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Effects of transcranial direct
current stimulation combined
with listening to preferred music
on memory in older adults
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Listening to autobiographically-salient music (i.e., music evoking personal memories from the

past), and transcranial direct current stimulation (tDCS) have each been suggested to temporarily
improve older adults’ subsequent performance on memory tasks. Limited research has investigated
the effects of combining both tDCS and music listening together on cognition. The present study
examined whether anodal tDCS stimulation over the left dorsolateral prefrontal cortex (2 mA,

20 min) with concurrent listening to autobiographically-salient music amplified subsequent changes
in working memory and recognition memory in older adults than either tDCS or music listening
alone. In a randomized sham-controlled crossover study, 14 healthy older adults (64-81 years)
participated in three neurostimulation conditions: tDCS with music listening (tDCS + Music), tDCS

in silence (tDCS-only), or sham-tDCS with music listening (Sham + Music), each separated by at

least a week. Working memory was assessed pre- and post-stimulation using a digit span task, and
recognition memory was assessed post-stimulation using an auditory word recognition task (WRT)
during which electroencephalography (EEG) was recorded. Performance on the backwards digit span
showed improvement in tDCS + Music, but not in tDCS-only or Sham + Music conditions. Although

no differences in behavioural performance were observed in the auditory WRT, changes in neural
correlates underlying recognition memory were observed following tDCS + Music compared to

Sham + Music. Findings suggest listening to autobiographically-salient music may amplify the effects
of tDCS for working memory, and highlight the potential utility of neurostimulation combined with
personalized music to improve cognitive performance in the aging population.

Research into the arousal-and-mood hypothesis has suggested that listening to enjoyable music can heighten
arousal and induce positive affect, thereby influencing subsequent cognitive performance’?. In older adults,
benefits following music listening were shown in various cognitive domains such as autobiographical memory
recall’, working memory*, semantic fluency®, semantic memory®, and episodic memory’~. Given individual
differences in musical listening preferences and distastes, autobiographically-salient music may be of particular
interest in subsequently eliciting cognitive benefits following music listening. Music that evokes autobiographical
memories or holds substantial personal significance for an individual (i.e., autobiographically-salient music) can
be especially powerful in evoking strong positive affect and heightened arousal'®!!. For older adults, listening
to autobiographically-salient music heightens positive affect and evokes feelings of nostalgia and idiosyncratic
meaningful memories, arising from emotionally salient associations formed between particular songs and events
from their younger years''~!*. As healthy aging is associated with declines in cognitive domains such as work-
ing memory and episodic memory'>!, listening to autobiographically-salient music, according to the arousal-
and-mood hypothesis, may have potential to improve short-term performance in these cognitive domains by
improving positive affect and heightening one’s arousal and emotional state.
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Similarly, non-invasive brain stimulation has shown potential in temporarily improving working memory
and episodic memory"’. One such technique is transcranial direct current stimulation (tDCS), which involves
applying a low-intensity current flow via a positive electrode (anode) and a negative electrode (cathode) placed
atop the scalp. Current from anodal tDCS is thought to temporarily heighten cortical excitability at the targeted
stimulation site by modulating the resting membrane potential of neurons'®!*. The resulting increase in cortical
excitability may lead to short- and long-term behavioural changes observed post-stimulation and is thought to
be attributed to long-term potentiation and cortical plasticity?. The left dorsolateral prefrontal cortex (DLPFC)
is a common stimulation site for investigating improvement in performance for working memory and episodic
memory tasks. In healthy older adults, several studies using tDCS have demonstrated subsequent improvements
in working memory*"?? and episodic memory*-* after administration of tDCS to the DLPFC, even after a single
stimulation session?*?”?, For example, older adults’ accuracy in a verbal n-back task improved after a single
30-min stimulation session of 2 mA anodal tDCS over the left DLPFC compared to sham stimulation®. However,
the consensus remains mixed as to the reliability of tDCS by itself to improve cognition in healthy older adults,
with some studies finding no effect of prefrontal tDCS on cognitive abilities” . Furthermore, these mixed find-
ings are also interleaved with studies using different parameters, tasks, and outcome measures during or following
stimulation, as well as considering the high variability in individuals’ responsivity to tDCS*%. A meta-analysis'’
demonstrated cognitive benefits following tDCS in healthy older adults with a moderate effect size (0.42), while
another meta-analysis concluded no evidence of cognitive benefits in healthy adults from 18-50 years of age fol-
lowing tDCS?*. Although tDCS has shown promise for alleviating cognitive impairments in older adult clinical
populations such as those with dementia', it is less clear what conditions enable tDCS to reliably demonstrate
maximal responsivity in the healthy aging population®>*2.

As prior research has suggested tDCS and autobiographically-salient music may independently confer benefits
in subsequent memory in older adults, one may expect gains in memory to be amplified when combined together.
One study* investigated the effects of anodal tDCS on the DLPFC on inhibitory control in younger adults using
a Stop-Signal task while concurrently listening to either silence, low-tempo, or high-tempo background music,
finding that high-tempo background music interacted with the effects of tDCS on response inhibition. Another
study™ investigated the effects of cerebellar tDCS followed by music listening on a Line Bisection Task in younger
adults, revealing that the pairing of cathodal (inhibitory) stimulation and music listening compensated for pseu-
doneglect in visuospatial attention. No study to our knowledge has examined changes in memory performance
following anodal tDCS and listening to autobiographically-salient music in older adults. The aim of the present
study was to investigate whether anodal tDCS with concurrent listening to autobiographically-salient music
amplified older adults’ subsequent memory performance than either tDCS in silence or music listening under
sham stimulation in two domains of memory: working memory and recognition memory.

Anodal tDCS was applied over the left DLPFC using a current intensity of 2 mA and stimulation length of
20 min based on prior literature demonstrating improvements in working memory and episodic memory fol-
lowing these stimulation parameters**?***, Working memory was measured pre- and post-stimulation using a
digit span task, and episodic memory was measured post-stimulation using an auditory word recognition task
(WRT) during which neuroelectric activity was recorded by electroencephalography (EEG). We expected changes
in working memory and recognition memory to be amplified when tDCS was concurrently administered to
participants listening to autobiographically-salient music relative to either sham stimulation with music listen-
ing or tDCS administered in silence.

Methods

Participants. Participants were recruited if they were between 60 to 85 years of age, reported normal or
corrected-to-normal vision and hearing, no history of learning disabilities, stroke, transient ischemic attack,
traumatic brain injury with loss of consciousness greater than 5 min, substance abuse disorder, neurodegenera-
tive disease, brain abnormalities, history of intracranial surgery, seizure disorder, or any other diagnosis of major
neurological or psychiatric disorder. Exclusion criteria also included concurrent treatment with ototoxic medi-
cines, medications affecting cognitive abilities, presence of implanted devices, or traces of metal in the body.
Seventeen older adults participated in this study. Data were excluded from analysis from two participants due to
attrition, and from another participant because of insufficient length of stimulation time in one condition owing
to technical difficulties during tDCS. The final sample comprised 14 older adults (64-81 years, 11 females, see
Table 1). All participants were right-handed and had no prior experience with tDCS or any of the experimen-
tal tasks. Individuals were recruited from the participant database at the Rotman Research Institute as well as
through advertisements. The study protocol was approved by the Research Ethics Board of the Rotman Research
Institute at Baycrest Centre. All participants were informed about the procedures and possible risks of tDCS,
and informed written consent was obtained from all participants. All methods were performed in accordance
with the relevant guidelines and regulations, including safety protocols based on established guidelines on tDCS
administration®. Participants received monetary compensation for their participation in the study.

