

olor-Word Interference Inhibition tasks [ 20 ]. Although negligible prac-

ice effects are exhibited with short retest intervals for AD, [ 23 ] alternate

ersions were used for multiple tests (RAVLT, BVMT-R, BNT-SF) to min-

mize potential for higher scores with repeated testing (see e-materials

or more details on versions used). 

tatistical analysis 

This pilot trial was designed as an exploratory study, and thus, was

ot powered to detect statistical differences between treatment condi-

ions. As a result, a 3-stage approach was planned for thoroughly ex-

mining HD-tDCS effects on primary and secondary outcomes, which

ncluded characterization of effect sizes, statistical effects, and rate of

linically meaningful responses. Cognitive outcomes were examined be-

ween HD-tDCS conditions using general linear models (one-way anal-

ses of covariance), with baseline performance entered as covariates.

ith two active HD-tDCS conditions and small sample sizes, two pair-

ise comparisons (not the omnibus test) for each measure were planned

 priori and examined. This consisted of a) sham versus 1 mA stimula-

ion and b) sham versus 2 mA stimulation. Eta2 effect sizes produced

rom the pairwise comparisons were transformed to Cohen’s d for exam-

nation of effect sizes. Moreover, the proportion of individuals showing

linically relevant change were assessed in order to determine if HD-

DCS in this study’s configuration was associated with meaningful cog-

itive enhancement or decline for each measure. Clinically meaningful

hange was defined as an increase or decrease of ≥ 5 points for standard-

zed scores (T scores), which represents 0.5 standard deviations and a

ransition into a different performance category (e.g., switching from

ild-to-moderate impairment to mild impairment , or vice versa). [ 19 ] For

he exploratory objective of examining durability of a treatment effect,

ny outcomes that showed modest effects immediately post-treatment

statistical or moderate effect size with d ≥ 0.5) were assessed for persis-
Table 1 

Sample Characteristics. 

Sham ( n = 5) 

Characteristic Measurement 

Age Mean ± SD 69.4 

Sex, Female n (%) 2 

Race, Non-White n (%) 0 

Ethnicity, Hispanic/Latinx n (%) 0 

Education, yrs Mean ± SD 16 

Time since AD diagnosis Mean ± SD 2.3 

ECOG total score Mean ± SD 3.3 

ACTH inhibitor n (%) 4 

NMDAR antagonist n (%) 4 

ECOG = Everyday Cognition scale. ACTH inhibitor = acetylcholinesterase inh

3

ence at 8 weeks. Statistical significance was defined as p < 0.05, with

o correction for multiple comparisons given the small sample size of

he pilot study. 

esults 

haracterization of sample 

A summary of the recruitment and follow-up process is provided in

ig. 2 . The characteristics across groups is detailed in Table 1 . Time since

D diagnosis was a mean of 2.25 years (SD = 2.38) for the overall sam-

le and the mean total score on the Everyday Cognition scale was 3.01

SD = 0.58), representing a mild-to-moderate stage of AD [ 24 ]. Most par-

icipants were prescribed donepezil/rivastigmine (acetylcholinesterase

nhibitor; 81%) and memantine (N-methyl-d-aspartate receptor antago-

ist; 57%) as treatment for AD symptoms, for which all had been stable

or at least a month aside from one who started memantine the same

eek of receiving 2 mA HD-tDCS. Side-effects of HD-tDCS are detailed

n the e-Materials . Standardized scores could not be derived for many

articipants on TMT B ( n = 9) and DKEFS Color-Word Interference Inhi-

ition ( n = 9). The tasks were discontinued due to inability to complete

ractice items per administration rules or exceeding the time limit for

ompletion of the actual test. Thus, data could not be examined for those

wo measures. 

linding assessment 

Participants and study personnel who performed assessments com-

leted a questionnaire at the end of the study asking whether they be-

ieved active or sham HD-tDCS was applied or if they were uncertain.

ess than 50% of participants (33–44%) and study personnel (22–25%)

hought active HD-tDCS was received for the 1 mA and 2 mA conditions,

nd of those in the sham condition, 0–25% thought they received sham

D-tDCS, demonstrating successful blinding. 

