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a b s t r a c t
A primary goal of translational neuroscience is to identify the neural mechanisms of age-related cognitive decline 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 anteriorposterior 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 predicted by individual demographic factors.

1. Introduction
Older adults (OA) with preserved working memory (WM) maintain independence in their daily lives, such as remembering to turn
oﬀ the oven after use, take medications, and balance their checkbooks
(Buckner, 2004). Unfortunately, WM declines as we age, with cognitive
performance peaking in our 20 s (Park et al., 2002; Reuter-Lorenz and
Sylvester, 2005). This age-related WM decline arises from age-related reductions in the brain’s cortical thickness (Salat et al., 2004), structural
connectivity (Cabeza, 2001), and functional connectivity (Courtney and
Hinault, 2021). Recent eﬀorts augmenting cognitive training with noninvasive neuromodulatory approaches, such as transcranial direct current stimulation (tDCS), have demonstrated that multi-session tDCS can
improve WM with low risk and cost (Berryhill, 2017; Berryhill and Martin, 2018). Indeed, we demonstrated that multi-session tDCS improved
WM in OA, with beneﬁts persisting one month after the last stimulation
session (Jones et al., 2015b). Such successes hold promise for clinical
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and commercial endeavors aiming to halt age-related cognitive decline
without pharmacological intervention (Polanía et al., 2018). However,
single-session tDCS studies are rife with inter-individual variability in
cognitive performance outcomes (Berryhill and Martin, 2018), impeding widespread implementation. We address this discrepancy and provide a mechanistic account of how, and in whom, one session of tDCS
improves WM in healthy OA at risk of cognitive decline.
TDCS aﬀects the brain in a variety of ways, including measurable
eﬀects on resting neuronal potentials (Nitsche and Paulus, 2001) and
neuroplasticity (Filmer et al., 2014), resting-state functional connectivity (Kim et al., 2021; Nissim et al., 2020, 2019), glutamate levels
(Mezger et al., 2019), and neural oscillations (Jones et al., 2020a,b,
2017; Luft et al., 2018; Reinhart et al., 2015). The acute eﬀects of
tDCS on resting neuronal potentials persist for ∼60 min (Nitsche and
Paulus, 2001), and multi-session tDCS eﬀects in the electroencephalogram (EEG) persist for at least 24 h concurrent with WM enhancement (Jones et al., 2020a, 2017). Such proof-of-concept work in healthy
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young adults has associated tDCS-linked WM gains with enhancements
of anterior-posterior functional connectivity, particularly in the theta
band (Gan et al., 2019; Jones et al., 2017; Zaehle et al., 2011), and
theta-gamma phase amplitude coupling (PAC) (Jones et al., 2020a).
It is therefore reasonable to hypothesize that tDCS-linked WM gains
in OA would likewise be associated with anterior-posterior theta connectivity and theta-gamma PAC. This proposal is supported by recent
research directly manipulating theta oscillations in OA (Reinhart and
Nguyen, 2019), suggesting a causal brain-behavior link.
To test this hypothesis, we conducted a systematic investigation of
individual predictors and electrophysiological mechanisms of WM enhancement in healthy OA after one session of sham-controlled tDCS.
The design was based in part on an earlier inﬂuential study where
we observed that OA with more education selectively improved after
one dose of anodal tDCS targeting left or right prefrontal cortex (PFC)
(Berryhill and Jones, 2012). More recent work showed that changing
the montage to target right PFC and posterior parietal cortex (PPC) may
be more eﬀective in OA with lower scores on standardized measures of
WM span (Arciniega et al., 2018). These selective beneﬁts conﬁrm that
null ﬁndings derived from the whole sample (e.g., Nilsson et al., 2015)
obscure pertinent individual diﬀerences (Medina and Cason, 2017;
Polanía et al., 2018). Thus, the present study investigated several individual diﬀerences factors, including education level and standardized
WM 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
count (n = 576) permitted analysis of tDCS eﬀects across the ∼60-min
post-stimulation session and ensured stable EEG data at the individual
level. Preempting the results, analyses of behavioral accuracy and reaction time (RT) (Brooks et al., 2020; Cerreta et al., 2020; Jones et al.,
2020a, 2017; Martin et al., 2017; Reinhart et al., 2017b) identiﬁed an
individual’s education level as the most robust predictor of tDCS eﬃcacy across montages. Subsequent EEG analyses determined the mechanisms underlying individual behavioral improvements (Finn and Rosenberg, 2021; Krakauer et al., 2017). Results converged to reveal high
inter-individual variability underpinned by nuanced mechanisms, explaining how tDCS improved WM in OA with more education and suggesting an alternate route by which OA with less education could still
beneﬁt.