Pre-experiment musical listening interview. Prior to study participation, participants were asked
about musical listening preferences and past musical experiences to ensure autobiographical saliency of the
music to be played during the study. During the interview, participants were probed for their preferred genres of
music and to share their favorite songs and artists from their past and present. Participants were also probed for
music listening preferences throughout each decade of their lifespan starting from childhood and teenage years,
as well as specific songs (both song names and their respective artists) that held considerable idiosyncratic mean-
ing or evoked personal memories of the past (e.g., wedding songs, or songs that reminded them of a trip they
made, or those they shared with close friends). This information was then used for experimenters to compile a
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Mean (SD)
Variable (n=14)
Age (years) 72.64 (4.89)
Education (years) 16.29 (3.38)
Gender (F:M) 11:3
Average bilateral PTA threshold (Hz) 16.07 (5.51)
QuickSIN (SNR loss) 2.09 (1.31)
WAIS-III Digit Span Total (scaled score) 12.33 (3.18)

Table 1. Demographic, clinical, and hearing assessment data. Digit span scaled scores displayed were acquired
from participants’ first visit pre-stimulation. PTA pure tone audiogram, SNR signal-to-noise ratio, WAIS-III
Wechsler Adult Intelligence Scale, Third Edition.

personalized playlist of songs for each participant. The playlist was procured such that its entire length from start
to finish lasted approximately the same time window of the stimulation phase (21 min). Specific songs that were
probed through the interview were prioritized for inclusion in each playlist, and the remaining time allotted to
the playlist included songs that represented their favorite musical artists and genres from their past. Each playlist
thus contained both participant-selected music and music selected by experimenters based on participants’ indi-
vidual preferences. Playlists were curated on Spotify, and recorded versions of songs were selected over live ver-
sions. Within and across playlists, the included songs were variable in time period and musical genre, spanning
classical, rock, jazz, folk, pop, country, and film score music. Playlists included both vocal and instrumental-only
songs, although most songs within the majority of playlists were vocal in nature.

Experimental design and procedure. A counterbalanced and crossover (repeated-measures) design was
used where all participants underwent three testing sessions, each with a different neurostimulation condition,
with each session conducted at least one week apart to prevent carry-over effects”’. In the tDCS-only condition,
participants received anodal tDCS in silence. In the tDCS + Music condition, participants received anodal tDCS
while simultaneously listening to autobiographically-salient music. In the Sham + Music condition, participants
received sham tDCS stimulation while simultaneously listening to autobiographically-salient music. The order
of the three conditions was randomized and counterbalanced across participants, and participants were blind to
Sham + Music and tDCS + Music conditions. To minimize circadian influences on performance, all three testing
sessions for each participant were scheduled at the same time of day***.

During the first study visit, all participants completed demographic questionnaires pertaining to health and
musical experiences, a brief hearing assessment comprising pure tone audiograms for octave frequencies from
250 to 8000 Hz, and the QuickSIN test (Etymotic Research Inc, Elk Grove, IL, USA) to ensure normal hearing
thresholds and speech-in-noise listening abilities for their age. Participants then completed measures of self-
reported emotional affect and working memory. The stimulation phase followed, involving one of tDCS-only,
tDCS + Music, or Sham + Music conditions. In the conditions involving music listening, each song from the
personalized playlist was played in its entirety. The order of songs was randomized for each participant’s playlist
between the tDCS + Music and Sham + Music sessions. Autobiographically-salient music was played through
soundbooth speakers at an individual comfortable listening level that was kept constant for each participant’s
two music listening conditions. Immediately post-tDCS, participants completed another measure of emotional
affect and working memory. Following these measures, participants completed the auditory WRT that measured
verbal recognition memory while neuroelectric activity was recorded using EEG. A 15-min time window was
allocated between the end of the stimulation phase and the start of the auditory WRT to ensure sufficient time
for EEG setup. Auditory brainstem responses to speech phonemes were recorded following the WRT, and those
data will be reported elsewhere. Participants completed the remaining stimulation conditions on separate visits
with the same procedure but without the initial hearing assessments from the first study visit. All testing sessions
were conducted while the participant was seated comfortably in a recliner inside an electromagnetically-shielded
double-walled sound-attenuated booth.

Measure of emotional affect. The Positive Affect and Negative Affect Schedule®” (PANAS), a self-report
questionnaire, was used to measure changes in emotional affect pre- and post-tDCS. Participants were to score
a list of ten adjectives of positive affect (e.g., “excited,” “enthusiastic”) and ten adjectives of negative affect (e.g.,
“ashamed,” “hostile”) on a five-point Likert scale (from 1 denoting “not at all” to 5 denoting “extremely”) accord-
ing to the extent to which the participant was experiencing the given emotion at that particular moment in time.

Measure of working memory. The digit span forward and backward subtests from the Wechsler Memory
Scale, Third Edition (WMS-III)*! were used to measure changes in working memory pre- and post-tDCS. In the
digit span forward subtest, participants heard a string of digits spoken by an experimenter at a rate of 1 digit per
second, and were instructed to repeat back the string verbatim. In the backward subtest, participants similarly
heard a string of digits spoken by an experimenter, but were to repeat the string in the backwards order. For both
subtests, strings of digits gradually increased in span until the participant incorrectly repeated two strings of the
same length. The digit span tasks were administered and scored in accordance with instructions from the WMS-
IIT administration manual: a score of 1 was given if participants could report each string of digits verbatim, and a
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score of 0 was given if they could not. The digit span was always administered immediately following completion
of the PANAS in all stimulation conditions, and the same digits were read in each condition.

Transcranial direct current stimulation. A constant direct current (2 mA, 20 min) was administered
by a battery-driven constant current stimulator from TCT Research (TCT Research Limited, Kowloon, Hong
Kong) through 35 cm? saline-soaked synthetic sponge electrodes. The anode was placed over the left DLPFC,
located over the F3 electrode location according to the International 10-20 system of EEG electrode place-
ment. Evidence for using F3 for targeting the left DLPFC is supported by models of current flow intensity and
distribution*’. The cathode was placed over the contralateral supraorbital region. The stimulation phase took
21 min. At the start of the stimulation phase, the current gradually increased in a ramp-like fashion from 0
to 2 mA over 60 s, remained constant for 19 min and 50 s, then was ramped down to 0 mA over 10 s. In the
Sham + Music condition, current also gradually increased to 2 mA over a time window of 60 s, then immediately
ramped down to 0 mA over a 10 s period where it was maintained at that level of current for 20 min until the
end of the stimulation phase. To ensure that no participant experienced adverse side effects, a post-stimulation
questionnaire was administered after each stimulation phase composing of Likert scales for a variety of side
effects from “0” being absent to “4” being severe.

Measure of recognition memory. The auditory WRT was used to assess verbal recognition memory fol-
lowing each stimulation phase. Participants heard a continuous stream of everyday spoken words (e.g., “glasses,”
“forests,” “whisper”), and were instructed to assess whether each word was old (i.e., previously heard within the
context of the task on the day of their visit) or new (i.e., never heard within the context of the task on the day of
their visit). Participants responded by pressing the numeric “1” key on a computer keypad with their right index
finger for words judged as new, and the numeric “2” key with the right middle finger for words judged as old.
Participants were instructed to respond as quickly and accurately as possible.

