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A primary goal of translational neuroscience is to identify the neural mechanisms of age-related cognitive de- 

cline and develop protocols to maximally improve cognition. Here, we demonstrate how interventions that apply 

noninvasive neurostimulation to older adults improve working memory (WM). We found that one session of 

sham-controlled transcranial direct current stimulation (tDCS) selectively improved WM in older adults with 

more education, extending earlier work and underscoring the importance of identifying individual predictors 

of tDCS responsivity. Improvements in WM were associated with two distinct electrophysiological signatures. 

First, a broad enhancement of theta network synchrony tracked improvements in behavioral accuracy, with tDCS 

effects moderated by education level. Further analysis revealed that accuracy dynamics reflected an anterior- 

posterior network distribution regardless of cathode placement. Second, specific enhancements of theta-gamma 

phase-amplitude coupling (PAC) reflecting tDCS current flow tracked improvements in reaction time (RT). RT 

dynamics further explained inter-individual variability in WM improvement independent of education. These 

findings illuminate theta network synchrony and theta-gamma PAC as distinct but complementary mechanisms 

supporting WM in aging. Both mechanisms are amenable to intervention, the effectiveness of which can be pre- 

dicted by individual demographic factors. 
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. Introduction 

Older adults (OA) with preserved working memory (WM) main-

ain independence in their daily lives, such as remembering to turn

ff the oven after use, take medications, and balance their checkbooks

 Buckner, 2004 ). Unfortunately, WM declines as we age, with cognitive

erformance peaking in our 20 s ( Park et al., 2002 ; Reuter-Lorenz and

ylvester, 2005 ). This age-related WM decline arises from age-related re-

uctions in the brain’s cortical thickness ( Salat et al., 2004 ), structural

onnectivity ( Cabeza, 2001 ), and functional connectivity ( Courtney and

inault, 2021 ). Recent efforts augmenting cognitive training with non-

nvasive neuromodulatory approaches, such as transcranial direct cur-

ent stimulation (tDCS), have demonstrated that multi-session tDCS can

mprove WM with low risk and cost ( Berryhill, 2017 ; Berryhill and Mar-

in, 2018 ). Indeed, we demonstrated that multi-session tDCS improved

M in OA, with benefits persisting one month after the last stimulation

ession ( Jones et al., 2015b ). Such successes hold promise for clinical
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nd commercial endeavors aiming to halt age-related cognitive decline

ithout pharmacological intervention ( Polanía et al., 2018 ). However,

ingle-session tDCS studies are rife with inter-individual variability in

ognitive performance outcomes ( Berryhill and Martin, 2018 ), imped-

ng widespread implementation. We address this discrepancy and pro-

ide a mechanistic account of how, and in whom, one session of tDCS

mproves WM in healthy OA at risk of cognitive decline. 

TDCS affects the brain in a variety of ways, including measurable

ffects on resting neuronal potentials ( Nitsche and Paulus, 2001 ) and

europlasticity ( Filmer et al., 2014 ), resting-state functional connec-

ivity ( Kim et al., 2021 ; Nissim et al., 2020 , 2019 ), glutamate levels

 Mezger et al., 2019 ), and neural oscillations ( Jones et al., 2020a,b ,

017 ; Luft et al., 2018 ; Reinhart et al., 2015 ). The acute effects of

DCS on resting neuronal potentials persist for ∼60 min ( Nitsche and

aulus, 2001 ), and multi-session tDCS effects in the electroencephalo-

ram (EEG) persist for at least 24 h concurrent with WM enhance-

ent ( Jones et al., 2020a , 2017 ). Such proof-of-concept work in healthy
u (M.E. Berryhill). 
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oung adults has associated tDCS-linked WM gains with enhancements

f anterior-posterior functional connectivity, particularly in the theta

and ( Gan et al., 2019 ; Jones et al., 2017 ; Zaehle et al., 2011 ), and

heta-gamma phase amplitude coupling (PAC) ( Jones et al., 2020a ).

t is therefore reasonable to hypothesize that tDCS-linked WM gains

n OA would likewise be associated with anterior-posterior theta con-

ectivity and theta-gamma PAC. This proposal is supported by recent

esearch directly manipulating theta oscillations in OA ( Reinhart and

guyen, 2019 ), suggesting a causal brain-behavior link. 

To test this hypothesis, we conducted a systematic investigation of

ndividual predictors and electrophysiological mechanisms of WM en-

ancement in healthy OA after one session of sham-controlled tDCS.

he design was based in part on an earlier influential study where

e observed that OA with more education selectively improved after

ne dose of anodal tDCS targeting left or right prefrontal cortex (PFC)

 Berryhill and Jones, 2012 ). More recent work showed that changing

he montage to target right PFC and posterior parietal cortex (PPC) may

e more effective in OA with lower scores on standardized measures of

M span ( Arciniega et al., 2018 ). These selective benefits confirm that

ull findings derived from the whole sample (e.g., Nilsson et al., 2015 )

bscure pertinent individual differences ( Medina and Cason, 2017 ;

olanía et al., 2018 ). Thus, the present study investigated several in-

ividual differences factors, including education level and standardized

M span, and two tDCS montages: anode right PFC-cathode right PPC

 Arciniega et al., 2018 ) and anode right PFC-cathode contralateral cheek

CC) ( Berryhill and Jones, 2012 ). In addition, our WM task’s high trial

ount ( n = 576) permitted analysis of tDCS effects across the ∼60-min

ost-stimulation session and ensured stable EEG data at the individual

evel. Preempting the results, analyses of behavioral accuracy and re-

ction time (RT) ( Brooks et al., 2020 ; Cerreta et al., 2020 ; Jones et al.,

020a , 2017 ; Martin et al., 2017 ; Reinhart et al., 2017b ) identified an

ndividual’s education level as the most robust predictor of tDCS effi-

acy across montages. Subsequent EEG analyses determined the mecha-

isms underlying individual behavioral improvements ( Finn and Rosen-

erg, 2021 ; Krakauer et al., 2017 ). Results converged to reveal high

nter-individual variability underpinned by nuanced mechanisms, ex-

laining how tDCS improved WM in OA with more education and sug-

esting an alternate route by which OA with less education could still

enefit. 