2.2.2. Visual change detection WM task
During three tDCS sessions, participants completed a visual change
detection WM task (Arciniega et al., 2019, 2020, 2021; Vogel and Machlzawa, 2004); Fig. 1A, B). Participants sat 57 cm from the monitor and
were instructed to maintain ﬁxation and avoid eye movements. Color
patch stimuli (0.7° × 0.7°; cyan, white, red, blue, yellow, green, magenta) were presented at three possible locations 4.6° to either side of
ﬁxation (0.4° × 0.4°) against a uniform gray background. Trials began
with ﬁxation (0.4° × 0.4°; 0.3 s), followed by an attentional cue (arrowhead: 2.1° × 0.4°; 0.2 s) indicating which hemiﬁeld to covertly attend.
After a stimulus onset asynchrony delay (SOA; 0.3–0.4 s), one or three
stimuli ﬂashed per hemiﬁeld (0.1 s), followed by a delay (0.9 s) and
the probe stimulus (3 s). Participants indicated via keypress whether
the color of the encoded and probe stimuli within the cued hemiﬁeld matched (50% match). No feedback was provided. During stimulation, participants completed 72 practice trials. During EEG, participants completed 576 trials with self-paced breaks between quartiles
(144 trials). The task was counterbalanced across sessions, set sizes,
and attended hemiﬁelds. The task was programmed using PsychToolbox (Brainard, 1997) for MATLAB (MathWorks, Inc., Natick, MA).

2.2.3. TDCS protocol
TDCS was applied using two montages in a fully within-subjects,
sham-controlled design (Fig. 1C, D). TDCS (two 5 × 7 cm2 electrodes in
saline-dampened sponges) was applied using a constant current stimulator (Eldith Magstim, GmbH, Ilmenau, Germany). There were two electrode montages: PFC-PPC (anode F6, cathode P6) and PFC-CC (anode F6,
cathode CC). Current modeling was conducted using the Realistic volumetric Approach to Simulate Transcranial Electric Stimulation (ROAST)
toolbox for the anode location (F6) and both cathode locations (P6, CC)
on the MNI-152 standard head (Huang et al., 2018). Cathode placement
was counterbalanced for sham testing (Gandiga et al., 2006). All tDCS
montages were evenly counterbalanced to ensure proper distributions,
with a third of participants assigned to sham, PFC-PPC tDCS, and PFC-CC
tDCS on each day of the three-day experiment (Arciniega et al., 2018;
Berryhill et al., 2010; Jones and Berryhill, 2012; Jones et al., 2015a;
Tseng et al., 2012). Sessions were separated by a 24-h washout. Participants were blinded to the session condition.

2. Materials and methods
2.2.4. EEG data acquisition and preprocessing
High-density EEG was recorded at a sampling rate of 1 kHz with a
vertex (Cz) reference from 256 high-impedance electrodes mounted in a
HydroCel Geodesic Sensor Net ampliﬁed by a Net Amps 300 ampliﬁer.
Data were acquired using Net Station 5.2 software (Electrical Geodesics
Inc., Eugene, OR) running on a 2.7 GHz dual-core Apple Power Mac G5.
Electrode impedances were kept below 50 KΩ. Raw EEG data were bandpass ﬁltered (0.5–100 Hz Butterworth inﬁnite impulse response ﬁlter)
and 60-Hz line noise was removed using discrete Fourier transform. Data
were inspected to reject artifactual channels (e.g., from signal dropout),
down-sampled to 250 Hz, and segmented into 3-s trials (−1 to +2 s
from stimulus onset). Independent components analysis removed artifacts (i.e., eye movements, auricular components, heartbeat, and cranial
muscle activity; Hipp and Siegel, 2013). Channels on the face, ears, and
neck were discarded and any rejected channels were replaced with interpolated mean values from neighboring channels (mean 7.4 channels).
The remaining 194 channels were reinspected blind to task parameters
to reject trials containing residual noise. The surface Laplacian spatial
ﬁlter was applied to minimize volume conduction and enhance the highdensity source signal (Cohen, 2015; He et al., 2018; Lai et al., 2018).
Error trials were excluded (Jones et al., 2017), resulting in a mean of
443 (SD: 40) artifact-free, correct trials analyzed per session. EEG preprocessing and analysis routines utilized functions from the open-source
FieldTrip toolbox for MATLAB (Oostenveld et al., 2011).

