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Background: Previous studies show that activity in the posterior default mode network (pDMN),
including the posterior cingulate cortex and the precuneus, is correlated with the success of long-term
episodic memory retrieval. However, the role of the anterior DMN (aDMN) including the medial pre-
frontal cortex is still unclear. Some studies show that activating the medial prefrontal cortex improves
memory retrieval while other studies show deactivation of the medial prefrontal cortex in successful
retrieval of episodic memories, suggesting a possible functional dissociation between the aDMN and
pDMN.
Objective: In the current study, we aim to causally explore this probable dissociation using high-
definition transcranial direct current stimulation (HD-tDCS).
Methods: We perform a randomised double-blinded two-visit placebo-controlled study with 84 healthy
young adults. During Visit 1 they learn 75 Swahili-English word-associations. Seven days later, they
randomly receive either anodal, cathodal or sham HD-tDCS targeting the pDMN or aDMN while they
recall what they have previously learned.
Results: We demonstrate that anodal stimulation of the pDMN and cathodal stimulation of the aDMN,
equally improve the percentage of Swahili-English word-associations recalled 7 days after learning.
Conclusions: Modulating the activity in the aDMN and pDMN causally affect memory retrieval perfor-
mance. HD-tDCS of the aDMN and pDMN shows that anodal stimulation of the pDMN and cathodal
stimulation of the aDMN increases memory retrieval performance one week after the learning phase.
Given consistent evidence, it is highly likely that we are increasing the activity in the pDMN with anodal
pDMN stimulation. However, it is not clear if cathodal HD-tDCS targetting aDMN works via decoupling
from the pDMN or via indirectly disinhibit pDMN.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
Introduction

Recalling memories is a basic survival instinct. At a molecular
level, memories are stored in cells called engrams and retrieved
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).
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when the synaptic strength of connections between them is
increased [1,2]. At a systems level, neuroimaging studies demon-
strate a relationship between the connectivity of the medial tem-
poral lobe (MTL) and default mode network (DMN), particularly the
posterior part of the DMN, and successful retrieval of long-term
episodic memories [3,4]. The DMN is often considered as a func-
tionally homogenous brain network because of the high repro-
ducibility of its role across different methods and experimental
conditions [5]. It consists of two main parts e the anterior section
and the posterior sections [6,7] that form its core. The anterior DMN
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:sven.vanneste@tcd.ie
http://www.lab-clint.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brs.2021.06.007&domain=pdf
www.sciencedirect.com/science/journal/1935861X
http://www.journals.elsevier.com/brain-stimulation
https://doi.org/10.1016/j.brs.2021.06.007
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.brs.2021.06.007
https://doi.org/10.1016/j.brs.2021.06.007


Y. Huang, A. Mohan, S.L. McLeod et al. Brain Stimulation 14 (2021) 1005e1014
(aDMN) includes prefrontal areas such as the medial prefrontal
cortex (mPFC), whereas the posterior DMN (pDMN) includes the
posterior cingulate cortex (PCC) and precuneus [6,8]. The current
study explores whether polarity-specific neuromodulation of the
aDMN and pDMN both result in improved performance during
episodic memory retrieval in young, non-cognitively impaired
adults.

Functional magnetic resonance imaging (fMRI) indicates that
successful memory retrieval is associated with increased activity in
the pDMN regardless of the type of stimulus modality, and memory
test [9e13]. Unlike research surrounding increased activity in the
pDMN and successful memory retrieval, the aDMN's evidence is
still inconsistent. Reactivating engram cells in the mPFC could lead
mice to re-experience fear memory formed previously even in the
absence of an actual context [14]. In humans, activation of themPFC
is consistently reported during recall of auto-biographical infor-
mation [15e17]. However, a study also reported a functional
dissociation between the aDMN and pDMN during episodic mem-
ory retrieval [18]. Specifically, the pDMN was highly activated and
the aDMN was strongly deactivated [18]. Other research corrobo-
rated this evidence by showing that decoupling of the mPFC from
the rest of the DMN benefits schema memory [19]. These studies
suggest that the aDMN and pDMN may have diametrically
opposing functionalities during episodic memory retrieval.