. Materials and methods 

.1. Participants 

Thirty right-handed OA participated (17 females and 13 males; mean

 SD, age: 67.33 ± 3.57 years; education: 16.37 ± 2.04 years, range 12–

0 years). Screening excluded those with neurological or psychiatric

isorders, head injuries, prescriptions for neuroleptic, hypnotic, or anti-

eizure medications, or a score of < 26 on the Montreal Cognitive Assess-

ent (MOCA; version 7.1). Procedures were approved by the University

f Nevada Institutional Review Board in accordance with the Declara-

ion of Helsinki. Participants signed consent documents and received

15/hour. 

.2. Experimental design 

.2.1. Baseline measures 

During baseline testing, participants completed the Corsi Blocks

patial Span (CORSI; MATRICS Consensus Cognitive Battery;

uechterlein et al., 2008 ), Digit Span ( Wechsler, 2009 ), and auto-

ated Operation Span (OSpan; Unsworth et al., 2005 ) assessments

f WM capacity. Correlations between demographic and baseline

easures indicated a significant inverse correlation between age and

Span ( Table S1 ), without other significant effects. In this sample,

ducation was independent of WM ability ( Berryhill and Jones, 2012 ). 
2 
.2.2. Visual change detection WM task 

During three tDCS sessions, participants completed a visual change

etection WM task ( Arciniega et al., 2019 , 2020 , 2021 ; Vogel and Mach-

zawa, 2004 ); Fig. 1 A, B ). Participants sat 57 cm from the monitor and

ere instructed to maintain fixation and avoid eye movements. Color

atch stimuli (0.7° × 0.7°; cyan, white, red, blue, yellow, green, ma-

enta) were presented at three possible locations 4.6° to either side of

xation (0.4° × 0.4°) against a uniform gray background. Trials began

ith fixation (0.4° × 0.4°; 0.3 s), followed by an attentional cue (arrow-

ead: 2.1° × 0.4°; 0.2 s) indicating which hemifield to covertly attend.

fter a stimulus onset asynchrony delay (SOA; 0.3–0.4 s), one or three

timuli flashed per hemifield (0.1 s), followed by a delay (0.9 s) and

he probe stimulus (3 s). Participants indicated via keypress whether

he color of the encoded and probe stimuli within the cued hemi-

eld matched (50% match). No feedback was provided. During stim-

lation, participants completed 72 practice trials. During EEG, partic-

pants completed 576 trials with self-paced breaks between quartiles

144 trials). The task was counterbalanced across sessions, set sizes,

nd attended hemifields. The task was programmed using PsychTool-

ox ( Brainard, 1997 ) for MATLAB (MathWorks, Inc., Natick, MA). 

.2.3. TDCS protocol 

TDCS was applied using two montages in a fully within-subjects,

ham-controlled design ( Fig. 1 C, D ). TDCS (two 5 × 7 cm 

2 electrodes in

aline-dampened sponges) was applied using a constant current stimu-

ator (Eldith Magstim, GmbH, Ilmenau, Germany). There were two elec-

rode montages: PFC-PPC (anode F6, cathode P6) and PFC-CC (anode F6,

athode CC). Current modeling was conducted using the Realistic volu-

etric Approach to Simulate Transcranial Electric Stimulation (ROAST)

oolbox for the anode location (F6) and both cathode locations (P6, CC)

n the MNI-152 standard head ( Huang et al., 2018 ). Cathode placement

as counterbalanced for sham testing ( Gandiga et al., 2006 ). All tDCS

ontages were evenly counterbalanced to ensure proper distributions,

ith a third of participants assigned to sham, PFC-PPC tDCS, and PFC-CC

DCS on each day of the three-day experiment ( Arciniega et al., 2018 ;

erryhill et al., 2010 ; Jones and Berryhill, 2012 ; Jones et al., 2015a ;

seng et al., 2012 ). Sessions were separated by a 24-h washout. Partic-

pants were blinded to the session condition. 

.2.4. EEG data acquisition and preprocessing 

High-density EEG was recorded at a sampling rate of 1 kHz with a

ertex (Cz) reference from 256 high-impedance electrodes mounted in a

ydroCel Geodesic Sensor Net amplified by a Net Amps 300 amplifier.

ata were acquired using Net Station 5.2 software (Electrical Geodesics

nc., Eugene, OR) running on a 2.7 GHz dual-core Apple Power Mac G5.

lectrode impedances were kept below 50 K Ω. Raw EEG data were band-

ass filtered (0.5–100 Hz Butterworth infinite impulse response filter)

nd 60-Hz line noise was removed using discrete Fourier transform. Data

ere inspected to reject artifactual channels (e.g., from signal dropout),

own-sampled to 250 Hz, and segmented into 3-s trials ( − 1 to + 2 s

rom stimulus onset). Independent components analysis removed arti-

acts (i.e., eye movements, auricular components, heartbeat, and cranial

uscle activity; Hipp and Siegel, 2013 ). Channels on the face, ears, and

eck were discarded and any rejected channels were replaced with in-

erpolated mean values from neighboring channels (mean 7.4 channels).