Three hundred word stimuli were recorded by two male and two female native speakers of North American
English. The stimuli were randomly separated into three word lists of 100 words each using MATLAB software,
one list for each of the three experimental blocks of trials. No stimuli were shared between the three word lists.
Thirty words out of each of the three 100-word lists were randomly assigned to the “old” condition and distributed
into three repetition lags, with a single repetition after 1, 3, or 7 intervening words after its initial presentation
(R2, R4, or R8 repetition lags respectively). Thus the entire stimulus set comprised 210 unique word stimuli: 30
words for each of the three repetition lags (90 unique words presented twice) and 120 unique words presented
only once. The order of the three experimental blocks was pseudo-counterbalanced for each participant’s visit
(i.e., list order for the first visit was 1, 2, 3; second visit, 2, 1, 3; third visit, 3, 1, 2). Stimuli were binaurally pre-
sented through Etymotic ER-3A insert earphones (Etymotic Research, Elk Grove, IL, USA) at 76 A-weighted
decibels sound pressure level. The WRT consisted 100 trials for each of the three experimental blocks and lasted
approximately 15 min. Each trial was presented with a stimulus-onset asynchrony of 3000 ms. The experiment
was administered using Presentation software (Version 16.3, Neurobehavioral Systems, Inc, Berkeley, CA). Par-
ticipants did not receive any feedback on their performance during the task.

EEG acquisition and preprocessing. Neuroelectric activity was recorded from Fpz, Fz, Cz, Pz, P3, P4,
TP9, and TP10 electrodes at a 512 Hz sampling rate using a BioSemi ActiveTwo acquisition system (BioSemi
V.O.E, Amsterdam, Netherlands). The electrode montage was based on the standard 10-20 system, and used a
pair of common mode sense and driven right leg reference electrodes. The EEG was re-referenced to linked mas-
toids (i.e., the average of TP9 and TP10 electrodes) for analysis of event-related potentials (ERPs). EEG preproc-
essing was performed by experimenters who were blind to condition. For each participant, principal component
analyses from EEGLab* were used to identify a set of ocular movements from the continuous EEG and then
used to generate spatial components that best accounted for artifacts from eye movements. The spatial topogra-
phies were then subtracted from the continuous EEG to correct for data contaminated from eye-blinks. The con-
tinuous EEG was digitally band-pass filtered to attenuate frequencies below 0.53 Hz (forward, 6 dB/octave) and
above 30 Hz (zero phase, 24 dB/octave). Using Brain Electrical Source Analysis software (BESA Research 7.1,
MEGIS GmbH, Grifelfing, Germany), the EEG data were visually inspected to identify segments contaminated
by defective electrodes if present. Data for each participant were then segmented into epochs of 0-1500 ms in
length with a baseline of 500 ms prior to stimulus onset. Only the epochs for which participants responded cor-
rectly (hits and correct rejections) were included in the analyses. Epochs were scanned for additional artifacts,
with those including deflections exceeding 50 uV marked and excluded from the analysis. This excluded an aver-
age of 3.89% of trials per participant in tDCS-only, 2.71% in Sham + Music, and 2.95% in tDCS + Music, which
did not significantly differ between conditions, F(2, 26) =0.50, p=0.611, 111,2 =0.037. The remaining epochs were
averaged according to experimental conditions, and averaged epochs were baseline-corrected with respect to the
pre-stimulus interval (i.e., mean amplitude over the 500 ms prior to stimulus onset).

Data analysis. Neural and behavioural measures were subjected to analyses of variance (ANOVA) with
Sidak correction to compensate for multiple comparisons. Partial eta-squared was calculated as a measure of
effect size. A Greenhouse-Geisser correction was used when the assumption of sphericity had been violated. An
alpha value of 0.05 was used throughout, and statistical analyses were conducted using SPSS (IBM SPSS Statistics
26.0; Ehningen, Germany).

Behavioural measures. PANAS ratings were summed across positive and negative affect scales. Preliminary
analyses for summed ratings revealed floor effects for the negative affect scale, with the majority of summed
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ratings (81%) at a value of 10 (lowest summed rating for negative affect) and exhibited little variability, and so
this scale was excluded from analysis. Ratings for the positive affect scale were subjected to a two-way repeated-
measures ANOVA with within-subject factors of Condition (tDCS-only, tDCS + Music, Sham + Music) and Time
(pre-stimulation, post-stimulation). Forward and backward digit span scores were subjected to an ANOVA with
the same within-subject factors. For the auditory WRT, trials with a null response or that exceeded 3000 ms from
stimulus onset were excluded from the analysis. Accuracy was calculated from the hit rate minus false alarm
rate for old words, and RT values were calculated only from hits and correct rejections. Accuracy values were
subjected to a repeated-measures ANOVA with within-subject factors of Condition (tDCS-only, tDCS + Music,
Sham + Music) and Repetition Lag (R2, R4, R8), and RT values were subjected to a repeated-measures ANOVA
with within-subject factors of Condition (tDCS-only, tDCS + Music, Sham + Music) and Trial Type (New, R2,
R4, R8). Ratings for the tDCS side effects questionnaire following stimulation were subjected to a one-way
repeated-measures Bayesian ANOVA using JASP software (Version 0.14.1)** with default prior probabilities and
with Condition (tDCS-only, tDCS + Music, Sham + Music) as a within-subjects factor. We denote a Bayes factor
(By,) greater than 3 as indicating support for the alternative hypothesis (i.e., 3:1 odds in favor of the alternative)*.
Conversely, a B, less than 0.33 indicates support for the null hypothesis (3:1 odds in favor of the null).

ERPs.  Figure 4 displays ERP waveforms of the auditory WRT by trial type. All words generated N1 and P2
deflections at central and frontal sites that peaked at about 125 and 250 ms respectively after word onset. In
addition, an “old-new” effect modulation was evident in the late positive complex (LPC) over centro-parietal
electrodes. The LPC, or “P600”, has been reported in previous studies of visual and auditory recognition memory
tasks*~*, has a central posterior scalp distribution, and is thought to index episodic memory recollection->2.
Peak latency for the LPC was defined as the maximum positive voltage over a time window of 350-900 ms.
Peak latencies and mean amplitudes for the LPC were derived from, and averaged over, a pre-defined cluster
of centro-parietal electrodes (Cz, Pz, P3, P4). Mean amplitudes for each trial type were averaged over different
time windows based on visual inspection of average waveforms for each repetition lag. LPC mean amplitudes
were averaged over a 400 ms time window centred on the grand peak latency per condition: 600-1000 ms for
correctly recognized new words, 450-850 ms for correctly recognized old words from R2, 500-900 ms from
R4, and 550-950 ms from R8. Peak latencies and mean amplitudes from the LPC were subjected to a repeated-
measures ANOVA with within-subject factors of Condition (tDCS-only, tDCS + Music, Sham + Music) and Trial
Type (New, R2, R4, R8). As the primary measure of interest for mean amplitudes was the old-new effect (i.e.,
the amplitude difference between old and new trial types), separate post-hoc univariate ANOVAs examined the
old-new amplitude difference between Condition for each repetition lag.

Results

Demographic and clinical data. Participant demographics and hearing assessment data are displayed in
Table 1. In response to questions about their music listening habits, all participants reported that memories of
past events of their lives occasionally come to mind when listening to specific songs or musical genres in their
everyday life. All participants also reported experiencing some sort of emotion (e.g., sadness, happiness, nostal-
gia, enthusiasm) when listening to music in general. Of the sample, three participants identified as musicians,
and the 11 other participants identified as non-musicians. Participants demonstrated normal or near-normal
levels of hearing acuity and speech-in-noise comprehension expected for older adults. Scaled scores of the total
digit span collected from participants’ first study visit pre-stimulation (M =12.33, SD=3.18) indicated that base-
line level of working memory performance from our older adult sample was comparable to norms expected for
their age. Very brief mild side effects such as tingling, mood changes, and neck stiffness were reported during
and following anodal and sham tDCS. The Bayesian analysis for ratings of side effects experienced post-stimula-
tion demonstrated support for a null difference in ratings between conditions, B,,=0.253.