2.1. 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–
20 years). Screening excluded those with neurological or psychiatric
disorders, head injuries, prescriptions for neuroleptic, hypnotic, or antiseizure medications, or a score of < 26 on the Montreal Cognitive Assessment (MOCA; version 7.1). Procedures were approved by the University
of Nevada Institutional Review Board in accordance with the Declaration of Helsinki. Participants signed consent documents and received
$15/hour.
2.2. Experimental design
2.2.1. Baseline measures
During baseline testing, participants completed the Corsi Blocks
Spatial Span (CORSI; MATRICS Consensus Cognitive Battery;
Nuechterlein et al., 2008), Digit Span (Wechsler, 2009), and automated Operation Span (OSpan; Unsworth et al., 2005) assessments
of WM capacity. Correlations between demographic and baseline
measures indicated a signiﬁcant inverse correlation between age and
OSpan (Table S1), without other signiﬁcant eﬀects. In this sample,
education was independent of WM ability (Berryhill and Jones, 2012).
2
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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.

2.2.5. Spectral decomposition
Laplacian-transformed data segments were zero-padded to 10 s to
minimize ﬁltering-induced edge artifacts and bandpass ﬁltered per
channel at 20 logarithmically spaced, partially overlapping frequencies
centered from 2 to 60 Hz (1/3 fractional bandwidth). The Hilbert transform was used to extract the analytic amplitude envelope from each ﬁltered time series, which was squared to produce power. SOA (−0.3–0 s
from stimulus onset) and delay power time series (0.1–1 s from stimulus
onset) were then corrected on the pre-cue baseline (−0.8 to −0.6 s from
stimulus onset) to derive event-related spectral perturbations (ERSPs):
ERSPs = (SOA or delay – baseline mean)/baseline mean (Jones et al.,
2017). Outputs were averaged over the SOA and delay epochs to derive
mean ERSPs in single trials.

2.2.7. Phase-amplitude coupling
Laplacian-transformed data segments were zero-padded to 10 s and
bandpass ﬁltered per channel at logarithmically spaced frequencies centered from 2 to 20 Hz and at the broadband gamma (30–70 Hz) range
following removal of the ERP (Jones et al., 2020a,b). The ﬁltered data
were epoched over the delay (0.1–1 s from stimulus onset) and z-scored
per trial in the time domain to control for diﬀerences in voltage between
trials. The Hilbert transform was used to extract the amplitude envelope
from the gamma time series and then the gamma data were bandpass ﬁltered a second time at logarithmically spaced frequencies centered from
2 to 20 Hz. The Hilbert transform was used to extract instantaneous
phase values from both the low frequency and low frequency-ﬁltered
gamma time series. PAC was calculated between low-frequency phase
at the PFC anodal site (F6) and low frequency-ﬁltered gamma at all
channels as PLV independent of low-frequency amplitude (Penny et al.,
2008). We selected this approach based on our prior work showing that
tDCS-linked WM enhancement is related to PAC with theta phase at
the PFC anodal site in young adults (Jones et al., 2020a). By considering whole-brain gamma, this approach replicated our prior work and
permitted analysis of groups of three or more units. As in network synchrony analysis (see Section 2.2.6), PLV calculations were performed
across time points in single trials.

2.2.6. Network synchrony
Laplacian-transformed data segments were zero-padded to 10 s and
bandpass ﬁltered per channel at a subset of logarithmically spaced frequencies centered from 2 to 20 Hz following removal of the eventrelated potential (ERP; Jones et al., 2020b, 2017). The ﬁltered data
were epoched over the delay (0.1–1 s from stimulus onset) and the
Hilbert transform was used to extract instantaneous phase values from
each ﬁltered time series. Phase synchrony was quantiﬁed in single trials
as phase-locking values (PLV) independent of amplitude (Lachaux et al.,
1999). This method calculates the consistency in channel-pair phase differences across a series of data points, here, time points in single trials.
We used graph theory to map the topographical distributions of PLV
networks in single trials. According to graph theory, brain networks are
collections of nodes (here, Laplacian-transformed channels) and internode edges (PLV), summarized as adjacency matrices (Sporns, 2018).
To deﬁne PLV adjacency matrices, PLV outputs were assessed for network degrees (i.e., the weight of connections between each channel and
all other channels) using a threshold of 0.65 relative to the maximum
of 1 (Jones et al., 2020b). All analyses were performed on network
synchrony data. We selected this approach based on our prior work
showing that tDCS enhances task-relevant PLV networks in young adults
(Jones et al., 2020b). Furthermore, treating functional connectivity data
as graph theoretical networks permits analysis of groups of three or more
units and better captures the real-world system of the brain than do binary interactions between channel pairs (Battiston et al., 2021).