he remaining 194 channels were reinspected blind to task parameters

o reject trials containing residual noise. The surface Laplacian spatial

lter was applied to minimize volume conduction and enhance the high-

ensity source signal ( Cohen, 2015 ; He et al., 2018 ; Lai et al., 2018 ).

rror trials were excluded ( Jones et al., 2017 ), resulting in a mean of

43 (SD: 40) artifact-free, correct trials analyzed per session. EEG pre-

rocessing and analysis routines utilized functions from the open-source

ieldTrip toolbox for MATLAB ( Oostenveld et al., 2011 ). 
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Fig. 1. Study design. A ) Study events per day of testing. Participants completed baseline testing (MOCA, Digit Span, OSpan, CORSI) and 3 tDCS sessions (PFC-PPC, 

PFC –CC, sham). During tDCS sessions, participants performed practice trials during stimulation, electrodes were removed, and EEG was recorded during experimental 

trials. Boldface identifies data analyzed. B ) WM task. The change detection task trials began with fixation, followed by a cue indicating the hemifield to covertly 

attend. WM arrays included 1 or 3 stimuli per hemifield. After a delay, a probe appeared, and participants judged whether the color matched the color shown 

during encoding (match trial shown). Stimuli are not to scale. Boldface identifies data analyzed. C ) TDCS protocol. During each active tDCS session, 20 min of 2 mA 

stimulation was applied. During sham, stimulation was applied for 20 s at the beginning and end of 20 min. Green, active; gray, sham. D ) TDCS current models. 

TDCS was applied with the anode positioned over right PFC (F6) and the cathode over right PPC (P6; left) or contralateral cheek (CC; right). Cathode placement was 

counterbalanced during sham sessions. Arrows indicate current flow in the anode-to-cathode direction. Insets: anode and cathode positions on the 10–20 system. 
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.2.5. Spectral decomposition 

Laplacian-transformed data segments were zero-padded to 10 s to

inimize filtering-induced edge artifacts and bandpass filtered per

hannel at 20 logarithmically spaced, partially overlapping frequencies

entered from 2 to 60 Hz (1/3 fractional bandwidth). The Hilbert trans-

orm was used to extract the analytic amplitude envelope from each fil-

ered time series, which was squared to produce power. SOA ( − 0.3–0 s

rom stimulus onset) and delay power time series (0.1–1 s from stimulus

nset) were then corrected on the pre-cue baseline ( − 0.8 to − 0.6 s from

timulus onset) to derive event-related spectral perturbations (ERSPs):

RSPs = (SOA or delay – baseline mean)/baseline mean ( Jones et al.,

017 ). Outputs were averaged over the SOA and delay epochs to derive

ean ERSPs in single trials. 

.2.6. Network synchrony 

Laplacian-transformed data segments were zero-padded to 10 s and

andpass filtered per channel at a subset of logarithmically spaced fre-

uencies centered from 2 to 20 Hz following removal of the event-

elated potential (ERP; Jones et al., 2020b , 2017 ). The filtered data

ere epoched over the delay (0.1–1 s from stimulus onset) and the

ilbert transform was used to extract instantaneous phase values from

ach filtered time series. Phase synchrony was quantified in single trials

s phase-locking values (PLV) independent of amplitude ( Lachaux et al.,

999 ). This method calculates the consistency in channel-pair phase dif-

erences across a series of data points, here, time points in single trials.

We used graph theory to map the topographical distributions of PLV

etworks in single trials. According to graph theory, brain networks are

ollections of nodes (here, Laplacian-transformed channels) and inter-

ode edges (PLV), summarized as adjacency matrices ( Sporns, 2018 ).

o define PLV adjacency matrices, PLV outputs were assessed for net-

ork degrees (i.e., the weight of connections between each channel and

ll other channels) using a threshold of 0.65 relative to the maximum

f 1 ( Jones et al., 2020b ). All analyses were performed on network

ynchrony data. We selected this approach based on our prior work

howing that tDCS enhances task-relevant PLV networks in young adults

 Jones et al., 2020b ). Furthermore, treating functional connectivity data

s graph theoretical networks permits analysis of groups of three or more

nits and better captures the real-world system of the brain than do bi-

ary interactions between channel pairs ( Battiston et al., 2021 ). 
3 
.2.7. Phase-amplitude coupling 

Laplacian-transformed data segments were zero-padded to 10 s and

andpass filtered per channel at logarithmically spaced frequencies cen-

ered from 2 to 20 Hz and at the broadband gamma (30–70 Hz) range

ollowing removal of the ERP ( Jones et al., 2020a,b ). The filtered data

ere epoched over the delay (0.1–1 s from stimulus onset) and z-scored

er trial in the time domain to control for differences in voltage between

rials. The Hilbert transform was used to extract the amplitude envelope

rom the gamma time series and then the gamma data were bandpass fil-

ered a second time at logarithmically spaced frequencies centered from

 to 20 Hz. The Hilbert transform was used to extract instantaneous

hase values from both the low frequency and low frequency-filtered

amma time series. PAC was calculated between low-frequency phase

t the PFC anodal site (F6) and low frequency-filtered gamma at all

hannels as PLV independent of low-frequency amplitude ( Penny et al.,

008 ). We selected this approach based on our prior work showing that

DCS-linked WM enhancement is related to PAC with theta phase at

he PFC anodal site in young adults ( Jones et al., 2020a ). By consider-

ng whole-brain gamma, this approach replicated our prior work and

ermitted analysis of groups of three or more units. As in network syn-

hrony analysis (see Section 2.2.6 ), PLV calculations were performed

cross time points in single trials. 