PANAS. Positive affect ratings for the PANAS per condition are displayed in Fig. 1. The analysis revealed
a significant Condition by Time interaction, F(2, 26)=10.83, p<0.001, 1,>=0.454. Simple main effects anal-
yses by Condition revealed, a significant decrease in positive affect ratings from pre- to post-stimulation in
tDCS-only (p=0.025), and a significant increase in positive affect ratings in tDCS +Music (p=0.006). Positive
affect ratings appeared to increase in Sham + Music from pre- to post-stimulation, but this was not significant
(p=0.106). Additional Sidak-corrected post-hoc pairwise comparisons of difference scores (post- minus pre-
tDCS) revealed a greater change in positive affect ratings from pre- to post-tDCS in tDCS +Music (p=0.013)
and Sham + Music (p=0.002) compared to tDCS-only. The change in positive affect ratings did not significantly
differ between tDCS + Music and Sham + Music (p=0.991).

Digit span. The measure of interest for the digit span was the change in working memory performance from
pre- to post-stimulation for forward and backward scale (Fig. 2). For the digit span forward scale, there was no
significant effect of Condition, F(2, 26)=0.35, p=0.771, ,2=0.026, Time, F(1, 13)=0.02, p =0.885, #,°=0.002,
or Condition by Time interaction, F(2, 26)=1.78, p=0.188, 17},2:0.121. For the digit span backward scale, the
Condition by Time interaction was significant, F(2, 26) =4.12, p=0.028, #,°=0.241. As post-hoc power analy-
ses using MorePower (version 6.0)>> showed a power of 68% for detecting a significant Condition by Time
interaction given this effect size, we supplement pairwise comparisons with Bayes factors. Pairwise compari-
sons revealed a significant increase in backwards digit span score in the tDCS+ Music condition (p=0.012,
B,,=4.889), but no change in performance in the tDCS-only (p=0.671, B,;=0.293) or Sham + Music (p=0.418,
B,,=0.365) conditions.
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Figure 1. Change in PANAS ratings (post- minus pre-stimulation) by condition for positive and negative affect
scales. Error bars represent standard error.
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Figure 2. Digit span scores by condition for (a) forward and (b) backward subtests. Error bars represent
standard error.

WRT: behavioural measures. Accuracy and RT data for the auditory WRT are displayed in Fig. 3. The
analysis for accuracy values showed a significant Condition by Trial Type interaction, F(4, 52)=2.89, p=0.031,
1,>=0.182. Simple effects analyses by Trial Type revealed that this interaction was driven by a the effect of Con-
dition that reached marginal significance in the R2 repetition lag, F(1.21, 15.69)=3.54, p=0.073, 111,2:0.214.
The effect of Condition was not significant in either the R4 (F(1.10, 14.29)=0.90, p=0.368, 111,2:0.065) or R8
(F(2, 26)=1.50, p=0.243, 1,>=0.103) repetition lags. The analysis also revealed a main effect of Trial Type,
F(1.24, 16.09) =21.44, p<0.001, quz 0.623. As expected, accuracy was lower for R8 than R4 (p=0.001) and R2
(p=0.002) repetition lags; accuracy was comparable across R2 and R4 repetition lags (p=0.252).

Similarly, the analysis for RTs revealed a main effect of Trial Type, F(3, 39) =13.67, p<0.001, #,°=0.513.
RTs were slower for old words in R8 than R4 (p <0.001) and R2 (p=0.001) repetition lags; RTs were also slower
for old words in R4 than R2 repetition lags (p =0.003). All pairwise comparisons between RTs for new words
and RTs for old words did not reach significance (R2: p=0.106; R4: p=1.000; R8: p=0.093). The main effect of
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Figure 3. Performance on the auditory word recognition task across trial types in terms of (a) accuracy and (b)
reaction times. Error bars represent standard error.

Condition, F(2, 26)=0.317, p=0.731, 111,2 =0.024, and the Condition by Trial Type interaction, F(6, 78) =1.14,
p=0.347, 1, =0.081, were not significant.

WRT: ERP results. Figure 4 displays ERP waveforms by condition and repetition lag. The analysis for LPC
peak latencies revealed a significant Condition by Trial Type interaction, F(6, 78)=4.29, p=0.001, #,>=0.248.
Simple effects analyses by Trial Type revealed a significant main effect of Condition in the R8 repetition lag, F(2,
26)=4.53, p=0.021, 17,>=0.258. Peak latencies for recognition of old words in the R8 repetition lag were signifi-
cantly shorter in tDCS + Music than Sham + Music (p =0.038); although latencies peaked earlier in tDCS + Music
than that in tDCS-only, this comparison was not significant (p=0.196). The effect of Condition was marginal
for the R4 repetition lag, F(2, 26) =3.09, p=0.062, 1,°=0.192, and non-significant for the R2 repetition lag F(2,
26)=0.452, p=0.641, ’7?2 =0.034 or for new words F(2, 26) =0.799, p=0.460, 11p2 =0.058.

The analysis of LPC mean amplitudes revealed a significant Condition by Trial Type interaction, F(3.3,
43.0)=5.71, p=0.002, 11,>=0.305. Post-hoc univariate ANOVAs of the old-new difference in amplitude revealed
a significant main effect of Condition in the R8 repetition lag F(2, 26) =6.11, p=0.007, 1,>=0.320. The old-new
effect for R8 was significantly smaller in tDCS + Music than Sham + Music (p=0.003), and appeared smaller in
tDCS + Music than tDCS-only but was not significant (p=0.155). The effect of Condition was marginally sig-
nificant in the R4 repetition lag, F(2, 26) =3.35, p=0.051, #,>=0.205, and was not significant in the R2 repetition
lag, F(2,26)=0.70, p=0.505, 7;,>=0.051.

As LPC peak latencies and the old-new amplitude difference demonstrated a significant main effect of Con-
dition, post-hoc two-tailed bivariate Pearson correlation analyses were run examining the brain-behaviour
relationships averaged across Condition in the R8 repetition lag only. The analysis included two ERP measures
(i.e., LPC peak latency and the old-new LPC amplitude difference) and two behavioural measures (accuracy or
RTs). There was a significant positive correlation between the old-new amplitude difference and RTs (r=0.348,
p=0.024) such that a greater old-new amplitude difference was associated with longer RTs (Fig. 5). The correla-
tion between the old-new amplitude difference and accuracy did not reach significance (r=-0.022, p=0.891),
and the correlations between peak latency and accuracy (r=0.194, p=0.219) and between peak latency and RTs
(r=0.080, p=0.613) did not reach significance.

Discussion

The present study explored whether combining anodal tDCS over the DLPFC with listening to autobiographi-
cally-salient music amplified changes in subsequent working memory and recognition memory performance in
older adults compared to either music listening under sham stimulation or tDCS alone. Participants underwent
three separate neurostimulation conditions (tDCS-only, Sham + Music, and tDCS + Music), in which working
memory was assessed pre- and post-stimulation, and behavioural and electrophysiological measures of recog-
nition memory were measured post-stimulation. In the tDCS + Music condition, older adults demonstrated an
improvement in working memory between pre- and post-stimulation, but not in tDCS-only or Sham + Music
conditions. In terms of subsequent recognition memory, older adults showed no significant differences in behav-
ioural measures in any conditions; however, the LPC underlying the old-new effect in recognition memory in the
R8 repetition lag differed between tDCS + Music and Sham + Music conditions, but not between tDCS + Music
and tDCS-only.