ffect size results 

A moderate-to-large effect size was demonstrated for higher RAVLT

otal learning immediately following the 10 treatment sessions for both

ctive HD-tDCS conditions compared to sham (Cohen’s d = 0.69 - 0.93),

hen adjusting for baseline performance. There was an average differ-

nce of ∼4 standardized points after 1 mA and 2 mA stimulation rel-

tive to sham ( Table 2 ). For RAVLT delayed recall, only a moderate-

o-large effect size for lower performance was found following 1 mA

timulation relative to sham, though the average difference was < 1

tandardized score. A large effect size for higher DKEFS Phonemic Flu-

ncy was also seen for the 1 mA and 2 mA conditions relative to sham

Cohen’s d = 1.08 – 1.49). The average difference was ∼8 standardized

oints for both, but driven in part by the sham group performing worse

t retesting. From pre- to post-treatment, phonemic fluency improved
1 mA ( n = 9) 2 mA ( n = 9) 

± 9.0 74.0 ± 9.5 68.4 ± 7.8 

(40) 4 (44) 5 (56) 

(0) 0 (0) 2 (22) 

(0) 1 (11) 0 (0) 

± 3.2 14.3 ± 1.7 14.4 ± 2.4 

± 1.0 3.4 ± 3.3 1.1 ± 1.0 

± 0.6 3.2 0.6 2.7 0.4 

(75) 5 (56) 8 (89) 

(75) 4 (44) 4 (50) 

ibitor. NMDAR antagonist = N -methyl-d-aspartate receptor antagonist. 
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Fig. 2. Study Flowchart. One participant assigned to 2 mA HD-tDCS had pre-existing atrial fibrillation, and cardiac decline was discovered mid-trial during a 

routine medical visit that required acute medical treatment and withdrawal; it was considered unrelated to HD-tDCS. 
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y ∼3 standardized points after 1 mA and 2 mA HD-tDCS. For most

ther secondary outcomes, minimal effects were seen for 1 mA HD-tDS

ompared to sham, though a moderate-to-large effect size was seen for

ower SWAPS and TMT A performance, 2 of the 4 processing speed mea-

ures. In comparing 2 mA HD-tDCS to sham, there were some moderate

ffect sizes that were equivocal. Effects for lower BVMT-R total learn-

ng, DKEFS Category Fluency and Category Switching, and TMTA were

ound for those receiving 2 mA HD-tDCS, but several were related to the

ham group having better performance at retesting (see section on Clin-

cally Meaningful Responses ). In contrast, a moderate-to-large effect size

as found for higher BVMT-R delayed recall following 2 mA HD-tDCS

ompared to sham, and no modest effects were found on the remaining

anguage and processing speed measures. 

eneral linear model results 

RAVLT total learning and delayed recall did not show statistically

ignificant differences between sham and active HD-tDCS (1 mA or

 mA) immediately following the 10 treatment sessions after adjust-
4

ng for baseline performance ( Table 3 ; p’s > 0.05). Likewise, there were

o statistically significant differences on any secondary outcome mea-

ure between sham and active HD-tDCS (1 mA or 2 mA) immediately

ost-treatment ( p’s > 0.05). 

linically meaningful change results 

On the primary outcome, clinically meaningful improvement oc-

urred on RAVLT total learning for 33% of participants receiving 1 mA

D-tDCS, 33% of participants receiving 2 mA HD-tDCS, and 0% receiv-

ng sham ( Table 3 ). In contrast, some who had sham (20%) and 1 mA

timulation (11%) showed clinically meaningful worsening, but none

ith 2 mA HD-tDCS did. For RAVLT delayed recall, no individuals had

linically meaningful changes (improvement or worsening for any HD-

DCS condition). 

On secondary outcomes, DKEFS Phonemic Fluency exhibited clini-

ally meaningful improvement for 25% of participants receiving 1 mA

D-tDCS and 33% of participants receiving 2 mA HD-tDCS, whereas

nly a meaningful decline was shown in the sham condition (40%).
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Table 2 

Cognitive Outcomes. 