.3. Statistical analyses 

.3.1. TDCS-linked change within subjects 

To quantify within-subject change and minimize between-subject

ariability, we analyzed normalized difference indices for behavioral

ask performance (WM accuracy, RT) and EEG measures (ERSPs, net-

ork synchrony, PAC): Difference Index (DI) = (tDCS mean – sham

ean)/(tDCS mean + sham mean). This normalization formula outputs

he individual within-subject effect of each tDCS montage relative to

ham stimulation ( Arciniega et al., 2018 ; Jones et al., 2020b , 2015b ). 

.3.2. Inter-individual differences in tDCS-linked change 

Initial analyses of behavior (DI WM accuracy, DI RT) tested for main

ffects and interactions of tDCS across montages (PFC-PPC, PFC-CC),

et sizes (1, 3), and quartiles (Q1–4) using repeated measures ANOVAs

ompared to zero. Violations of sphericity were Greenhouse-Geisser cor-

ected. Subsequent ANCOVAs assessed main effects of individual differ-

nce factors (age, education, MOCA, Digit Span, OSpan, CORSI) and

nteractions with tDCS montage. Behavioral analyses were conducted
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Fig. 2. Individual differences in WM improvement. A ) No significant tDCS ef- 

fects without considering individual differences. Data are collapsed across tDCS 

montages and set sizes. Individual data are ordered by increasing education 

level on a scale from light to dark. B ) Individual differences × education level. 

TDCS improved WM accuracy in individuals with higher education. Data are 

collapsed across set sizes and quartiles and shown as trendlines (linear fit) ± 
95% CI to indicate the nature of each effect. ∗ , p < 0.05; ∗ ∗ , p < 0.001. C ) In- 

dividual differences × tDCS montage. PFC-CC tDCS improved WM accuracy in 

participants with higher Digit Span scores (left) but lower OSpan scores (right), 

same conventions as ( B ). 
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sing the open-source JASP software (JASP Team, 2020. JASP Version

.14.1 [Computer software]). 

Electrophysiological signatures of changes in behavior were identi-

ed per tDCS montage using Spearman’s rank correlation, 𝜌XY , with X set

o the DI EEG measure and Y set to the DI behavioral measure, cluster-

orrected for multiple comparisons ( Maris and Oostenveld, 2007 ). Clus-

ers were formed in space and frequency by thresholding correlations

t p < 0.05 using the maximum size criterion. Permutation distributions

ere generated by randomly shuffling data labels (1,000 iterations) and

orrected p-values were obtained by comparing the observed data to the

andom permutation distributions. This is an extremely powerful ap-

roach because it recreates any biases in the data with each randomiza-

ion and tests for brain-behavior correlations without any assumptions

bout their spatial or spectral distribution. Cluster-based statistics were

onducted using the FieldTrip toolbox for MATLAB ( Oostenveld et al.,

011 ). 

Post hoc multiple regression analyses synthesized the observed indi-

idual predictors and electrophysiological signatures of WM and RT im-

rovements. These analyses tested whether changes in EEG measures,

veraged across cluster-corrected data points, and changes in behav-

or were moderated by education level, controlling for other individual

ifferences factors (age, MOCA, Digit Span, OSpan, CORSI). Bootstrap-

ing determined unstandardized regression coefficients (b) and 95% CI

1,000 iterations), as implemented in JASP. 

.3.3. Data-driven analysis of tDCS-linked change over time 

A data-driven analysis of tDCS effects over time investigated the to-

ographical distribution of theta network synchrony as a mechanism of

M improvement in aging. Trial-by-trial changes in WM performance

elative to sham (DI WM accuracy) were computed by calculating the

roportion of correct trials in sliding trial windows of 100 trials shifted

n steps of one trial ( Tort et al., 2009 ). Trial-by-trial changes in theta

etwork synchrony relative to sham (DI theta network synchrony) were

btained by calculating theta network synchrony across correct trials

n the same 100-trial window. Note that DI scores were computed per

00-trial window by normalizing the tDCS mean on the sham mean (see

ection 2.3.1 ). DI data were averaged across participants and the rela-

ionship between DI WM accuracy and DI theta network synchrony was

nalyzed over time using Spearman’s rank correlation with cluster-based

orrection for multiple comparisons (see Section 2.3.2 ). 

. Results 

.1. Behavioral accuracy 

.1.1. Education level predicts WM improvement 

To facilitate comparison with existing tDCS findings, we first evalu-

ted changes in performance without considering individual differences.

I WM accuracy scores were subjected to a repeated measures ANOVA

ompared to zero including the within-subjects factors of montage (PFC-

PC, PFC-CC), set size (1, 3), and quartile (Q1–4). No main effects or

nteractions reached significance ( p > 0.13; Fig. 2 A ). Note that although

here was no significant effect of set size on changes in WM, analysis

f the raw data confirmed that the set size manipulation was effective

cross tDCS conditions, including sham (paired t -test p < 0.001; Fig.

1A ). 