For working memory, older adults in the present study demonstrated improvement in the backwards digit
span with a small effect size in the combined tDCS + Music condition, and not in tDCS-only or Sham + Music
conditions. To our knowledge, only one other study** examined the effect of anodal tDCS on executive func-
tioning by measuring response inhibition in younger adults pre- and post-tDCS in the presence of low-tempo
and high-tempo background music, finding high-tempo background music to interact with tDCS on response
inhibition. The present study extends this work to the domain of working memory and to healthy older adults.
Despite several studies demonstrating tDCS-related improvements in working memory for younger adults®*-,
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Figure 4. ERP waveforms by trial type for the auditory word recognition task averaged over the pre-defined
centroparietal cluster (Cz, Pz, P3, and P4). Early auditory-evoked sensory potentials (i.e., P1, N2) are identified,
as well as the Late Positive Complex (LPC). R2 =repetition lag with one intervening item; R4 = repetition lag
with three intervening items; R8 =repetition lag with seven intervening items.

this research with older adults remains limited. Some studies found improved verbal and visual working memory
in older adults after anodal tDCS**” and when tDCS is paired with cognitive training”. One study?' also reported
similar findings but only for older adults with high education. However, some studies find no change in working
memory for older adults following tDCS with n-back tasks®**, which are in accordance with the present study’s
findings in the tDCS-only condition. Inconsistent findings are also present when examining tDCS effects in other
cognitive domains, which may be attributed to differences in stimulation parameters, such as current intensity,
duration of stimulation, and stimulation site®.

The literature examining the effects of music listening on working memory remains mixed as well. One
study found improved performance on the forward digit span in older adults while listening to background
classical music compared with white noise or silence®. However, it remains unclear whether this is attributed
to increased arousal from music listening or some other attentional mechanism when cognitive performance is
tested concurrently with background music. A more process pure conservative operationalization of the arousal-
and-mood hypothesis describes mechanisms through which music may confer cognitive benefits following
(rather than during) the listening of enjoyable music"?. In examining subsequent working memory, studies have
found no change in digit span performance in healthy older adults® or older adults with amnestic mild cognitive
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Figure 5. Scatter plot visualizing the correlation between the old-new Late Positive Complex (LPC) amplitude
difference and RTs in the R8 repetition lag of the auditory word recognition task.

impairment® following listening to classical music. Similarly, one study®® found no change in working memory
(with a reading span task) in older adults after listening to preferred music. Therefore, considering the mixed
findings in either tDCS alone or music listening alone in improving working memory, the present study sug-
gests that the pairing of tDCS with listening to autobiographically-salient music may amplify gains in working
memory performance in older adults.

To our knowledge, this is the first study to examine recognition memory following tDCS and concurrent
music listening. The WRT incorporated three repetition lags to measure recognition memory with increasing
levels of task difficulty (i.e., increasing number of intervening items between word repetitions). In our accuracy
and RT measures, we did not observe an effect of combining tDCS with listening to autobiographically-salient
music. In our electrophysiological measures (i.e., LPC latency and amplitude), we observed earlier latencies
for old words and a smaller old-new effect in amplitude for tDCS + Music than Sham + Music only for the R8
repetition lag. The smaller old-new effect in LPC amplitude for the R8 repetition lag was associated with faster
RTs to correctly recognized words. Results of the correlations analyses suggest facilitated neural processing
of word recognition in tDCS + Music relative to Sham + Music. Furthermore, earlier LPC latencies have been
demonstrated in prior research to index faster recognition of familiar and recollected items®>*%. These findings
are consistent with previous meta-analyses demonstrating heightened processing speed in cognitive tasks after
tDCS in healthy populations®>¢. For old words, prior ERP research has also found smaller LPC amplitudes for
old items with greater reoccurrence and greater semantic predictability*®®”. Therefore, a smaller old-new effect
in amplitude observed in the present study may index some neural trace of items held in working memory at
the time of repetition, thereby reducing the need for recollection upon correct recognition of previously-heard
words**¢78, We emphasize that the present study, however, does not demonstrate behavioural differences in
episodic memory when tDCS is paired with listening to autobiographically-salient music compared to the other
experimental conditions.

Similar to the domain of working memory, the literature examining the effects of tDCS on older adults’
recognition memory (and other measures of episodic memory) has also been mixed. Prior research has shown
improvements in verbal episodic memory in older adults following anodal stimulation of the DLPFC*%, with
some using other stimulation sites such as the ventrolateral prefrontal® and the temporoparietal cortices”.
However, several studies have also found null effects after stimulation over the DLPFC 7! or temporoparietal
cortex’?, and even impaired associative memory after stimulation of the left inferior frontal gyrus’®. Nonetheless,
a meta-analysis showed that tDCS strengthened episodic memory for older adults with moderate effect sizes®.
The null accuracy and RT effects on the auditory WRT add to this mixed pattern of findings, and may reflect
some limitations in our experimental design. For instance, the WRT was administered after a 15-min time delay
during which participants were prepared for EEG recording, and the task lasted for another 15 min. The current
intensity or the stimulation time may also have been too brief for a single stimulation session to yield observable
behavioral effects in recognition memory. Furthermore, performance in the R2 and R4 repetition lags approached
ceiling, which may have masked differences between neurostimulation conditions. Although some research
has examined the effects of listening to autobiographically-salient music on subsequent episodic memory in
younger adults”?, this finding in healthy older adults is limited to one pilot study that found no change in verbal
episodic memory after listening to non-preferred or preferred music’. Studies have examined episodic memory
performance in older adults in the presence of concurrent background music during encoding or retrieval
stages®’>76, but it is unclear whether the observed changes are attributed to the arousal-and-mood hypothesis
or some other attentional mechanism"2 Our ERP findings suggest further exploration of combining tDCS with
autobiographically-salient music in tasks with greater episodic memory demands (i.e., longer repetition lags).

The use of autobiographically-salient music may be optimal for exploring the arousal-and-mood hypothesis,
as personally-meaningful music has been suggested to evoke autobiographical memories which thereby induce
strong arousal and high ratings of affective positivity'®!”7-82 Indeed in the present study, ratings of positive
affect increased after listening to autobiographically-salient music in the tDCS + Music condition (where we
also observed improvement in working memory from pre- to post-tDCS). This is consistent with past research
demonstrating increased arousal in older adults with physiological and subjective measures after listening to
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familiar individualized music'>*83%, Transcranial magnetic stimulation of the left DLPFC has also been shown

to increase musical reward sensitivity through fronto-striatal pathways®. These pathways may also have been
modulated through tDCS in the present study to further heighten arousal from music listening and thereby also
heighten the effects of emotional arousal on cognitive performance. Furthermore, some individuals may experi-
ence mild side effects from neurostimulation and find the experience unenjoyable, which may hinder motivation
and wash out tDCS-related benefits to cognitive performance. Indeed in the present study, ratings of positive
affect decreased only in the tDCS-only condition. Pairing of tDCS with concurrent listening to personally-
meaningful music may make the experience of tDCS more tolerable and enjoyable, and may distract users from
tDCS-related side effects. Thus, the present study highlights the potential for autobiographically-salient music
listening to heighten responsivity to tDCS in older adults, and may make the use of neurostimulation more
appealing to new users.

The combination of neurostimulation and listening to autobiographically-salient music may have potential
utility for clinical older adult populations who demonstrate a need for novel cognitive rehabilitation strategies,
especially for individuals with Alzheimer’s disease (AD) and other dementias. Prior research has shown cog-
nitive benefits in individuals with AD following listening to autobiographically-salient music, such as greater
autobiographical recall, semantic fluency, and greater levels of social interaction and well-being®>!475887 Indj-
viduals with AD have also demonstrated cognitive benefits with anodal tDCS, particularly in the domains of
working memory and episodic memory'”?*8-° with greater effect sizes than healthy older adults'”. Future
research may explore the clinical utility of combining non-invasive neurostimulation with concurrent listening
to autobiographically-salient music as a potential framework for cognitive rehabilitation for working memory
in older adults with and without cognitive impairment.