Sham 1 mA 2 mA 

Measures (T scores) Time 1 Time 2 Time 1 Time 2 

Adj M Diff

(T2 vs sham) ES∗ p Time 1 Time 2 

Adj M Diff

(T2 vs sham) ES∗ p 

RAVLT total learning 13.8 13.4 17.8 21.0 + 3.9 0.93 0.25 18.0 21.9 + 4.6 0.69 0.18 

RAVLT delayed recall 20.6 21.2 24.4 24.0 - 0.7 0.74 0.48 22.3 22.3 - 0.4 0.19 0.64 

BVMT-R total learning 20.8 22.8 24.2 24.2 0.0 0.03 0.98 21.7 21.1 - 2.0 0.86 0.22 

BVMT-R delayed recall 21.4 20.6 26.9 24.7 + 0.1 0.04 0.97 20.3 22.8 + 2.9 0.69 0.23 

BNT-SF 30.6 30.4 31.6 31.5 + 0.2 0.04 0.94 30.1 31.9 + 1.9 0.42 0.47 

DKEFS phonemic fluency 39.0 33.6 37.5 40.4 + 8.1 1.49 0.06 32.7 35.9 + 7.8 1.08 0.07 

DKEFS category fluency 24.2 25.0 28.1 30.9 + 1.8 0.19 0.61 24.9 22.8 - 2.9 0.68 0.38 

DKEFS category switching 20.0 21.6 25.3 27.4 + 0.8 0.20 0.83 24.0 23.8 - 1.6 0.94 0.64 

TMT A 33.4 38.8 34.7 35.1 - 4.9 0.56 0.28 29.4 31.3 - 3.7 0.51 0.42 

TMT B – – – – – – – – – – – –

SWAPS 27.6 30.2 34.0 31.0 - 4.5 0.96 0.11 26.1 27.9 - 1.1 0.1 0.68 

DKEFS Color Naming 25.0 31.4 32.2 36.0 - 2.7 0.20 0.61 24.5 28.4 - 2.5 0.24 0.63 

DKEFS Word Reading 31.4 35.2 38.9 39.9 - 1.1 0.00 0.73 36.5 36.1 - 3.0 0.18 0.65 

DKEFS Inhibition – – – – – – – – – – – –

Adj M Diff = Mean difference of post-treatment scores (Time 2; T2) between active HD-tDCS condition and sham adjusted for pre-treatment scores (Time 1) from 

general linear models. Measures of variability are listed in e-Table 2 of the e-Materials. ES∗ = Cohen’s d effect size for mean difference of post-treatment scores 

between active HD-tDCS condition and sham adjusted for pre-treatment scores. p = p -value. RAVLT = Rey Auditory Verbal Learning Test. BVMT- R = Brief Visu- 

ospatial Memory Test-Revised. BNT-SF = Boston Naming Test 30-item Short Form (odd and even). DKEFS = Delis-Kaplan Executive Function System. TMT = Trail 

Making Test. SWAPS = Southwestern Assessment of Processing Speed. 

Table 3 

Clinically Meaningful Change from Baseline to Immediate Post-treatment. 

Sham ( n = 5) 1 mA ( n = 9) 2 mA ( n = 9) 

Measure % Improve % Decline % Improve % Decline % Improve % Decline 

RAVLT total learning 0 20 33 11 33 0 

RAVLT delayed recall 0 0 0 0 0 0 

BVMT-R total learning 20 0 22 22 0 11 

BVMT-R delayed recall 0 0 0 33 11 0 

BNT-SF 0 0 12 0 22 0 

DKEFS phonemic fluency 0 40 25 12 33 11 

DKEFS category fluency 20 0 37 12 0 22 

DKEFS category switching 20 0 25 12 0 0 

TMT A 40 20 33 22 22 11 

TMT B – – – – – –

SWAPS 20 0 0 22 37 12 

DKEFS Color Naming 40 20 44 0 37 0 

DKEFS Word Reading 40 20 22 11 12 25 

DKEFS Inhibition – – – – – –

RAVLT = Rey Auditory Verbal Learning Test. BVMT- R = Brief Visuospatial Memory Test-Revised. BNT-SF = Boston Naming Test 30-item Short Form 

(odd and even). DKEFS = Delis-Kaplan Executive Function System. TMT = Trail Making Test. SWAPS = Southwestern Assessment of Processing Speed. 
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owever, some who had 1 mA (12%) and 2 mA (11%) stimulation

howed a meaningful decline in phonemic fluency. Rates of clinically

eaningful change (improvement or decline) were negligible ( < 25%)

or nearly all HD-tDCS conditions on BNT-SF, DKEFS Category Fluency

nd Category Switching, and BVMT-R total learning and delayed recall.