To identify which individual differences factors would predict tDCS-

inked WM improvement, we next incorporated individual differences

o identify specific factors associated with tDCS efficacy. DI WM accu-

acy scores were subjected to an ANCOVA with the same within-subjects

actors as the ANOVA (montage, set size, quartile) and six covariates:

ducation, age, MOCA, Digit Span (Forward + Backward), OSpan, and

ORSI (Forward + Backward). There was a significant contribution of

ducation (F 1, 462 = 11.77, p < 0.001, 𝜂2 
p = 0.03), such that indi-

iduals with more education showed greater WM improvement after tDCS

 Fig. 2 B ). In addition, there was a significant positive association with
4 
aseline WM ability as indexed by Digit Span (F 1, 462 = 8.70, p = 0.003,
2 

p = 0.02) and a Digit Span × montage interaction (F 1, 462 = 4.92,

 = 0.027, 𝜂2 
p = 0.01). However, a significant interaction of OSpan ×

ontage (F 1, 462 = 4.87, p = 0.028, 𝜂2 
p = 0.01) revealed that baseline

M span measures predicted PFC-CC tDCS benefits in opposing direc-

ions, with Digit Span positively associated and OSpan negatively asso-

iated with WM improvement ( Fig. 2 C ). In contrast, PFC-PPC tDCS was

eneficial regardless of baseline WM abilities. No other effects reached

ignificance ( p > 0.05). 

.1.2. Theta network synchrony tracks WM improvement in OA with more 

ducation 

Having demonstrated inter-individual differences in tDCS-linked

M improvement, we next sought underlying neural correlates. This

nalysis builds on our previous findings associating frontoparietal tDCS

ith enhanced theta synchrony and theta-gamma PAC in young adults

 Jones et al., 2020a , 2017 ). Here, we tested whether these measures

orrelated with individual WM improvements. A significant cluster-

orrected correlation between DI WM accuracy and DI network syn-

hrony scores revealed network enhancement in OA who benefitted

rom PFC-PPC tDCS (mean 𝜌 = 0.452, p = 0.031; Fig. 3 A ). The behav-

oral benefit was characterized by increased theta network synchrony

2–5.9 Hz) broadly distributed across the EEG topography, that is, more

ensely connected theta networks in OA who benefited more from PFC-

PC tDCS. The same analysis of changes associated with PFC-CC tDCS

lso returned a positive correlation, but it was weaker and failed cluster-

ased correction for multiple comparisons (mean 𝜌 = 0.411, p = 0.179;

ig. 3 B ). The correlations between DI WM accuracy and DI PAC scores

phase at the F6 anodal site and whole-brain gamma) were not signifi-

ant for either montage ( p > 0.44). For completeness, we also examined

RSPs and observed no significant correlations ( p > 0.21). 

Post hoc multiple regression analysis examined whether changes in

heta network synchrony and WM accuracy after PFC-PPC tDCS were

oderated by an individual’s education level. A significant interaction

etween education and theta network synchrony revealed that individ-
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Fig. 3. Theta network signature of individual differences in WM improvement. 

A ) Participants who benefited more from PFC-PPC tDCS showed greater in- 

creases in theta network synchrony (i.e., more supra-threshold PLV connections 

between each channel and all other channels). Cluster-corrected correlation be- 

tween changes in WM accuracy and changes in theta network synchrony relative 

to sham. Black circles, EEG channels that showed significant effects. Inset: tDCS 

current model and anode-to-cathode flow. B ) Same as ( A ) with PFC-CC tDCS. 

No significant effects. 
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e  
als with more education improved more and showed greater enhance-

ent of theta network synchrony ( t = 2.61, p = 0.016, b = 0.58, 95%

I = [ − 0.34, 1.35]). Collectively, these results demonstrate that tDCS

mproved WM by enhancing theta networks, and the effect was robust

ith the PFC-PPC montage but not with the PFC-CC montage. Education

oderated the relationship between changes in WM accuracy and theta

etwork synchrony after PFC-PPC tDCS. 

.1.3. The theta network signature of WM improvement is distributed 

cross anterior and posterior topographies 

The above results suggest that PFC-PPC tDCS more effectively tar-

eted distributed theta networks than PFC-CC tDCS, perhaps, by target-

ng both anterior and posterior brain regions (see Fig. 1 D ). We con-

ucted a data-driven analysis to test the hypothesis that WM improve-

ent was associated with changes in theta networks across anterior and

osterior topographies. To do this, we capitalized on the high trial count

nd analyzed fluctuations in WM and theta network enhancement (mean

–5.9 Hz) over the course of the experimental session. A trial-by-trial

uantification of mean changes was performed by sliding windows of

00 trials in steps of one trial across the experimental session, averaged

cross participants ( Tort et al., 2009 ). After PFC-PPC tDCS, trial-by-trial

uctuations in DI WM accuracy were significantly correlated with trial-

y-trial fluctuations in DI theta network synchrony across an anterior-

osterior topography that aligned with the stimulated PFC-PPC network

mean 𝜌 = 0.368, p = 0.013; Fig. 4 A ). After PFC-CC tDCS, significantly

orrelated changes in theta network synchrony were distributed more

idely over the stimulated bilateral PFC and the right posterior topog-

aphy (mean 𝜌 = 0.422, p = 0.004; Fig. 4 B ). These results indicate that

heta network enhancement across anterior and posterior topographies

racked tDCS-linked improvements in WM accuracy regardless of cath-

de placement. 