2.3. Statistical analyses
2.3.1. TDCS-linked change within subjects
To quantify within-subject change and minimize between-subject
variability, we analyzed normalized diﬀerence indices for behavioral
task performance (WM accuracy, RT) and EEG measures (ERSPs, network synchrony, PAC): Diﬀerence Index (DI) = (tDCS mean – sham
mean)/(tDCS mean + sham mean). This normalization formula outputs
the individual within-subject eﬀect of each tDCS montage relative to
sham stimulation (Arciniega et al., 2018; Jones et al., 2020b, 2015b).
2.3.2. Inter-individual diﬀerences in tDCS-linked change
Initial analyses of behavior (DI WM accuracy, DI RT) tested for main
eﬀects and interactions of tDCS across montages (PFC-PPC, PFC-CC),
set sizes (1, 3), and quartiles (Q1–4) using repeated measures ANOVAs
compared to zero. Violations of sphericity were Greenhouse-Geisser corrected. Subsequent ANCOVAs assessed main eﬀects of individual diﬀerence factors (age, education, MOCA, Digit Span, OSpan, CORSI) and
interactions with tDCS montage. Behavioral analyses were conducted
3

E.L. Johnson, H. Arciniega, K.T. Jones et al.

NeuroImage 250 (2022) 118939

using the open-source JASP software (JASP Team, 2020. JASP Version
0.14.1 [Computer software]).
Electrophysiological signatures of changes in behavior were identiﬁed per tDCS montage using Spearman’s rank correlation, 𝜌XY , with X set
to the DI EEG measure and Y set to the DI behavioral measure, clustercorrected for multiple comparisons (Maris and Oostenveld, 2007). Clusters were formed in space and frequency by thresholding correlations
at p < 0.05 using the maximum size criterion. Permutation distributions
were generated by randomly shuﬄing data labels (1,000 iterations) and
corrected p-values were obtained by comparing the observed data to the
random permutation distributions. This is an extremely powerful approach because it recreates any biases in the data with each randomization and tests for brain-behavior correlations without any assumptions
about their spatial or spectral distribution. Cluster-based statistics were
conducted using the FieldTrip toolbox for MATLAB (Oostenveld et al.,
2011).
Post hoc multiple regression analyses synthesized the observed individual predictors and electrophysiological signatures of WM and RT improvements. These analyses tested whether changes in EEG measures,
averaged across cluster-corrected data points, and changes in behavior were moderated by education level, controlling for other individual
diﬀerences factors (age, MOCA, Digit Span, OSpan, CORSI). Bootstrapping determined unstandardized regression coeﬃcients (b) and 95% CI
(1,000 iterations), as implemented in JASP.

Fig. 2. Individual diﬀerences in WM improvement. A) No signiﬁcant tDCS effects 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) Individual 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).

2.3.3. Data-driven analysis of tDCS-linked change over time
A data-driven analysis of tDCS eﬀects over time investigated the topographical distribution of theta network synchrony as a mechanism of
WM improvement in aging. Trial-by-trial changes in WM performance
relative to sham (DI WM accuracy) were computed by calculating the
proportion of correct trials in sliding trial windows of 100 trials shifted
in steps of one trial (Tort et al., 2009). Trial-by-trial changes in theta
network synchrony relative to sham (DI theta network synchrony) were
obtained by calculating theta network synchrony across correct trials
in the same 100-trial window. Note that DI scores were computed per
100-trial window by normalizing the tDCS mean on the sham mean (see
Section 2.3.1). DI data were averaged across participants and the relationship between DI WM accuracy and DI theta network synchrony was
analyzed over time using Spearman’s rank correlation with cluster-based
correction for multiple comparisons (see Section 2.3.2).

baseline WM ability as indexed by Digit Span (F1, 462 = 8.70, p = 0.003,
𝜂 2 p = 0.02) and a Digit Span × montage interaction (F1, 462 = 4.92,
p = 0.027, 𝜂 2 p = 0.01). However, a signiﬁcant interaction of OSpan ×
montage (F1, 462 = 4.87, p = 0.028, 𝜂 2 p = 0.01) revealed that baseline
WM span measures predicted PFC-CC tDCS beneﬁts in opposing directions, with Digit Span positively associated and OSpan negatively associated with WM improvement (Fig. 2C). In contrast, PFC-PPC tDCS was
beneﬁcial regardless of baseline WM abilities. No other eﬀects reached
signiﬁcance (p > 0.05).