In the current study, we aim to disentangle the role of the pDMN
and aDMN in episodic memory retrieval using a neuromodulation
technique called high-definition transcranial direct current stimu-
lation (HD-tDCS) [20e22]. Compared to conventional tDCS, which
uses large electrode pads, HD-tDCS uses an array of small, circular
electrodes. This makes it possible to stimulate brain regions with
increased spatial accuracy [23]. tDCS has two types of stimulatione

anodal and cathodal stimulation. Anodal stimulation is where the
positive electrode is placed over the targeted region and current
flows away from it towards the return electrode placed away from
the targeted region; vise-versa happens in cathodal stimulation
[23]. The general effect of tDCS is assumed to be anodal excitation
and cathodal inhibition [24e26]. However, other research indicates
that this polarity-specific effects of tDCS is specific to the motor
cortex [27e30], but this effect of tDCS for non-motor regions might
be different [31]. That is, research revealed that both anodal and
cathodal tDCS could increase synaptic strength of connections be-
tween different brain regions [32,33].

Based on the above literature, a potential functional dissociation
between the aDMN and pDMN during episodic memory retrieval
and the fact that tDCS increases synaptic strength between
different brain regions, we hypothesize that anodal HD-tDCS tar-
geting the pDMN can improve memory retrieval. Yet, HD-tDCS
targeting the aDMN can improve memory retrieval, but it is not
clear if this can be achieved by anodal or cathodal stimulaiton.
Through this study, we will be able to further our understanding of
the potential relationship between the DMN and the memory
retrieval process. It can provide valuable information for future
therapeutic approaches that could utilize brain stimulation to help
memory-related disorders such as Alzheimer's disease (AD) and
mild cognitive impairment (MCI) that involve malfunctions of
either the aDMN or pDMN.

Methods

Design

This study is a double-blinded, two-visit, placebo-controlled,
randomized, parallel-group study. The study employed a mixed
factorial design with time (Visit 1 vs. Visit 2) as the within-subjects
factor and stimulation condition (anodal vs. cathodal vs. sham
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stimulation) and stimulation location (aDMN vs pDMN) as the
between-subjects factors which serve as independent variables,
whereas the number of recalled EnglisheSwahili word-pairs is the
dependent variable. The study was approved by the University of
Texas at Dallas (UTD) Institutional Review Board (IRB), and all
participants signed the informed consent before starting the study.

Sample size

The sample was estimated based our previous research using
the word asscoaition task [34] (see experiment 5). It is important to
note that in the previous study the stimulation was applied during
the first visit using an occipital target. However, as the primary
outcome, the word asscoaition task during Visit 2, was similar as in
previous study we used this to estimated the sample size in the
present study. We calculated our sample by assuming an a level of
0.05 (two-sided), power of 90%, and an effect size of h2 ¼ 0.50 on
word association test during Visit 2. This resulted in a sample size of
72. We included extra participants to anticipate a drop-out be-
tween Visit 1 and Visit 2.

Participants

We recruited a total of 84 participants from the UTD main
campus. Fourty participants (male ¼ 9, mean age ¼ 19 years,
Sd ¼ 1.5 years) were included in the aDMN group (13 anodal, 14
cathodal, and 13 sham stimulation). For pDMN, a total of 44 par-
ticipants (male ¼ 11, mean age ¼ 19 years, Sd ¼ 1.2 years) were
included (16 anodal, 11 cathodal, and 17 sham stimulation). The
study inclusion criteria were: (i) age 18e35 years; (ii) not currently
using any medication; (iii) native English speakers, i.e., born and
raised in the United States or have been speaking, living, or going to
school in the United States since six years of age or younger; and
(iv) capable of understanding and signing the informed consent
form. The study exclusion criteria were: (i) acquainted with the
Swahili/Arabic language or Swahili culture; (ii) severe disease; (iii)
mental illness; (iv) cardiac history; (v) history of severe head in-
juries; (vi) history of epileptic insults; (vii) implanted devices such
as a pacemaker or neurostimulator; and (viii) pregnancy. To check
these criteria, all participants were phone-screened prior to
scheduling appointments for study sessions. In addition, during the
visit and after consenting we tested and excluded participants who
scored (i) > 13 on Beck Depression Inventory-II Questionnaire (BDI-
II) (ii) 2 or above on the suicide question including in the BDI-II and
(iii) < 30 on the Mini-Mental State Examination (MMSE).