Some limitations of the present study include the experimenters’ lack of blinding to neurostimulation con-
dition during administration of cognitive tasks. Furthermore, as we only measured recognition memory post-
stimulation, the study is limited in comparing the independent contributions to recognition memory perfor-
mance from tDCS alone or autobiographically-salient music alone compared with baseline performance. This
study also employed a small sample size, although this size was similar to those of past studies with tDCS and
music listening®**°. The generalizability of these findings may also be limited by the high level of education in
our sample and the greater female to male ratio—with the latter being of note as responsivity to tDCS has been
found to be greater for females than males®. The additional use of electrodermal measures would better quan-
tify arousal levels during music listening®. Given these limitations, we recommend careful interpretation of the
present results, and for future research to examine the effects of tDCS with larger sample sizes and how demo-
graphic variables such as sex and education moderate these effects. Moreover, future studies should investigate
the durability of such effects to better address the clinical relevance of these techniques for older adults. These
future studies may opt to use a within-subjects design such as the present study, as this design would account
for individual differences such as musical training or the vocal/instrumental nature of personalized playlists
between music listening conditions.

Concluding remarks

The present study suggests that combining tDCS with listening to autobiographically-salient music may amplify
gains in working memory relative to either tDCS alone or music listening alone. Although no evidence for behav-
ioural benefits in recognition memory was found, the combination of tDCS with music listening may modulate
neural processing of recognition memory compared to sham stimulation when episodic memory demands are
high. This study suggests that listening to music, particularly to songs that evoke autobiographical memories,
may heighten responsivity to the effects of tDCS for healthy older adults, and may maximize the tolerability of an
individual’s experience with tDCS. Findings from this present study may inform how to maximize the respon-
sivity of neurostimulationsing personalized music for older adult users of tDCS by using personalized music.

Data availability
This data can be made available upon reasonable request from the corresponding author and in accordance with
applicable laws.

Received: 26 January 2021; Accepted: 27 May 2021
Published online: 16 June 2021

References

1. Husain, G., Thompson, W. F. & Schellenberg, E. G. Effects of musical tempo and mode on arousal, mood, and spatial abilities.
Music Percept. 20, 151-171 (2002).

2. Thompson, W. E, Schellenberg, E. G. & Husain, G. Arousal, mood, and the Mozart effect. Psychol. Sci. 12, 248-251 (2001).

3. El Haj, M., Antoine, P.,, Nandrino, J. L., Gély-Nargeot, M.-C. & Raffard, S. Self-defining memories during exposure to music in
Alzheimer’s disease. Int. Psychogeriatr. 27, 1719-1730 (2015).

4. Wang, A, Tranel, D. & Denburg, N. The cognitive effects of music: Working memory is enhanced in healthy older adults after
listening to music (P07.162). Neurology 80, P07.162 (2013).

5. Thompson, R. G., Moulin, C. J. A., Hayre, S. & Jones, R. W. Music enhances category fluency in healthy older adults and Alzheimer’s
disease patients. Exp. Aging Res. 31, 91-99 (2005).

6. Bottiroli, S., Rosi, A., Russo, R., Vecchi, T. & Cavallini, E. The cognitive effects of listening to background music on older adults:
Processing speed improves with upbeat music, while memory seems to benefit from both upbeat and downbeat music. Front.
Aging Neurosci. 6, 284 (2014).

7. Cardona, G., Rodriguez-Fornells, A., Nye, H., Rifa-Ros, X. & Ferreri, L. The impact of musical pleasure and musical hedonia on
verbal episodic memory. Sci. Rep. 10, 16113 (2020).

Scientific Reports |

(2021) 11:12638 | https://doi.org/10.1038/s41598-021-91977-8 nature portfolio



www.nature.com/scientificreports/

8. Ferreri, L., Bigand, E., Bard, P. & Bugaiska, A. The influence of music on prefrontal cortex during episodic encoding and retrieval
of verbal information: A multichannel fNIRS study. Behav. Neurol. 2015, €707625 https://www.hindawi.com/journals/bn/2015/
707625/ (2015).

9. Greene, C. M., Bahri, P. & Soto, D. Interplay between affect and arousal in recognition memory. PLoS One 5, 11739 (2010).

10. Belfi, A. M., Karlan, B. & Tranel, D. Music evokes vivid autobiographical memories. Memory 24, 979-989 (2016).

11. Janata, P, Tomic, S. T. & Rakowski, S. K. Characterisation of music-evoked autobiographical memories. Memory 15, 845-860
(2007).

12. Ford, J. H., Rubin, D. C. & Giovanello, K. S. The effects of song familiarity and age on phenomenological characteristics and neural
recruitment during autobiographical memory retrieval. Psychomusicology Music Mind Brain 26, 199 (2016).

13. Garcia, J. J. M. et al. Improvement of autobiographic memory recovery by means of sad music in Alzheimer’s disease type dementia.
Aging Clin. Exp. Res. 24, 227-232 (2012).

14. Gerdner, L. A. Effects of individualized versus classical “relaxation” music on the frequency of agitation in elderly persons with
Alzheimer’s disease and related disorders. Int. Psychogeriatr. 12, 49-65 (2000).

15. Balota, D. A., Dolan, P. O. & Duchek, J. M. Memory changes in healthy young and older adults. The Oxford Handbook of Memory
395-410 (Oxford University Press, 2000).

16. Schaie, K. W. The course of adult intellectual development. Am. Psychol. 49, 304 (1994).

17. Hsu, W.-Y,, Zanto, T. P,, Anguera, J. A,, Lin, Y.-Y. & Gazzaley, A. Delayed enhancement of multitasking performance: Effects of
anodal transcranial direct current stimulation on the prefrontal cortex. Cortex 69, 175-185 (2015).

18. Rahman, A. et al. Cellular effects of acute direct current stimulation: Somatic and synaptic terminal effects. J. Physiol. 591,
2563-2578 (2013).

19. Wagner, T., Valero-Cabre, A. & Pascual-Leone, A. Noninvasive human brain stimulation. Annu. Rev. Biomed. Eng. 9, 527-565
(2007).

20. Nitsche, M. A. & Paulus, W. Sustained excitability elevations induced by transcranial DC motor cortex stimulation in humans.
Neurology 57, 1899-1901 (2001).

21. Berryhill, M. E. & Jones, K. T. tDCS selectively improves working memory in older adults with more education. Neurosci. Lett.
521, 148-151 (2012).

22. Park, S.-H., Seo, J.-H., Kim, Y.-H. & Ko, M.-H. Long-term effects of transcranial direct current stimulation combined with com-
puter-assisted cognitive training in healthy older adults. NeuroReport 25, 122-126 (2014).

23. Manenti, R., Brambilla, M., Petesi, M., Ferrari, C. & Cotelli, M. Enhancing verbal episodic memory in older and young subjects
after non-invasive brain stimulation. Front. Aging Neurosci. 5,49 (2013).

24. Sandrini, M. et al. Noninvasive stimulation of prefrontal cortex strengthens existing episodic memories and reduces forgetting in
the elderly. Front. Aging Neurosci. 6, 289 (2014).

25. Sandrini, M. et al. Older adults get episodic memory boosting from noninvasive stimulation of prefrontal cortex during learning.
Neurobiol. Aging 39, 210-216 (2016).