3. Results

3.1.2. Theta network synchrony tracks WM improvement in OA with more
education
Having demonstrated inter-individual diﬀerences in tDCS-linked
WM improvement, we next sought underlying neural correlates. This
analysis builds on our previous ﬁndings associating frontoparietal tDCS
with enhanced theta synchrony and theta-gamma PAC in young adults
(Jones et al., 2020a, 2017). Here, we tested whether these measures
correlated with individual WM improvements. A signiﬁcant clustercorrected correlation between DI WM accuracy and DI network synchrony scores revealed network enhancement in OA who beneﬁtted
from PFC-PPC tDCS (mean 𝜌 = 0.452, p = 0.031; Fig. 3A). The behavioral beneﬁt was characterized by increased theta network synchrony
(2–5.9 Hz) broadly distributed across the EEG topography, that is, more
densely connected theta networks in OA who beneﬁted more from PFCPPC tDCS. The same analysis of changes associated with PFC-CC tDCS
also returned a positive correlation, but it was weaker and failed clusterbased correction for multiple comparisons (mean 𝜌 = 0.411, p = 0.179;
Fig. 3B). The correlations between DI WM accuracy and DI PAC scores
(phase at the F6 anodal site and whole-brain gamma) were not signiﬁcant for either montage (p > 0.44). For completeness, we also examined
ERSPs and observed no signiﬁcant correlations (p > 0.21).
Post hoc multiple regression analysis examined whether changes in
theta network synchrony and WM accuracy after PFC-PPC tDCS were
moderated by an individual’s education level. A signiﬁcant interaction
between education and theta network synchrony revealed that individ-

3.1. Behavioral accuracy
3.1.1. Education level predicts WM improvement
To facilitate comparison with existing tDCS ﬁndings, we ﬁrst evaluated changes in performance without considering individual diﬀerences.
DI WM accuracy scores were subjected to a repeated measures ANOVA
compared to zero including the within-subjects factors of montage (PFCPPC, PFC-CC), set size (1, 3), and quartile (Q1–4). No main eﬀects or
interactions reached signiﬁcance (p > 0.13; Fig. 2A). Note that although
there was no signiﬁcant eﬀect of set size on changes in WM, analysis
of the raw data conﬁrmed that the set size manipulation was eﬀective
across tDCS conditions, including sham (paired t-test p < 0.001; Fig.
S1A).
To identify which individual diﬀerences factors would predict tDCSlinked WM improvement, we next incorporated individual diﬀerences
to identify speciﬁc factors associated with tDCS eﬃcacy. DI WM accuracy scores were subjected to an ANCOVA with the same within-subjects
factors as the ANOVA (montage, set size, quartile) and six covariates:
education, age, MOCA, Digit Span (Forward + Backward), OSpan, and
CORSI (Forward + Backward). There was a signiﬁcant contribution of
education (F1, 462 = 11.77, p < 0.001, 𝜂 2 p = 0.03), such that individuals with more education showed greater WM improvement after tDCS
(Fig. 2B). In addition, there was a signiﬁcant positive association with
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After incorporating individual diﬀerence covariates (education, age,
MOCA, Digit Span, OSpan, CORSI), a main eﬀect of tDCS montage
emerged, pointing to a general beneﬁt of PFC-PPC tDCS on RT (F1,
2
462 = 14.39, p < 0.001, 𝜂 p = 0.03). There was a signiﬁcant contribution
of education (F1, 462 = 11.81, p < 0.001, 𝜂 2 p = 0.03), again demonstrating that individuals with more education showed greater RT improvement
after tDCS (Fig. 5B). In addition, there was a signiﬁcant negative association with MOCA score (F1, 462 = 18.10, p = < 0.001, 𝜂 2 p = 0.04) and
a MOCA × montage interaction (F1, 462 = 8.02, p = 0.005, 𝜂 2 p = 0.02),
demonstrating that PFC-CC tDCS beneﬁtted participants with higher
MOCA scores (Fig. 5C, left). Last, an age × montage interaction (F1,
2
462 = 12.79, p < 0.001, 𝜂 p = 0.03) demonstrated that younger OA
participants responded faster after PFC-PPC tDCS whereas older participants responded faster after PPC-CC tDCS (Fig. 5C, right). No other
eﬀects reached signiﬁcance (p > 0.11).

Fig. 3. Theta network signature of individual diﬀerences in WM improvement.
A) Participants who beneﬁted more from PFC-PPC tDCS showed greater increases in theta network synchrony (i.e., more supra-threshold PLV connections
between each channel and all other channels). Cluster-corrected correlation between 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.