.2. Reaction time 

.2.1. Education level predicts RT improvement 

As in the analysis of WM accuracy, we first evaluated changes in

T without considering individual differences. DI RT scores were sub-

ected to a repeated measures ANOVA compared to zero including the

ithin-subjects factors of montage (PFC-PPC, PFC-CC), set size (1, 3),

nd quartile (Q1–4). No main effects or interactions reached significance

 p > 0.46; Fig. 5 A ). Note that although there was no significant effect of

et size on changes in RT, analysis of the raw data again confirmed that

he set size manipulation was effective across tDCS conditions, including

ham (paired t -test p < 0.001; Fig. S1B ). 
5 
After incorporating individual difference covariates (education, age,

OCA, Digit Span, OSpan, CORSI), a main effect of tDCS montage

merged, pointing to a general benefit of PFC-PPC tDCS on RT (F 1, 

62 = 14.39, p < 0.001, 𝜂2 
p = 0.03). There was a significant contribution

f education (F 1, 462 = 11.81, p < 0.001, 𝜂2 
p = 0.03), again demonstrat-

ng that individuals with more education showed greater RT improvement

fter tDCS ( Fig. 5 B ). In addition, there was a significant negative asso-

iation with MOCA score (F 1, 462 = 18.10, p = < 0.001, 𝜂2 
p = 0.04) and

 MOCA × montage interaction (F 1, 462 = 8.02, p = 0.005, 𝜂2 
p = 0.02),

emonstrating that PFC-CC tDCS benefitted participants with higher

OCA scores ( Fig. 5 C , left). Last, an age × montage interaction (F 1, 

62 = 12.79, p < 0.001, 𝜂2 
p = 0.03) demonstrated that younger OA

articipants responded faster after PFC-PPC tDCS whereas older par-

icipants responded faster after PPC-CC tDCS ( Fig. 5 C , right). No other

ffects reached significance ( p > 0.11). 

.2.2. Theta-gamma PAC tracks RT improvement in OA independent of 

ducation 

Having demonstrated inter-individual differences in tDCS-linked RT

mprovement, we again sought underlying neural correlates. Unlike the

M accuracy results, neither of the correlations between DI RT and DI

heta network synchrony scores was significant ( p > 0.08). However,

oth cluster-corrected correlations between DI RT and DI PAC scores

ere significant (PFC-PPC mean 𝜌 = 0.377, p = 0.04; PFC-CC mean

= 0.383, p = 0.034; Fig. 6 ). The behavioral benefits were character-

zed by increased PAC between phase at the PFC anodal site in the theta

ange (PFC-PPC: 4.9–10.0 Hz; PFC-CC: 2–3.4 Hz) and broadband gamma

ctivity near cathodal sites. With both montages, the topographical dis-

ribution of significant effects reflected the direction of tDCS current

ow. There were no significant correlations with ERSPs ( p > 0.1). 

As in the analysis of WM accuracy (see Section 3.1.2 ), post hoc

ultiple regression analyses examined whether changes in theta-gamma

AC and RT were moderated by an individual’s education level. Here,

owever, the interaction was not significant for either montage ( p >

.62). Collectively, these results indicate that tDCS sped up RT by

trengthening theta-gamma PAC in the direction of current flow in OA

ndependent of education level. 

.2.3. RT and theta-gamma PAC changes predict WM changes in OA 

ndependent of education 

Last, we investigated whether improved RT contributed to improved

M. This prospect was supported by a significant negative correla-

ion between WM and RT improvements, collapsed across montages

 𝜌 = − 0.51, p = 0.004). However, dissociable education effects between

he theta network signature of WM improvement (see Section 3.1.2 )

nd theta-gamma PAC signature of RT improvement (see Section 3.2.2 )

uggested that RT improvement may contribute to WM improvement

ndependent of education. We conducted a multiple regression analy-

is to test the hypothesis that WM improvement was associated with

hanges in RT and theta-gamma PAC and, if so, whether the effect was

ndependent of theta network enhancement in OA with more educa-

ion. The PFC-PPC tDCS model revealed significant interactions of both

I RT × DI theta-gamma PAC ( t = − 2.55, p = 0.023, b = − 19.27, 95%

I = [ − 140.92, 44.79]; Fig. 7 A ) and education × DI theta network syn-

hrony ( t = 3.89, p = 0.002, b = 1.40, 95% CI = [ − 0.86, 7.64]). No

ther interactions reached significance ( p > 0.13), suggesting that these

nteractions were independent. The equivalent PFC-CC tDCS model, in-

luding the subthreshold network signature of improvements in WM ac-

uracy, revealed a significant DI RT × DI theta-gamma PAC interaction

 t = 2.18, p = 0.047, b = 39.61, 95% CI = [ − 47.73, 250.70]; Fig. 7 B ).

o other interactions reached significance ( p > 0.19). With both tDCS

ontages, RT improvement and enhanced theta-gamma PAC predicted

M improvement in OA, and the effect was independent of education. 

To recapitulate, results show that tDCS improved WM by 1) strength-

ning theta networks, particularly in OA with more education; and 2)
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Fig. 4. Anterior-posterior theta network signature of WM improvement. A ) Changes in WM accuracy were associated with anterior and posterior theta network 

enhancement over the course of the experimental session. Cluster-corrected correlation between trial-by-trial DI WM accuracy and trial-by-trial DI theta network 

synchrony scores with PFC-PPC tDCS (left). Black circles, EEG channels that showed significant effects. Inset: tDCS current model and anode-to-cathode flow. Trial- 

by-trial changes in theta network synchrony and changes in WM accuracy were calculated using 100-trial sliding windows, represented as mean ± SEM relative 

to sham across participants (middle). The relationship is shown point by point per 100-trial window as WM changes over theta network changes (right). Data are 

collapsed across set sizes. B ) Same as ( A ) with PFC-CC tDCS. With both tDCS montages, the distribution of significant effects reflects the direction of current flow 

(inset) and right anterior-posterior topography. 