he only exceptions were meaningful improvement on DKEFS Category

luency for 37% and meaningful decline on BVMT-R delayed recall for

3% of participants receiving 1 mA HD-tDCS. On processing speed mea-

ures, rates of clinically meaningful improvement were 33–40% across

ost tasks for the sham condition, and an inconsistent pattern for the

ctive HD-tDCS conditions. Rates of meaningful decline on processing

peed measures were minimal aside from a single, modest decline found

n DKEFS Word Reading for 25% of those receiving 2 mA HD-tDCS. 

ight-week follow-up 

Effects on RAVLT total learning (1 mA and 2 mA), BVMT-R delayed

ecall (2 mA only), and DKEFS phonemic fluency (1 mA and 2 mA)

ere the outcomes assessed for persistence out to 8-weeks. While no

tatistically significant differences were identified between sham and

ctive HD-tDCS on RAVLT total learning ( p’s = 0.22 – 0.88), BVMT-R

elayed recall ( p = 0.62), or DKEFS phonemic fluency ( p’s = 0.14 – 0.73),
5

oderate-to-large effect sizes were seen at 8 weeks post-treatment.

igher RAVLT total learning (Cohen’s d = 0.74; M diff = + 5.6) and

KEFS phonemic fluency ( d = 0.88; M diff = + 6.3) were found for 1 mA

D-tDCS relative to sham, with an average difference of ∼6 standardized

cores when adjusting for baseline performance. Minimal effect sizes at

-weeks post-treatment were seen on cognitive measures for 2 mA HD-

DCS compared to sham. 

iscussion 

Memory impairment in AD involves the loss of the ability to encode

nd store information, and a key question has been whether neuromod-

lation could enhance such processes to lessen deficits. While this pilot

rial was not powered to demonstrate statistically significant treatment

ifferences, a modest effect for enhanced verbal learning was observed

or both active HD-tDCS conditions (1 mA and 2 mA) compared to sham.

linically meaningful improvement occurred in 33% of individuals re-

eiving 1 mA and 2 mA HD-tDCS, whereas none did with sham. It is

orth noting that these response rates are similar to the rates reported

n many successful neuromodulation trials in neuropsychiatric disorders

 25–27 ]. Robust verbal learning enhancement persisted out to 8 weeks,

ut only for the 1 mA condition. Although the results are encouraging
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nd might indicate enhanced encoding or retrieval for some, there were

o apparent treatment effects for delayed recall. Thus, a pattern of rapid

nd severe forgetting remained, suggesting no change in the limited in-

ormation transferred into storage. 

Only four prior trials to date have investigated the effects of mul-

iple sessions of tDCS/HD-tDCS on episodic memory in AD [ 28–31 ].

hree reported statistically significant enhancement, albeit on differ-

nt measures consisting of total learning on a word-list memory task

 29 ], a generalized index of episodic memory performance [ 30 ], and a

omposite score of delayed recall/recognition performance [ 31 ]. When

erged with our results, multiple lines point to enhanced encoding for a

election of patients with AD following tDCS/HD-tDCS. Nonetheless, de-

pite one prior trial finding storage processes in episodic memory were

mproved [ 31 ], it is unclear if the enhancement was in delayed recall,

ecognition, or both. If only recognition improved, how that translates to

etter real-world functioning is unclear, as recalling information with-

ut assistance (e.g., cues) would still be highly diminished. As it stands

urrently, storing and remembering information in episodic memory has

ot been shown to be amenable to neuromodulation in AD. Degrada-

ion of key structures in the neural network (i.e.., hippocampus) could

e beyond alteration, leaving uncertainty about the clinical relevance if

nly learning and recognition are enhanced. A critical future research

irection might be to determine if improvements in learning or recogni-

ion could produce a minimum clinically important difference [ 32 ] and

hange in everyday cognitive functioning in AD. 

Even if the neural network for episodic memory may be too dam-

ged to effectively modulate, there could be other cognitive deficits to

arget with neuromodulation therapies in AD. Despite the potential, data

s lacking on tDCS/HD-tDCS effects on language, processing speed, and

xecutive functioning in AD. In this pilot trial, an effect for enhanced

honemic fluency was observed for both active HD-tDCS conditions,

herein 25% of individuals receiving 1 mA HD-tDCS and 33% receiv-

ng 2 mA HD-tDCS had clinically meaningful improvement compared to

one for sham. Meaningful enhancement even persisted out to 8 weeks

or the 1 mA condition ( M = 41.67), as the increase involved a transition

rom a clinical classification of mild impairment to the low average cate-

ory at both time points after treatment. A change in processing speed

ould underlie an improvement, but unlikely since changes in process-

ng speed were generally better for those receiving sham. With no effects

een on BNT-SF or category fluency, neither did language functioning

roadly improve with HD-tDCS. 