26. Sandrini, M. et al. Transcranial direct current stimulation applied after encoding facilitates episodic memory consolidation in
older adults. Neurobiol. Learn. Mem. 163, 107037 (2019).

27. Nissim, N. R. et al. Effects of in-scanner bilateral frontal tDCS on functional connectivity of the working memory network in older
adults. Front. Aging Neurosci. 11, 51 (2019).

28. Seo, M. H,, Park, S. H., Seo, J. H., Kim, Y. H. & Ko, M. H. Improvement of the working memory by transcranial direct current
stimulation in healthy older adults. J. Korean Acad. Rehabil. Med. 35,201-206 (2011).

29. Cotelli, M. et al. Anodal tDCS during face-name associations memory training in Alzheimer’s patients. Front. Aging Neurosci. 6,
38 (2014).

30. Nilsson, J., Lebedev, A. V. & Lovdén, M. No significant effect of prefrontal tDCS on working memory performance in older adults.
Front. Aging Neurosci. 7,230 (2015).

31. Rose, N. S., Thomson, H. & Kliegel, M. No effect of transcranial direct-current stimulation to dorsolateral prefrontal cortex on
naturalistic prospective memory in healthy young and older adults. J. Cogn. Enhanc. https://doi.org/10.1007/s41465-019-00155-2
(2019).

32. Berryhill, M. E. & Martin, D. Cognitive effects of transcranial direct current stimulation in healthy and clinical populations: An
overview. J. ECT 34, €25 (2018).

33. Horvath, J. C,, Forte, J. D. & Carter, O. Quantitative review finds no evidence of cognitive effects in healthy populations from
single-session transcranial direct current stimulation (tDCS). Brain Stimul. 8, 535-550 (2015).

34. Mansouri, E A. et al. Interactive effects of music and prefrontal cortex stimulation in modulating response inhibition. Sci. Rep. 7,
18096 (2017).

35. Picazio, S., Granata, C., Caltagirone, C., Petrosini, L. & Oliveri, M. Shaping pseudoneglect with transcranial cerebellar direct cur-
rent stimulation and music listening. Front. Hum. Neurosci. 9, 158 (2015).

36. Rossi, S., Hallett, M., Rossini, P. M., Pascual-Leone, A. & The Safety of TMS Consensus Group. Safety, ethical considerations, and
application guidelines for the use of transcranial magnetic stimulation in clinical practice and research. Clin. Neurophysiol. 120,
2008-2039 (2009).

37. Thair, H., Holloway, A. L., Newport, R. & Smith, A. D. Transcranial direct current stimulation (tDCS): A beginner’s guide for
design and implementation. Front. Neurosci. 11, 641-641 (2017).

38. Krause, B. & Cohen Kadosh, R. Not all brains are created equal: The relevance of individual differences in responsiveness to tran-
scranial electrical stimulation. Front. Syst. Neurosci. 8, 25 (2014).

39. Li, L. M., Uehara, K. & Hanakawa, T. The contribution of interindividual factors to variability of response in transcranial direct
current stimulation studies. Front. Cell. Neurosci. 9, 181 (2015).

40. Watson, D., Clark, L. A. & Tellegen, A. Development and validation of brief measures of positive and negative affect: The PANAS
scales. J. Pers. Soc. Psychol. 54,1063 (1988).

41. Wechsler, D. Wechsler Memory Scale (WMS-III) Vol. 14 (Psychological Corporation, 1997).

42. Seibt, O, Brunoni, A. R., Huang, Y. & Bikson, M. The pursuit of DLPFC: Non-neuronavigated methods to target the left dorsolateral
pre-frontal cortex with symmetric bicephalic transcranial direct current stimulation (tDCS). Brain Stimul. 8, 590-602 (2015).

43. Delorme, A. & Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent
component analysis. J. Neurosci. Methods 134, 9-21 (2004).

44. Love, J. et al. JASP: Graphical statistical software for common statistical designs. J. Stat. Softw. 88, 1-17 (2019).

45. Wagenmakers, E.-J. et al. Bayesian inference for psychology. Part II: Example applications with JASP. Psychon. Bull. Rev. 25, 58-76
(2018).

46. Olichney, J. M. et al. Abnormal verbal event related potentials in mild cognitive impairment and incipient Alzheimer’s disease. J.
Neurol. Neurosurg. Psychiatry 73, 377-384 (2002).

47. Rugg, M. D,, Roberts, R. C., Rotter, D. D., Pickles, C. D. & Nagy, M. E. Event-related potentials related to recognition memory:
Effects of unilateral temporal lobectomy and temporal lobe epilepsy. Brain 114, 2313-2332 (1991).

48. Wilding, E. L., Doyle, M. C. & Rugg, M. D. Recognition memory with and without retrieval of context: An event-related potential
study. Neuropsychologia 33, 743-767 (1995).

49. Danker, J. E. et al. Characterizing the ERP Old-New effect in a short-term memory task. Psychophysiology 45, 784-793 (2008).

Scientific Reports|  (2021) 11:12638 | https://doi.org/10.1038/s41598-021-91977-8 nature portfolio


https://www.hindawi.com/journals/bn/2015/707625/
https://www.hindawi.com/journals/bn/2015/707625/
https://doi.org/10.1007/s41465-019-00155-2

www.nature.com/scientificreports/

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

84.

85.

86.

87.

88.

89.

90.

Friedman, D. & Johnson, R. Event-related potential (ERP) studies of memory encoding and retrieval: A selective review. Microsc.
Res. Tech. 51, 6-28 (2000).

Strézak, P, Bird, C. W., Corby, K., Frishkoff, G. & Curran, T. FN400 and LPC memory effects for concrete and abstract words.
Psychophysiology 53, 1669-1678 (2016).

Van Strien, J. W., Verkoeijen, P. P, Van der Meer, N. & Franken, I. H. Electrophysiological correlates of word repetition spacing:
ERP and induced band power old/new effects with massed and spaced repetitions. Int. J. Psychophysiol. 66, 205-214 (2007).
Campbell, J. I. D. & Thompson, V. A. MorePower 6.0 for ANOVA with relational confidence intervals and Bayesian analysis. Behav.
Res. Methods 44, 1255-1265 (2012).

Andrews, S. C., Hoy, K. E., Enticott, P. G., Daskalakis, Z. J. & Fitzgerald, P. B. Improving working memory: The effect of combin-
ing cognitive activity and anodal transcranial direct current stimulation to the left dorsolateral prefrontal cortex. Brain Stimul. 4,
84-89 (2011).

Jeon, S. Y. & Han, S. J. Improvement of the working memory and naming by transcranial direct current stimulation. Ann. Rehabil.
Med. 36, 585 (2012).

Ohn, S. H. et al. Time-dependent effect of transcranial direct current stimulation on the enhancement of working memory. Neu-
roReport 19, 43-47 (2008).

Di Rosa, E. et al. Reward motivation and neurostimulation interact to improve working memory performance in healthy older
adults: A simultaneous tDCS-fNIRS study. Neuroimage 202, 116062 (2019).

Nilsson, J., Lebedev, A. V., Rydstrom, A. & Lévdén, M. Direct-current stimulation does little to improve the outcome of working
memory training in older adults. Psychol. Sci. 28, 907-920 (2017).

Huo, L. et al. Effects of transcranial direct current stimulation on episodic memory in older adults: A meta-analysis. J. Gerontol.
Ser. B76,692-702 (2021).

Mammarella, N., Fairfield, B. & Cornoldi, C. Does music enhance cognitive performance in healthy older adults? The Vivaldi
effect. Aging Clin. Exp. Res. 19, 394-399 (2007).