Testing material

For the memory task, we used a well established
EnglisheSwahili word-pairs test, based on an associative memory
test paradigm adapted from previous studies [35,36], the merits of
which includee (1) reduced exposure to Swahili vocabulary among
English-speaking participants; (2) reduced likelihood of partici-
pants learning Swahili in a school setting, since it's not related to
the Romance languages; (3) Swahili using the Standard English
alphabet without modifications of any letters and (4) optimal recall
performance of ~20% correct, which is well above the floor but al-
lows ample room for assessment of differences in multi-trial
learning [35].This task was conducted in both Visit 1 and Visit 2
sessions. During Visit 1, participants repeatedly studied and were
tested on the English-Swahili word-pairs in an attempt to correctly
learn all 75 word-pairs by the end of the visit. On Visit 2, seven days
later, they were asked to recall all 75 word-pairs from Visit 1. While
performing this recall test during Visit 2, each participant randomly
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received either anodal, cathodal, or sham HD-tDCS targeting the
aDMN or pDMN.

Word association task

1. Visit 1

During Visit 1, participants first went through the informed
consent. After all pre-assessments, instructions were provided to
the participants on the EnglisheSwahili word-pairs test. In Visit 1,
the test contained four blocks using a SDTN paradigm (S, study
phase; D, distraction phase; TN, test phase with non-recalled word
pairs) [36]. Each block included a study phase, a distraction phase,
and a test phase. Participants studied all 75 word-pairs in every
block but, after a Swahili word is successfully recalled once during a
test phase, that word-pair would be dropped from the test phases
of subsequent blocks. Previous research demonstrated the critical
role of retrieval practice in the consolidated learning of a foreign
language [36]. Therefore, applying the SDTN condition ensures that
all participants were well exposed to the study material while
avoiding a ceiling effect on the number of Swahili words learned
during Visit 1. This creates enough room to assess the memory
performance between stimulation conditions and targeted brain
regions. During the study phase each word-pair was presented for
5 s. During the test phase each Swahili word was presented for 8 s
for the participant to provide the correct English translation. After
Visit 1 was completed, participants were asked to refrain from
studying the word pairs learned throughout the week.

2. Visit 2

Seven days later, participants returned for Visit 2. To rule out the
possible effects of HD-tDCS on mood that might confound its
memory effect on the retrieval test, the experimenter asked par-
ticipants to fill out the Profile of Mood States (POMS) questionnaire
before and after HD-tDCS. Since this is a double-blinded study, a
second experimenter conducted the word-pairs retrieval test as
well as the HD-tDCS procedure. The experimenter randomly
selected a ticket out of a raffle-like box to assign each participant to
either anodal, cathodal, or sham stimulation targeting either the
aDMN or pDMN. Following the word-pairs test paired with HD-
tDCS, participants were then asked to complete a tDCS Interfer-
ence Questionnaire and Exit Questionnaire [37].

Simulation procedure

Before the actual stimulation procedure, a fully automated
Realistic Volumetric-Approach to Simulate Transcranial (ROAST
https://www.parralab.org/resources.html) [38] electric simulation
pipeline was used to find the ideal electrode placement for stim-
ulation of aDMN and pDMN. ROAST is a Matlab based toolbox that
combines the segmentation algorithm of SPM8 and automatic
electrode placement, the finite element mesher iso2mesh and the
solver getDP [38]. The electrode placement was setup according to
the 10/20 international system for EEG electrode placement, using
Fpz as the stimulation electrode and Fz, Fp1, and Fp2 as returning
electrodes for aDMN stimulation (Fig. 1a), and using Pz as the
stimulation electrode and Oz, PO7, and PO8 as returning electrodes
for pDMN stimulation (Fig. 1b). The electric fields and voltage maps
as well as the electrode montages for both aDMN and pDMN
stimulation are displayed in Fig. 1 (we used anodal stimulation for
both aDMN and pDMN as examples here). The electric field de-
scribes the direction of the direct current and areas it passes
through. The voltage map describes the polarity of the stimulation.
The electrode montage describes the location of the electrodes of
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the stimulation on a human head model. Both setups called for a
constant current of 1.0 mA. The model corroborated that our HD-
tDCS montages produced maximum current flow to the aMDN,
including the ventral mPFC (vmPFC) and dorsal mPFC (dmPFC), and
to the pDMN consisting of the PCC and precuneus. The simulation
model was based on the MNI-152 standard head [39].
HD-tDCS procedure

Direct current was transmitted through circular Ag/AgCl elec-
trodes (1-cm radius) attached to a neoprene head cap using a
conductive gel and was delivered by a battery-driven, wireless
multichannel transcranial current stimulator (Starstim tCS®, http://
www.neuroelectrics.com). The stimulation montages were based
on the simulation procedure as described above. We applied HD-
tDCS only during Visit 2.