3.2.2. Theta-gamma PAC tracks RT improvement in OA independent of
education
Having demonstrated inter-individual diﬀerences in tDCS-linked RT
improvement, we again sought underlying neural correlates. Unlike the
WM accuracy results, neither of the correlations between DI RT and DI
theta network synchrony scores was signiﬁcant (p > 0.08). However,
both cluster-corrected correlations between DI RT and DI PAC scores
were signiﬁcant (PFC-PPC mean 𝜌 = 0.377, p = 0.04; PFC-CC mean
𝜌 = 0.383, p = 0.034; Fig. 6). The behavioral beneﬁts were characterized by increased PAC between phase at the PFC anodal site in the theta
range (PFC-PPC: 4.9–10.0 Hz; PFC-CC: 2–3.4 Hz) and broadband gamma
activity near cathodal sites. With both montages, the topographical distribution of signiﬁcant eﬀects reﬂected the direction of tDCS current
ﬂow. There were no signiﬁcant correlations with ERSPs (p > 0.1).
As in the analysis of WM accuracy (see Section 3.1.2), post hoc
multiple regression analyses examined whether changes in theta-gamma
PAC and RT were moderated by an individual’s education level. Here,
however, the interaction was not signiﬁcant for either montage (p >
0.62). Collectively, these results indicate that tDCS sped up RT by
strengthening theta-gamma PAC in the direction of current ﬂow in OA
independent of education level.

uals with more education improved more and showed greater enhancement of theta network synchrony (t = 2.61, p = 0.016, b = 0.58, 95%
CI = [−0.34, 1.35]). Collectively, these results demonstrate that tDCS
improved WM by enhancing theta networks, and the eﬀect was robust
with the PFC-PPC montage but not with the PFC-CC montage. Education
moderated the relationship between changes in WM accuracy and theta
network synchrony after PFC-PPC tDCS.
3.1.3. The theta network signature of WM improvement is distributed
across anterior and posterior topographies
The above results suggest that PFC-PPC tDCS more eﬀectively targeted distributed theta networks than PFC-CC tDCS, perhaps, by targeting both anterior and posterior brain regions (see Fig. 1D). We conducted a data-driven analysis to test the hypothesis that WM improvement was associated with changes in theta networks across anterior and
posterior topographies. To do this, we capitalized on the high trial count
and analyzed ﬂuctuations in WM and theta network enhancement (mean
2–5.9 Hz) over the course of the experimental session. A trial-by-trial
quantiﬁcation of mean changes was performed by sliding windows of
100 trials in steps of one trial across the experimental session, averaged
across participants (Tort et al., 2009). After PFC-PPC tDCS, trial-by-trial
ﬂuctuations in DI WM accuracy were signiﬁcantly correlated with trialby-trial ﬂuctuations in DI theta network synchrony across an anteriorposterior topography that aligned with the stimulated PFC-PPC network
(mean 𝜌 = 0.368, p = 0.013; Fig. 4A). After PFC-CC tDCS, signiﬁcantly
correlated changes in theta network synchrony were distributed more
widely over the stimulated bilateral PFC and the right posterior topography (mean 𝜌 = 0.422, p = 0.004; Fig. 4B). These results indicate that
theta network enhancement across anterior and posterior topographies
tracked tDCS-linked improvements in WM accuracy regardless of cathode placement.

3.2.3. RT and theta-gamma PAC changes predict WM changes in OA
independent of education
Last, we investigated whether improved RT contributed to improved
WM. This prospect was supported by a signiﬁcant negative correlation between WM and RT improvements, collapsed across montages
(𝜌 = −0.51, p = 0.004). However, dissociable education eﬀects between
the theta network signature of WM improvement (see Section 3.1.2)
and theta-gamma PAC signature of RT improvement (see Section 3.2.2)
suggested that RT improvement may contribute to WM improvement
independent of education. We conducted a multiple regression analysis to test the hypothesis that WM improvement was associated with
changes in RT and theta-gamma PAC and, if so, whether the eﬀect was
independent of theta network enhancement in OA with more education. The PFC-PPC tDCS model revealed signiﬁcant interactions of both
DI RT × DI theta-gamma PAC (t = −2.55, p = 0.023, b = −19.27, 95%
CI = [−140.92, 44.79]; Fig. 7A) and education × DI theta network synchrony (t = 3.89, p = 0.002, b = 1.40, 95% CI = [−0.86, 7.64]). No
other interactions reached signiﬁcance (p > 0.13), suggesting that these
interactions were independent. The equivalent PFC-CC tDCS model, including the subthreshold network signature of improvements in WM accuracy, 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. 7B).
No other interactions reached signiﬁcance (p > 0.19). With both tDCS
montages, RT improvement and enhanced theta-gamma PAC predicted
WM improvement in OA, and the eﬀect was independent of education.
To recapitulate, results show that tDCS improved WM by 1) strengthening theta networks, particularly in OA with more education; and 2)