Word retrieval for tasks engage different neural networks. Phonemic

uency primarily engages frontal networks including the dACC while

NT-SF and category fluency rely more on temporal networks [ 33 ]. As

uch, it is conceivable that frontal networks were selectively stimulated

nd modulated with the HD-tDCS protocol, which was the cortical net-

ork we sought to engage. Neuroimaging tools (e.g., electroencephalog-

aphy) are highly sensitive and valuable for identifying cortical network

lteration [ 9 , 34 ], but in their absence, analyzing if multiple cognitive

unctions are altered in a shared network allows for localization. Exec-

tive functioning would be expected to be enhanced in this scenario.

et, the single measure of executive functioning capable of being an-

lyzed did not show improvement. An inability for many participants

o complete TMT B and DKEFS Color-Word Interference Inhibition pro-

ibited a thorough examination given standardized scores could not be

erived. As a result, the implications and clinical relevance of enhanced

honemic fluency is unclear. Moving forward, different outcome metrics

r alternative scoring indices for the measures of executive functioning

ill be necessary to evaluate if tDCS/HD-tDCS has treatment effects on

his cognitive domain in AD. 

Neuromodulation outcomes are found to vary in neuropsychiatric

isorders [ 35 ]. The fact that some persons in this trial had meaningful

nhancement and others meaningful decline suggests this variation also

xtends to AD. One prominent idea for the variation relates to use of

 one-site-fits-all approach to tDCS/HD-tDCS. Nearly all trials in neu-

opsychiatric disorders and AD apply stimulation at one site for all per-
6

ons based on electrode positions with the International EEG method.

owever, head shape, scalp and skull thickness, distance between skull

nd cortex, and volume of cerebrospinal fluid affect neuromodulation

fficacy and are not accounted for with the method [ 36 ]. When con-

idering the extent of cortical atrophy alone is heterogeneous in AD,

eading to variation in skull-to-cortex distance and cerebrospinal fluid

olume, applying stimulation at the same position across all individuals

ould be expected to produce different modulatory effects. New meth-

ds have been pioneered to employ neuroimaging data for personal-

zation of tDCS/HD-tDCS protocols based on interindividual head/brain

ariations [ 35 , 36 ]. Increased precision could lessen variation in out-

omes and lead to better treatment efficacy. However, a direct com-

arison of personalized and conventional strategies to stimulation are

eeded to understand if outcomes are more robust and reproducible. 

This pilot study has several strengths, including its sham-controlled

esign, detailed cognitive data, and rates of clinically meaningful re-

ponses. Nonetheless, the study does have limitations beyond small sam-

le sizes. HD-tDCS was delivered while participants were sitting com-

ortably at rest and there was no standardization of what constituted

rest, ” as with many neuromodulation trials. Participants were free to

it silently so long as they were awake, interact with mobile devices, or

onverse with operators during stimulation. There has been some evi-

ence that neuromodulation effects may depend on the cognitive state

uring stimulation, for which this study is unable to control or account

or given nonstandardization [ 37 ]. Furthermore, a functional living met-

ic of cognitive function was not collected as an outcome. As a result,

he clinically meaningful responses identified could not be correlated

ith changes in daily living to establish a real-world functional change.

Delivering multiple sessions of HD-tDCS over the medial prefrontal

ortex showed the potential to produce meaningful cognitive enhance-

ents in a proportion of patients with mild-to-moderate AD. Deficits in

erbal learning and phonemic fluency showed improvement from stim-

lation at 1 mA and 2 mA current intensities, but meaningful effects

nly persisted out to 8 weeks for the 1 mA condition. Minimal evi-

ence currently exists for deficits in storing and recalling information

n episodic memory to be amenable to neuromodulation in AD. At the

resent time, these preliminary results suggest that other areas of cog-

itive functioning such as language and/or executive functioning may

e more promising targets in AD for neuromodulation. 
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