The central electrode was set up as the anode or the cathode,
respectively, in the anodal and cathodal stimulation conditions. See
Fig. 1 for montages. In both stimulation conditions, after a 60 s
ramp-up period (gradual increase), we added 30 s for participants
to habituate to the stimulation before the memory retrieval task
started. The retrieval test phasewould then begin, lasting 10min (¼
8 s per words x 75words). After the retrieval test phase, stimulation
immediately ramps down (gradually decrease) for 30 s. The total
actual stimulation time is 10 min 30 s. In the sham stimulation
group, the simulation immediately ramps down for 30 s during the
habituation period after the initial 60 s ramp up. The rationale
behind this sham procedure is to mimic the transient haptic
sensation at the beginning of active HD-tDCS. The sham session
lasts as long as the active HD-tDCS session to appropriately blind
the procedure. For all three stimulation conditions, the stimulation
intensity was set at 1.0 mA.
Statistical analysis

For Visit 1, the percentage of words (recalled/total words (i.e.
75)) cumulatively learned in each study block was compared be-
tween the different areas and stimulation groups using a repeated
measures ANOVA including area (aDMN vs. pDMN) x condition
(anodal vs. cathodal vs. sham) as between-subjects variables and
study blocks (block, 1, block 2, block 3 and block 4) as within-
subjects variable. We tested for sphericity using the Mauchly's
test of sphericity, it the assumption was violated we applied a
GreenGeisser correction.

For Visit 2, seven days after learning the word associations, we
analyze the data in two different ways. In the first method, the
percentage of howmany words presented, we divided the correctly
retrieved words during Visit 2 by the entire list of words (i.e. 75
words). In the second method, the percentage of how many words
learned during Visit 1, we divided the correctly retrieved words
during Visit 2 by the number of words participants successfully
remembered during Visit 1. In both analyses we used an ANOVA
with the percentage of how many words presented (i.e. 75 words)
and how many words learned during Visit 1, respectively as
dependent variable and area (aDMN vs. pDMN) and condition
(anodal vs. cathodal vs. sham) as the independent between-
subjects variables. To compare the different conditions or area we
used a simple contrast analysis. A Bonferoni correction was applied
to correct for multiple comparisons.

We compared Visit 1 with Visit 2 (raw scores) including the
condition and area as between-subjects variables using a repeated
measures ANOVA. We tested for sphericity using the Mauchly's test
of sphericity, it the assumption was violated we applied a Green-
Geisser correction.

https://www.parralab.org/resources.html
http://www.neuroelectrics.com
http://www.neuroelectrics.com


Fig. 1. (a) Simulation model from ROAST targeting aDMN using Fpz as the stimulation electrode and Fz, Fp1, and Fp2 as returning electrodes for stimulation intensity as 1.0 mA. The
upper row (1) demonstrated the electric field, the middle row (2) demonstrated the voltage map and the lower row (3) demonstrated the electrodes montage (re-drawn from
Ref. [67]). (b) Simulation model from ROAST targeting pDMN using Pz as the stimulation electrode and Oz, PO7, and PO8 as returning electrodes for stimulation intensity as 1.0 mA.
The upper row (1) demonstrated the electric field, the middle row (2) demonstrated the voltage map and the lower row (3) demonstrated the electrodes montage (re-drawn from
Ref. [67]).
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For the POMS questionnaire we used repeatedmeasures ANOVA
to analyze the stimulation effect on mood with POMS total score
(before vs. after stimulaiton) as within-subjects variable, and area
(aDMN vs. pDMN) and condition (anodal vs. cathodal vs. sham) as
between-subjects variables.

Before concluding the experiment, participants were asked to
fill out a questionnaire to assess their experience of possible side
effects (e.g., headache, neck pain, and scalp pain) related to the
stimulation on a 4-point scale (1 ¼ absent, 2 ¼mild, 3 ¼moderate,
and 4¼ severe). We performed aMANOVA to assess the differences
between scores on side effects between anodal, cathodal, and sham
stimulation conditions for the two areas (aDMN vs. pDMN).

In addition, we asked participants if they were assigned to the
active (anodal or cathodal) or sham group. We performed a chi-
1008
square analysis to assess if participants in all three stimulation
conditions were well-blinded during the stimulation session and
compared participants’ perception of the stimulation with the
actual stimulation.
Results