3.2. Reaction time
3.2.1. Education level predicts RT improvement
As in the analysis of WM accuracy, we ﬁrst evaluated changes in
RT without considering individual diﬀerences. DI RT scores were subjected to a repeated measures ANOVA compared to zero including the
within-subjects factors of montage (PFC-PPC, PFC-CC), set size (1, 3),
and quartile (Q1–4). No main eﬀects or interactions reached signiﬁcance
(p > 0.46; Fig. 5A). Note that although there was no signiﬁcant eﬀect of
set size on changes in RT, analysis of the raw data again conﬁrmed that
the set size manipulation was eﬀective across tDCS conditions, including
sham (paired t-test p < 0.001; Fig. S1B).
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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. Trialby-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. 6. Theta-gamma PAC signature of individual diﬀerences in RT improvement. 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).

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

4. Discussion
The rapidly growing population of OA provides incentive to establish
safe, eﬀective, aﬀordable ways to maintain WM in aging (Scott et al.,
2021). Noninvasive neurostimulation approaches oﬀer themselves as intervention but fall short in delivering reliable behavioral beneﬁts across
participants (Berryhill and Martin, 2018). We investigated two impediments blocking widespread implementation: poor ability to predict who
will respond to tDCS and poor understanding of the neural mechanisms
by which tDCS improves WM. To the ﬁrst point, when considering multiple individual factors (education, WM span, etc.), education emerged as
a reliable and readily available demographic factor predicting tDCS eﬃcacy. This ﬁnding extends our earlier work (Berryhill and Jones, 2012)

speeding RT and enhancing theta-gamma PAC, independent of education. Education, changes in RT, and changes in theta network synchrony
and theta-gamma PAC together explained 68–70% of inter-individual
variability in tDCS-linked improvement in WM accuracy.
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the rich (highly educated) got richer (more WM improvement). Years of
education is an easy measure to collect as it requires no testing. Ascertaining why education predicts tDCS eﬃcacy, however, is more challenging. We can only speculate that the underlying reason is multifactorial. Education is linked to varied protective factors, and/or a lifetime of practice ﬂexibly engaging brain networks. Indeed, high education is associated with lifelong success, reﬂects socioeconomic status, and is considered a proxy measure of brain and cognitive reserves
with cognitive ability persisting longer in the presence of pathological
change in more educated individuals (Stern et al., 2019). Indeed, OA
with more education are more resilient than those with less education
to age-related declines in brain health, as indexed by functional brain
networks (Chan et al., 2021). Based on our theta network ﬁndings, we
propose a link between an individual’s brain health and tDCS eﬃcacy
which is predicted by education level. Supporting this proposal, baseline
resting-state functional connectivity has been shown to predict tDCS effects in young adults (Cerreta et al., 2020). Future research may tease
apart what aspects of education, and potentially other factors of cognitive reserve, contribute to tDCS responsivity in OA.
Although the education eﬀect demonstrates that the rich are likely
to get richer, that is not the only explanation of tDCS-linked WM improvement we observed. This is important because a beneﬁt of tDCS
is its low risk and cost (Berryhill, 2017; Berryhill and Martin, 2018),
which makes it feasible for widespread implementation across rich and
less rich OA. Models of individual predictors and electrophysiological
signatures of WM enhancement revealed that tDCS could also improve
WM by speeding RT and enhancing theta-gamma PAC. The interaction
was signiﬁcant in models of both PFC-PPC and PFC-CC tDCS eﬀects,
and it was independent of education. These results suggest a circuitous
path by which tDCS could improve WM in OA without robust eﬀects
on theta networks and regardless of education level. Future research in
larger samples that include less educated OA will need to examine the
full factorial eﬀects by which tDCS can tap into theta network and/or
theta-gamma PAC mechanisms to improve WM in subgroups of OA.