Borella, E., Carretti, B., Grassi, M., Nucci, M. & Sciore, R. Are age-related differences between young and older adults in an affective
working memory test sensitive to the music effects?. Front. Aging Neurosci. 6,298 (2014).

Lake, J. I. & Goldstein, F. C. An examination of an enhancing effect of music on attentional abilities in older persons with mild
cognitive impairment. Percept. Mot. Skills 112, 267-278 (2011).

Hirokawa, E. Effects of music listening and relaxation instructions on arousal changes and the working memory task in older
adults. J. Music Ther. 41, 107-127 (2004).

Van Strien, J. W,, Hagenbeek, R. E., Stam, C. ]., Rombouts, S. A. R. B. & Barkhof, F. Changes in brain electrical activity during
extended continuous word recognition. Neuroimage 26, 952-959 (2005).

Brunoni, A. R. & Vanderhasselt, M.-A. Working memory improvement with non-invasive brain stimulation of the dorsolateral
prefrontal cortex: A systematic review and meta-analysis. Brain Cogn. 86, 1-9 (2014).

Dedoncker, J., Brunoni, A. R, Baeken, C. & Vanderhasselt, M.-A. A systematic review and meta-analysis of the effects of transcranial
direct current stimulation (tDCS) over the dorsolateral prefrontal cortex in healthy and neuropsychiatric samples: Influence of
stimulation parameters. Brain Stimul. 9, 501-517 (2016).

Van Petten, C., Kutas, M., Kluender, R., Mitchiner, M. & McIsaac, H. Fractionating the word repetition effect with event-related
potentials. . Cogn. Neurosci. 3, 131-150 (1991).

Olichney, J. M. et al. Word repetition in amnesia: Electrophysiological measures of impaired and spared memory. Brain 123,
1948-1963 (2000).

Medvedeva, A. et al. Effects of anodal transcranial direct current stimulation over the ventrolateral prefrontal cortex on episodic
memory formation and retrieval. Cereb. Cortex 29, 657-665 (2019).

Floel, A. et al. Non-invasive brain stimulation improves object-location learning in the elderly. Neurobiol. Aging 33, 1682-1689
(2012).

Leach, R. C,, McCurdy, M. P,, Trumbo, M. C., Matzen, L. E. & Leshikar, E. D. Differential age effects of transcranial direct current
stimulation on associative memory. J. Gerontol. Ser. B 74, 1163-1173 (2019).

Kiilzow, N. et al. No effects of non-invasive brain stimulation on multiple sessions of object-location-memory training in healthy
older adults. Front. Neurosci. 11, 746 (2018).

Leach, R. C., McCurdy, M. P, Trumbo, M. C., Matzen, L. E. & Leshikar, E. D. Transcranial stimulation over the left inferior frontal
gyrus increases false alarms in an associative memory task in older adults. Healthy Aging Res. 5, 8 (2016).

Silva, S., Belim, F. & Castro, S. L. The Mozart effect on the episodic memory of healthy adults is null, but low-functioning older
adults may be an exception. Front. Psychol. 11, 538194 (2020).

Foster, N. A. & Valentine, E. R. The effect of auditory stimulation on autobiographical recall in dementia. Exp. Aging Res. 27,
215-228 (2001).

Reaves, S., Graham, B., Grahn, J., Rabannifard, P. & Duarte, A. Turn off the music! Music impairs visual associative memory
performance in older adults. Gerontologist 56, 569-577 (2016).

Barrett, F. S. et al. Music-evoked nostalgia: Affect, memory, and personality. Emotion 10, 390-403 (2010).

Cady, E. T,, Harris, R. J. & Knappenberger, J. B. Using music to cue autobiographical memories of different lifetime periods. Psychol.
Music 36, 157-177 (2008).

Ford, J. H., Addis, D. R. & Giovanello, K. S. Differential neural activity during search of specific and general autobiographical
memories elicited by musical cues. Neuropsychologia 49, 2514-2526 (2011).

Ford, J. H., Rubin, D. C. & Giovanello, K. S. Effects of task instruction on autobiographical memory specificity in young and older
adults. Memory 22, 722-736 (2014).

. Janata, P. The neural architecture of music-evoked autobiographical memories. Cereb. Cortex 19, 2579-2594 (2009).
. Schulkind, M. D. & Woldorf, G. M. Emotional organization of autobiographical memory. Mem. Cognit. 33, 1025-1035 (2005).
. Lopez-Cano, M. A,, Navarro, B., Nieto, M., Andrés-Pretel, F. & Latorre, ]. M. Autobiographical emotional induction in older people

through popular songs: Effect of reminiscence bump and enculturation. PLoS One 15, 0238434 (2020).

Thaut, M. H. et al. Neural basis of long-term musical memory in cognitively impaired older persons. Alzheimer Dis. Assoc. Disord.
34,267-271 (2020).

Mas-Herrero, E., Dagher, A. & Zatorre, R. J. Modulating musical reward sensitivity up and down with transcranial magnetic
stimulation. Nat. Hum. Behav. 2, 27-32 (2018).

Sherratt, K., Thornton, A. & Hatton, C. Music interventions for people with dementia: A review of the literature. Aging Ment.
Health 8, 3-12 (2004).

Sung, H. & Chang, A. M. Use of preferred music to decrease agitated behaviours in older people with dementia: A review of the
literature. J. Clin. Nurs. 14, 1133-1140 (2005).

Boggio, P. S. et al. Prolonged visual memory enhancement after direct current stimulation in Alzheimer’s disease. Brain Stimul. 5,
223-230 (2012).

Hill, A. T., Fitzgerald, P. B. & Hoy, K. E. Effects of anodal transcranial direct current stimulation on working memory: A systematic
review and meta-analysis of findings from healthy and neuropsychiatric populations. Brain Stimul. 9, 197-208 (2016).
Marceglia, S. et al. Transcranial direct current stimulation modulates cortical neuronal activity in Alzheimer’s disease. Front.
Neurosci. 10, 134 (2016).

Scientific Reports |

(2021) 11:12638 | https://doi.org/10.1038/s41598-021-91977-8 nature portfolio



www.nature.com/scientificreports/

Acknowledgements

This work was supported by the Lorraine-Johnston Foundation. We thank Victoria Nieborowska for assistance in
participant recruitment and data collection, and Alexandra Beltran-Montoya, Dr. Vanessa Chan, Manda Fischer,
Gabrielle Katz, Shahier Paracha, Karishma Ramdeo, Dr. Nasim Shams, Parnian Tajbakhsh, and Gordon Zhou for
assistance with data preparation and preprocessing. We thank all participants for their involvement in this study.

Author contributions

AN.-G.,, A.M,,J.R,, and C.A. contributed to conception and design. A.N.-G. and R.C. conducted data acquisition,
and R.C. conducted data preprocessing and analysis. All authors contributed to interpreting the results, drafting
the manuscript and revising it critically.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:12638 | https://doi.org/10.1038/s41598-021-91977-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of transcranial direct current stimulation combined with listening to preferred music on memory in older adults
	Methods
	Participants. 
	Pre-experiment musical listening interview. 
	Experimental design and procedure. 
	Measure of emotional affect. 
	Measure of working memory. 
	Transcranial direct current stimulation. 
	Measure of recognition memory. 
	EEG acquisition and preprocessing. 
	Data analysis. 
	Behavioural measures. 
	ERPs. 


	Results
	Demographic and clinical data. 
	PANAS. 
	Digit span. 
	WRT: behavioural measures. 
	WRT: ERP results. 

	Discussion
	Concluding remarks
	References
	Acknowledgements