Word association task

For Visit 1, a repeated measures ANOVA (using a GreenGeisser
correction) including area (aDMN vs. pDMN) x condition (anodal vs.
cathodal vs. sham) x study blocks (block, 1, block 2, block 3 and
block 4) revealed no significant effect for area (F (1,78) ¼ 1.02,
p ¼ .32), condition (F (2,78) ¼ 2.44 p ¼ . 094), area x condition (F
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(2,78) ¼ 0.96, p ¼ .39), area x study block (F (3,76) ¼ 0.71, p ¼ .55),
condition x study blocks (F (6,154) ¼ 1.22, p ¼ .30), or area x con-
dition x study blocks (F (6,154)¼ 0.87, p¼ .52), indicating that there
is no difference between the area and conditions stimulated over
the different study blocks. As expected we found a significant effect
for block (F (3,76) ¼ 1349.76, p < .001) indicating that participants
learned more words after every block. Pairwise comparison using a
Bonferroni correction of multiple comparison revealed that par-
ticipants learned morewords after block 4 (M¼ 85.48%, Sd¼ 16.02,
F (1,78) ¼ 2508.16, p < .001) in comparison to the three other
blocks. For block 3 (M ¼ 71.41%, Sd ¼ 19.21, F (1,78) ¼ 1418.47,
p < .001) participants learnedmorewords in comparison to the two
previous blocks. In block 2 (M ¼ 45.79%, Sd ¼ 18.66, F
(1,78) ¼ 580.22, p < .001) participants learned more words in
comparison to block 1 (M ¼ 14.49%, Sd ¼ 9.25). See Fig. 2a for
overview.

For Visit 2, seven days after learning the word associations, we
analyzed the data in two different ways, namely based on how
many words presented (i.e. 75 words) and based on how many
words learned during Visit 1. Based on howmany words presented,
an ANOVA revealed a significant main effect for condition (F
(2,78) ¼ 3.33 p ¼ .04), but no mian effect for area (F (2,78) ¼ 2.55,
p ¼ .11). For condition, a pariwise comparison using a Bonferroni
correction of multiple comparison revealed that sham stimulation
(M ¼ 31.55%, Sd ¼ 19.05) was significantly different from cathodal
(M ¼ 41.39%, Sd ¼ 15.52, F (1,78) ¼ 3.82 p ¼ .047) and anodal
(M ¼ 42.16%, Sd ¼ 15.14, F (1,78) ¼ 5.84, p ¼ .018) stimulation. No
significant effect was obtained between cathodal and anodal
stimulation. Yet, this main effect for condition interacts with area,
showing an interaction effect between area x condition (F
(2,78) ¼ 5.17, p ¼ .008). For pDMN, a simple contrast analysis
revealed that participants assigned to the anodal conditions
(M ¼ 45.25%, Sd ¼ 14.92) recalled significantly more words in
comparison to the cathodal (M¼ 29.70%, Sd¼ 12.37, F (2,78)¼ 6.26,
p ¼ .014) and sham (M ¼ 30.35%, Sd ¼ 22.54; F (2,78) ¼ 3.33,
p ¼ .041) groups. These effects remained after correction for mul-
tiple comparison using a Holm-Boneferonni correction. For aDMN,
a simple contrast analysis revealed that participants assigned to the
cathodal conditions (M ¼ 50.57%, Sd ¼ 11.00) recalled significantly
more words in comparison to the anodal (M ¼ 38.36%, Sd ¼ 15.10,
F ¼ 3.99, p ¼ .049) and sham (M ¼ 33.13%, Sd ¼ 13.97; F
(2,78) ¼ 8.14, p ¼ .006) groups. These effects remained after
correction for multiple comparison using a Holm-Boneferonni
correction. No significant effect was obtained when comparing
Fig. 2. (a) Cumulative learning curve of the percentage of words learned over the 4 study b
Percentage of words correctly recalled in the different combinations of target regions and
retrieved during Visit 2 between participtants that received aDMN or pDMN HD-tDCS base
how many words participants correctly retrieved during Visit 2 between participants that r
Visit 1. Error bars represent standard errors of the mean.

1009
the cathodal condition for pDMN group with anodal condition for
aDMN group (F (2,78) ¼ 1.76, p ¼ .19). See Fig. 2b for overview.