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).

by showing that an OA’s education level predicts tDCS eﬃcacy regardless of the speciﬁc montage. Considering the broader literature, not only
are highly educated OA more resilient than less educated OA to agerelated declines in brain health and cognition (Chan et al., 2021), but
they are also more receptive to intervention by means of one-dose tDCS.
To the second point, individual WM improvements were associated with two distinct electrophysiological signatures implicating interregional interactions across spatial and temporal scales. A broad enhancement of theta networks tracked improvements in behavioral accuracy after PFC-PPC tDCS, particularly in OA with more education.
Further data-driven analyses revealed that accuracy dynamics reﬂected
an anterior-posterior network distribution regardless of cathode placement, consistent with the involvement of frontoparietal theta networks
in WM (de Vries et al., 2020; Helfrich and Knight, 2016; Johnson et al.,
2017, 2019; Mamashli et al., 2021; Parto Dezfouli et al., 2021). Our
ﬁndings underscore the importance of theta network synchrony to WM
performance (Alekseichuk et al., 2017; Reinhart et al., 2017a) and replicate observations that it can be enhanced with noninvasive neurostimulation (Jones et al., 2017; Reinhart and Nguyen, 2019). Because the
eﬀect was robust with PFC-PPC tDCS but not PFC-CC tDCS, it is likely
that near-exclusive use of montages targeting PFC are suboptimal for
WM. Rather, interventions seeking to improve WM in OA should target
both anterior and posterior brain regions for maximal beneﬁts across the
population. In OA, this approach preferentially targets posterior brain
regions showing less activity with age (Davis et al., 2008).
In contrast, speciﬁc enhancements of theta-gamma PAC reﬂecting
PFC-PPC and PFC-CC tDCS current ﬂow tracked individual improvements in RT. This ﬁnding extends observations that PAC can be enhanced with noninvasive neurostimulation (Alekseichuk et al., 2016;
Jones et al., 2020a,b; Reinhart and Nguyen, 2019). Post hoc analyses
revealed that, unlike the relationship between WM accuracy and theta
networks, relationships between RT and theta-gamma PAC were independent of education. Indeed, changes in RT and theta-gamma PAC together explained inter-individual variability in WM improvement independent of education, suggesting an alternate route by which tDCS could
beneﬁt OA with less education. Taken together, our ﬁndings illuminate
anterior-posterior theta networks and theta-gamma PAC and as distinct
but complementary signatures of WM enhancement in OA.

4.2. Limitations
These data mark a major step forward in understanding how tDCS
aﬀects behavior. However, although we provide important insight based
on individual behavioral and EEG data, our results cannot speak to the
genetic, cellular, or molecular mechanisms contributing to tDCS eﬀects
(Polanía et al., 2018). Indeed, we previously observed non-linear patterns of tDCS-linked WM improvements in OA as a function of genetic
polymorphism (Stephens et al., 2017), substantiating the role of individual factors which extend beyond the scope of the present study. Another
limitation is the underrepresentation of less educated OA (< 12 years of
school), skewing the distribution of our sample to miss factors which
might predict tDCS eﬃcacy in OA without a high school degree. Future testing of larger, more representative samples is needed. Finally,
given the observed importance of theta activity to WM, transcranial alternating current stimulation presents an alternative neuromodulatory
approach that directly targets oscillations, but only when tailored per
individual OA (Reinhart and Nguyen, 2019; Zanto et al., 2021). This is
an especially important point in studies targeting OA as neural oscillations exhibit marked variability in aging (Prichep et al., 2006). The high
safety and low technical hurdles associated with tDCS make it especially
attractive for translational ease and scalability, without the need to tailor stimulation parameters.

4.1. Why do the ‘rich get richer’?

4.3. Conclusion

We replicated the ﬁnding that an OA’s education level predicts tDCS
eﬃcacy (e.g., Berryhill and Jones, 2012), but failed to replicate observations that standardized measures of WM span would reliably predict
tDCS eﬃcacy (Arciniega et al., 2018). Even in this well-educated sample,

We report that one session of tDCS improves WM in OA by tapping into two distinct but complementary mechanisms of task performance, anterior-posterior theta network synchrony and theta-gamma
PAC. Thus, in heathy OA at risk of cognitive decline, a beneﬁt of tDCS
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to WM may be in strengthening functional brain networks that naturally weaken during aging (Courtney and Hinault, 2021). Our ﬁndings
inform models of the electrophysiological basis of WM in aging and serve
to identify target mechanisms for interventions involving tDCS. In OA
with high education, one session of tDCS targeting anterior and posterior regions may be suﬃcient to enhance WM by strengthening theta
networks. In a partially overlapping sample with or without high education, one session of tDCS may still enhance WM by speeding RT and
strengthening theta-gamma PAC. In other OA, multi-session tDCS may
be needed (Berryhill, 2017; Berryhill and Martin, 2018; Jones et al.,
2015b). Our data extend a growing literature reporting that one neuromodulation protocol does not ﬁt all participants, and set the stage for
applied research in more vulnerable populations (e.g., mild cognitive
impairment, Alzheimer’s disease, neuropsychiatric disorders), in whom
a better understanding of how to rescue WM is needed (Ciullo et al.,
2020; Serrano et al., 2020).
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