Fig. 5. Individual differences in RT improvement. A ) No significant tDCS effects 

without considering individual differences. Data are collapsed across tDCS mon- 

tages and set sizes. Individual data are ordered by increasing education level on 

a scale from light to dark. B ) Individual differences × education level. TDCS 

improved RT in individuals with higher education. Data are collapsed across 

set sizes and quartiles and shown as trendlines (linear fit) ± 95% CI to indicate 

the nature of each effect. ∗ , p < 0.05; ∗ ∗ , p < 0.001. C ) Individual differences 

× tDCS montage. MOCA scores predicted RT improvement and the benefit was 

amplified with PFC-CC tDCS (left). Age predicted tDCS effects such that PFC- 

PPC tDCS sped up RT in individuals closer to age 60 and PFC-CC tDCS sped up 

RT in individuals closer to age 75 (right), same conventions as ( B ). 

s  

t  

a  

v

Fig. 6. Theta-gamma PAC signature of individual differences in RT improve- 

ment. A ) Participants who benefitted more from PFC-PPC tDCS showed greater 

increases in PAC between theta at the PFC anodal site (F6, marked in white) 

and posterior gamma. Cluster-corrected correlation between changes in RT and 

changes in PAC relative to sham. White circle, theta phase seed channel; black 

circles, gamma amplitude channels that showed significant effects. Inset: tDCS 

current model and anode-to-cathode flow. B ) Same as ( A ) with PFC-CC tDCS. 

With both tDCS montages, the topographical distribution of significant effects 

reflects the direction of current flow (inset). 
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peeding RT and enhancing theta-gamma PAC, independent of educa-

ion. Education, changes in RT, and changes in theta network synchrony

nd theta-gamma PAC together explained 68–70% of inter-individual

ariability in tDCS-linked improvement in WM accuracy. 
6 
. Discussion 

The rapidly growing population of OA provides incentive to establish

afe, effective, affordable ways to maintain WM in aging ( Scott et al.,

021 ). Noninvasive neurostimulation approaches offer themselves as in-

ervention but fall short in delivering reliable behavioral benefits across

articipants ( Berryhill and Martin, 2018 ). We investigated two impedi-

ents blocking widespread implementation: poor ability to predict who

ill respond to tDCS and poor understanding of the neural mechanisms

y which tDCS improves WM. To the first point, when considering multi-

le individual factors (education, WM span, etc.), education emerged as

 reliable and readily available demographic factor predicting tDCS effi-

acy. This finding extends our earlier work ( Berryhill and Jones, 2012 )



E.L. Johnson, H. Arciniega, K.T. Jones et al. NeuroImage 250 (2022) 118939 

Fig. 7. RT × theta-gamma PAC signature of WM improvement. A ) Individual 

differences in WM improvement × RT and theta-gamma PAC changes. After 

PFC-PPC tDCS, RT improvement and enhanced theta-gamma PAC predicted WM 

improvement (dark green). Data are split by the direction of RT change ( n = 14 

decreased RT, i.e., improvement; n = 16 increased RT) and shown as means 

± 95% CI to indicate the nature of the interaction. RT-, decreased RT; RT + , 
increased RT; ∗ , p < 0.05. B ) Same as ( A ) for PFC-CC tDCS ( n = 16 decreased 

RT; n = 14 increased RT). 
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y showing that an OA’s education level predicts tDCS efficacy regard-

ess of the specific montage. Considering the broader literature, not only

re highly educated OA more resilient than less educated OA to age-

elated declines in brain health and cognition ( Chan et al., 2021 ), but

hey are also more receptive to intervention by means of one-dose tDCS.

To the second point, individual WM improvements were associ-

ted with two distinct electrophysiological signatures implicating inter-

egional interactions across spatial and temporal scales. A broad en-

ancement of theta networks tracked improvements in behavioral ac-

uracy after PFC-PPC tDCS, particularly in OA with more education.

urther data-driven analyses revealed that accuracy dynamics reflected

n anterior-posterior network distribution regardless of cathode place-

ent, consistent with the involvement of frontoparietal theta networks

n WM ( de Vries et al., 2020 ; Helfrich and Knight, 2016 ; Johnson et al.,

017 , 2019 ; Mamashli et al., 2021 ; Parto Dezfouli et al., 2021 ). Our

ndings underscore the importance of theta network synchrony to WM

erformance ( Alekseichuk et al., 2017 ; Reinhart et al., 2017a ) and repli-

ate observations that it can be enhanced with noninvasive neurostim-

lation ( Jones et al., 2017 ; Reinhart and Nguyen, 2019 ). Because the

ffect was robust with PFC-PPC tDCS but not PFC-CC tDCS, it is likely

hat near-exclusive use of montages targeting PFC are suboptimal for

M. Rather, interventions seeking to improve WM in OA should target

oth anterior and posterior brain regions for maximal benefits across the

opulation. In OA, this approach preferentially targets posterior brain

egions showing less activity with age ( Davis et al., 2008 ). 