Based on how many words learned during Visit 1, an ANOVA
demonstrated a significant main effect for area (F (1,78) ¼ 4.85
p ¼ .031), but no main effect for condition (F (2,78) ¼ 1.64 p ¼ .20).
This effect for area revealed that participants assigned to the aDMN
group (M¼ 46.87%, Sd¼ 12.92) recalled more words in comparison
to the pDMN group (M ¼ 39.51%, Sd ¼ 18.62). This main effect,
however, interacts with condition, showing an interaction effect
between area x condition (F (2,78) ¼ 5.62, p ¼ .005). For pDMN, a
simple contrast analysis revealed that participants assigned to the
anodal conditions (M ¼ 48.47%, Sd ¼ 14.38) recalled significantly
morewords in comparison to the cathodal (M¼ 33.99%, Sd¼ 13.06,
F (2,78) ¼ 5.96, p ¼ .017) and sham (M ¼ 36.07%, Sd ¼ 22.76; F
(2,78) ¼ 5.52, p ¼ .021) groups. These effects remained after
correction for multiple comparison using a Holm-Boneferonni
correction. For aDMN, a simple contrast analysis revealed that
participants assigned to the cathodal condition (M ¼ 56.02%,
Sd ¼ 8.48) recalled significantly more words in comparison to the
anodal (M ¼ 42.64%, Sd ¼ 14.21, F ¼ 5.26, p ¼ .024) and sham
(M ¼ 41.94%, Sd ¼ 12.92; F (2,78) ¼ 5.81, p ¼ .018) groups. These
effects remained after correction for multiple comparison using a
Holm-Boneferonni correction. No significant effect was obtained
when comparing the cathodal condition for pDMN group with
anodal condition for aDMN group (F (2,78) ¼ 1.94, p ¼ .17). See
Fig. 2c for overview.

As a final analysis, we compared Visit 1 with Visit 2 (raw scores)
including the condition and area as between-subjects variables
using a repeated measures ANOVA (using a GreenGeisser correc-
tion). Our data revealed a significant effect for visit (F
(1,78) ¼ 962.20, p < .001), and condition (F (2,78) ¼ 5.78, p ¼ .005),
but no significant effect for the area stimulated was obtained (F
(1,78) ¼ 0.46, p ¼ .50). For the variable visit, participants recalled in
total more words during the four blocks on Visit 1 (M ¼ 64.11,
Sd ¼ 12.01) in comparison to Visit 2 (M ¼ 28.68, Sd ¼ 12.99). For
condition, a pairwise comparison using a Bonferroni correction of
multiple comparison revealed that sham stimulation (M ¼ 23.73
Sd ¼ 14.33) was significantly different from cathodal (M ¼ 31.12,
Sd ¼ 11.67, F (1,78) ¼ 6.66 p ¼ .012) and anodal (M ¼ 31.70,
Sd ¼ 11.38, F (1,78) ¼ 10.07, p ¼ .002) stimulation. No significant
effect was obtained between cathodal and anodal stimulation. No
significant interaction was obtained between condition x area (F
(2,78) ¼ 2.65, p ¼ .077), visit x condition (F (2,78) ¼ 0.42, p ¼ .66)
and visit x area (F (2,78) ¼ 4.24, p ¼ .082). Finally, a significant
interaction between visit x condition x area (F (2,78) ¼ 3.77,
locks on Visit 1 in the different combinations of target regions and stimulation groups.
stimulation groups e (b) A comparison on how many words participants correctly

d on total number of word-pairs presented during Visit 1 (i.e. 75) (c) A comparison on
eceived aDMN or pDMN HD-tDCS based on total number of word-pairs learned during
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p ¼ .027) was obtained. For Visit 1, no significant effect was ob-
tained when comparing, anodal, cathodal and sham stimulation for
targeting pDMN or aDMN. For Visit 2, a simple contrast analysis
revealed that significantly more words were recalled for the anodal
stimulation targeting the pDMN in comparison to cathodal F
(1,78) ¼ 6.26, p ¼ .014) and sham stimulation F (1,78) ¼ 7.26,
p ¼ .009). No significant difference was obtained between cathodal
and sham stimulation F (1,78) ¼ 0.01, p ¼ .92). For stimulation
targeting aDMN, a simple contrast analysis revealed that signifi-
cantly more words were recalled for the cathodal stimulation in
comparison to anodal F (1,78) ¼ 3.99, p ¼ .049) and sham stimu-
lation F (1,78) ¼ 8.11, p ¼ .006). No significant difference was ob-
tained between anodal and sham stimulation F (1,78) ¼ 0.71,
p ¼ .40). See Fig. 3 for summary.
Control variables

1. POMS Questionnaire Analysis

A repeated measures ANOVAwith POMS scores (before vs. after
stimulation) as within-subjects variable, area (aDMN vs. pDMN)
and condition (anodal vs. cathodal vs. sham) as between-subjects
variables showed a non-significant interaction effect (F
(2,78)¼ 0.06, p¼ .94). These results suggest that stimulation has no
significant effect on overall mood change regardless of the stimu-
lation conditions and locations. See Fig. 4 for overview.

2. tDCS side effects

No major adverse events were reported. A MANOVA including
area (aDMN vs. pDMN) x condition (anodal vs. cathodal vs. sham)
did not reveal a significant interaction effect (F (20,140) ¼ 0.90,
p ¼ .58) indicating the stimulation did not obtain a difference in
side effects in relationship to area or stimulation condition. Our
results indicate that the stimulation was well tolerated, and no
stimulation-related complications were noted by participants or
experimenters during the HD-tDCS procedure. See Fig. 5 for
overview.

3. Stimulation Condition blindness

For pDMN (c2 (2) ¼ 1.88, p ¼ .40) and aDMN (c2 (2) ¼ 2.35,
p ¼ .31), a c2 analysis did not show a significant effect for the
Fig. 3. Recalled number of words (raw scores) for Visit 1 (cumulative) and Visit 2 as with-in
cathodal, sham) as between-subjects factors. Error bars represent standard errors of the m
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expected stimulation and the actually received stimulation. See
Fig. 6 for overview.

Discussion

Our study demonstrates that HD-tDCS can enhance memory
retrieval up to seven days after learning a word-association task.
This effect is target and stimulation specific. That is, anodal HD-
tDCS targeting the pDMN during retrieval improves memory
retrieval in comparison to sham or cathodal stimulation. For the
aDMN, cathodal HD-tDCS during retrieval improves memory
retrieval in comparison to sham or anodal stimulation. Our results
revealed that all groups learned the same amount of words on
average during the word-association task on the first visit, but
participants that received anodal HD-tDCS targeting the pDMN or
cathodal HD-tDCS targeting the aDMN during the second visit (i.e.,
seven days after learning the task) were able to perform better in
comparison to the control conditions. Our analysis further revealed
that the memory effect obtained is present when corrected for the
number of words participants learned during the first visit or the
total amount of words presented.

The results from the current study provide evidence for a
functional dissociation in the DMN during remote memory
retrieval as suggested by some previous studies [18,19]. There is an
ongoing debate about the mechanism of action of anodal and
cathodal stimulation. Studies examining changes in the motor
cortex consistently report that anodal/cathodal stimulation in-
creases/decreases underlying activity inducing long-term potenti-
ation or long-term depression [27e29,40]. Yet other studiwswhere
no able to replicate that anodal stimulation increases excitability in
the over the motor cortex or that it is parameter specific [41,42].
However, a meta-analysis of non-motor cortex studies revealed
that anodal-excitation is more consistent than cathodal-inhibition
[31]. In addition, several beneficial effects of cathodal tDCS on
cognitive tasks such as distant disinhibition, reduction of distrac-
tive network activity, improvement of signal-to-noise ratio, and
noise filtering have been proposed [43,44]. From these studies, it is
possible to hypothesize that the anodal/cathodal stimulation of the
pDMN/aDMN may follow different mechanisms of action (which
can be determined by future neuroimaging studies) but ultimately
lead to a functional dissociation in the DMN during memory
retrieval.

Anatomically, the pDMN and aDMN are connected to the medial
temporal regions through direct and indirect connections [45,46].
subjects factor for stimulation area (aDMN, pDMN) and stimulation condition (anodal,
ean.



Fig. 4. The bar charts represent the pre-POMS vs post-POMS score between three different stimulation conditions (anodal, cathodal, and sham) for pDMN and aDMN. Error bars
represent standard errors of the mean.
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Functionally, the role of pDMN in memory retrieval is more con-
crete as seen by different functional imaging and electrophysio-
logical studies showing increased connectivity with the medial
temporal regions and successful retrieval [9,11,47,48]. It is reason-
able to hypothesize anodal pDMN stimulation improves memory
retrieval by increasing activity in pDMN and its connectivity with
MTL as the potential underlying neuromechanism. However, the
role of the aDMN is not clear. It is debatable whether aDMN is
involved in the learning, consolidation or retrieval of long-term
memories. Inactivation of mPFC leads to deficits in retrieval of
remote memories while leaving recent memory intact, as seen in
different tasks including the radial arm maze [49], Morris water
Fig. 5. Bar chart represents the mean scores on different tDCS related side effects on differe
represent standard errors of the mean.
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maze [50], contextual fear conditioning [51,52], and conditioned
taste aversion [53] in animal models. Some studies also argue that
as time passes, memories are stored by stable neocortical networks
such as the aDMN rather than in the hippocampus [49,54,55]. In
rats, this has been shown after 30 and 200 days [56] but the cut-off
for humans is still unclear [54].