In contrast, specific enhancements of theta-gamma PAC reflecting

FC-PPC and PFC-CC tDCS current flow tracked individual improve-

ents in RT. This finding extends observations that PAC can be en-

anced with noninvasive neurostimulation ( Alekseichuk et al., 2016 ;

ones et al., 2020a,b ; Reinhart and Nguyen, 2019 ). Post hoc analyses

evealed that, unlike the relationship between WM accuracy and theta

etworks, relationships between RT and theta-gamma PAC were inde-

endent of education. Indeed, changes in RT and theta-gamma PAC to-

ether explained inter-individual variability in WM improvement inde-

endent of education, suggesting an alternate route by which tDCS could

enefit OA with less education. Taken together, our findings illuminate

nterior-posterior theta networks and theta-gamma PAC and as distinct

ut complementary signatures of WM enhancement in OA. 

.1. Why do the ‘rich get richer’? 

We replicated the finding that an OA’s education level predicts tDCS

fficacy (e.g., Berryhill and Jones, 2012 ), but failed to replicate obser-

ations that standardized measures of WM span would reliably predict

DCS efficacy ( Arciniega et al., 2018 ). Even in this well-educated sample,
7 
he rich (highly educated) got richer (more WM improvement). Years of

ducation is an easy measure to collect as it requires no testing. Ascer-

aining why education predicts tDCS efficacy, however, is more chal-

enging. We can only speculate that the underlying reason is multifac-

orial. Education is linked to varied protective factors, and/or a life-

ime of practice flexibly engaging brain networks. Indeed, high edu-

ation is associated with lifelong success, reflects socioeconomic sta-

us, and is considered a proxy measure of brain and cognitive reserves

ith cognitive ability persisting longer in the presence of pathological

hange in more educated individuals ( Stern et al., 2019 ). Indeed, OA

ith more education are more resilient than those with less education

o age-related declines in brain health, as indexed by functional brain

etworks ( Chan et al., 2021 ). Based on our theta network findings, we

ropose a link between an individual’s brain health and tDCS efficacy

hich is predicted by education level. Supporting this proposal, baseline

esting-state functional connectivity has been shown to predict tDCS ef-

ects in young adults ( Cerreta et al., 2020 ). Future research may tease

part what aspects of education, and potentially other factors of cogni-

ive reserve, contribute to tDCS responsivity in OA. 

Although the education effect demonstrates that the rich are likely

o get richer, that is not the only explanation of tDCS-linked WM im-

rovement we observed. This is important because a benefit of tDCS

s its low risk and cost ( Berryhill, 2017 ; Berryhill and Martin, 2018 ),

hich makes it feasible for widespread implementation across rich and

ess rich OA. Models of individual predictors and electrophysiological

ignatures of WM enhancement revealed that tDCS could also improve

M by speeding RT and enhancing theta-gamma PAC. The interaction

as significant in models of both PFC-PPC and PFC-CC tDCS effects,

nd it was independent of education. These results suggest a circuitous

ath by which tDCS could improve WM in OA without robust effects

n theta networks and regardless of education level. Future research in

arger samples that include less educated OA will need to examine the

ull factorial effects by which tDCS can tap into theta network and/or

heta-gamma PAC mechanisms to improve WM in subgroups of OA. 

.2. Limitations 

These data mark a major step forward in understanding how tDCS

ffects behavior. However, although we provide important insight based

n individual behavioral and EEG data, our results cannot speak to the

enetic, cellular, or molecular mechanisms contributing to tDCS effects

 Polanía et al., 2018 ). Indeed, we previously observed non-linear pat-

erns of tDCS-linked WM improvements in OA as a function of genetic

olymorphism ( Stephens et al., 2017 ), substantiating the role of individ-

al factors which extend beyond the scope of the present study. Another

imitation is the underrepresentation of less educated OA ( < 12 years of

chool), skewing the distribution of our sample to miss factors which

ight predict tDCS efficacy in OA without a high school degree. Fu-

ure testing of larger, more representative samples is needed. Finally,

iven the observed importance of theta activity to WM, transcranial al-

ernating current stimulation presents an alternative neuromodulatory

pproach that directly targets oscillations, but only when tailored per

ndividual OA ( Reinhart and Nguyen, 2019 ; Zanto et al., 2021 ). This is

n especially important point in studies targeting OA as neural oscilla-

ions exhibit marked variability in aging ( Prichep et al., 2006 ). The high

afety and low technical hurdles associated with tDCS make it especially

ttractive for translational ease and scalability, without the need to tai-

or stimulation parameters. 

.3. Conclusion 

We report that one session of tDCS improves WM in OA by tap-

ing into two distinct but complementary mechanisms of task perfor-

ance, anterior-posterior theta network synchrony and theta-gamma

AC. Thus, in heathy OA at risk of cognitive decline, a benefit of tDCS
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o WM may be in strengthening functional brain networks that natu-

ally weaken during aging ( Courtney and Hinault, 2021 ). Our findings

nform models of the electrophysiological basis of WM in aging and serve

o identify target mechanisms for interventions involving tDCS. In OA

ith high education, one session of tDCS targeting anterior and poste-

ior regions may be sufficient to enhance WM by strengthening theta

etworks. In a partially overlapping sample with or without high edu-

ation, one session of tDCS may still enhance WM by speeding RT and

trengthening theta-gamma PAC. In other OA, multi-session tDCS may

e needed ( Berryhill, 2017 ; Berryhill and Martin, 2018 ; Jones et al.,

015b ). Our data extend a growing literature reporting that one neuro-

odulation protocol does not fit all participants, and set the stage for

pplied research in more vulnerable populations (e.g., mild cognitive

mpairment, Alzheimer’s disease, neuropsychiatric disorders), in whom

 better understanding of how to rescue WM is needed ( Ciullo et al.,

020 ; Serrano et al., 2020 ). 
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