In the current study, we show that aDMN is actively involved in
retrieval of long-termmemories, oneweek after the learning phase.
We know that decoupling the aDMN from the rest of the network
aids in successful retrieval [19]. Hence, it is possible that cathodal
stimulationmaybe aiding this decoupling. A HD-tDCS setup, similar
to our aDMN stimulation, that targets the dorsal anterior cingulate
nt stimulation condition (anodal, cathodal, and sham) for pDMN and aDMN. Error bars



Fig. 6. The pie charts represent the proportion of subjects who guessed either they were received active or sham stimulation for different stimulation condition (anodal, cathodal,
and sham) targeting pDMN and aDMN.
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cortex (dACC) found increase in theta activity in the targeted region
[57] which goes together with decreased BOLD signal in the DMN
[58]. Also, a causal increase in theta activity in the aDMN prior to
that in the hippocampus results in successful memory retrieval
[59]. It is possible that within this one week the hippocampus may
still be important to the retrieval process and cathodal aDMN
stimulation may be improving the communication between these
two regions aiding the retrieval. The possibility of tDCS-induced
changes in connectivity between the MTL and DMN through
polarity-specific HD-tDCS agrees with the idea of synaptic
strengthening being one of the primary explanations of memory
retrieval [1]. This way, we may be increasing this synaptic strength
through HD-tDCS thereby unsilencing previously formed neuronal
connections to aid long-term retrieval similar to what was done
with optogentics in mice [1]. This dissociation within DMN during
memory retrieval also aligns with the consistant findings of frac-
tionations based on resting-state fMRI connectivity analyses
[60e62]. Specifically, the resting-state connectivity patteren of
mPFC and PCC exhibit a dissociation along the anterior-posterior
axis [62]. This anticorrelation combined with the beneficial effect
of cathodal stimulation in distant disinhibition [43,63], it is possible
that cathodal aDMN stimulation inadvertently activates the pDMN
which resembles the effects from anodal pDMN stimulation and
eventually boosted memory retrieval.

The current study also sets up future implications for thera-
peutic treatment targets for patients with cognitive decline.
Research reveals a functional degradation of the pDMN using fMRI
in patients with MCI on an episodic memory retrieval test
compared to the healthy control group [64]. The pDMN is also
particularly vulnerable to early deposition of amyloid b-protein,
one of the biomarkers of AD, in both AD patients and in elderly
people without dementia [65]. On the contrary, amnestic MCI pa-
tients exhibit increased activity in the aDMN shown by resting-
state fMRI [66]. By applying the anodal-excitation, cathodal-inhi-
bition theory to the current study, we can predict that anodal
stimulation of the pDMN and cathodal stimulation of the aDMN
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could help improve memory deficits in patient populations. This
reflects on the idea that in amnestic individuals, memories may
remain intact in engram cells, but retrieval of memories is impaired
and that increased synaptic strength through stimulation of en-
grams can improve long-term retrieval in amnesia [1]. Thus the
current study lays the foundation of exploring polarity-dependent
HD-tDCS for improving memory retrieval in amnestic adults as a
treatment for memory decline.

For the first time, our results showa causal relationship between
memory retrieval and polarity-specific HD-tDCS stimulation of
aDMN and pDMN suggesting improved synaptic strength between
the DMN and MTL as a possible underlying neuromechanism. Yet,
due to lack of supporting data and the inconsistent findings of
aDMN in memory retrieval from previous studies, further research
is needed. It is also possible that cathodal aDMN stimulation could
decouple aDMN from the rest of DMN or distanly disinhibit pDMN
thereby mirroring the effect of anodal pDMN stimulation thereby
facilitating memory retrieval. Additionally, our results support the
idea of cathodal stimulation in non-motor regions while perform-
ing cognitive tasks will not always impair task performance. In
conclusion, the current study could inspire future research to
investigate (1) the neural mechanism underlying polarity-specific
DMN stimulation during memory retrieval, (2) time-dependent
way of stimulating the aDMN and pDMN and studying its effects
on neural and behavioural correlates of memory retrieval, and (3)
stimulation effects on patient populations who suffer from
impaired memory function.

Conclusion

The current study using non-invasive HD-tDCS of the aDMN and
pDMN shows that anodal stimulation of the pDMN and cathodal
stimulation of the aDMN increases memory retrieval performance
one week after the learning phase. To the best of our knowledge,
this is the first study to be able to convey a possible causal rela-
tionship between activity in the DMN and episodic memory
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retrieval. Future research is needed to better understand the neural
mechanisms and the potential application in a patient population.
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