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Background: Memory impairment is among one of the greatest cognitive complaints
in midlife and in old age. Considering the importance of good memory functioning in
everyday life, it is crucial to study interventions that can reduce the natural decline in this
cognitive function. Transcranial Magnetic Stimulation (TMS) studies have demonstrated
that the lateral prefrontal cortex (PFC) plays a causal role in enhancing episodic
memory recall through reconsolidation. Using a similar paradigm with transcranial direct
current stimulation (tDCS) over the left lateral PFC, facilitation effects were observed in
delayed memory retrieval in older adults with subjective memory complaints (SMCs)
and amnestic Mild Cognitive Impairment (aMCI). However, it remains unclear which
potential factors (i.e., tDCS group, cognitive reserve, education level, diagnosis and
encoding performance) directly and/or indirectly modulate the tDCS-induced memory
reconsolidation effects.

Methods: We reanalyzed data acquired in our previous tDCS studies with 22 SMC
and 18 aMCI participants from the perspective of predicting delayed memory retrieval
performance. These studies included a learning session on Day 1, a reactivation by a
contextual reminder followed by 15 min of tDCS session on Day 2 (24 h after Day 1),
and two retrieval sessions (free recall and recognition) tested on Days 3 and 30 (48 h
and 30 Days after Day 1).

Results: Univariate models showed that tDCS group (sham vs. active) significantly
predicted memory recognition (but not free recall), evidenced by higher scores
in the active tDCS group than in sham group, confirming our previous results.
Encoding performance and diagnosis (SMC vs. aMCI) significantly predicted memory
retrieval, suggesting higher performances in individuals with SMC than in those with
aMCI. Regarding cognitive reserve, higher leisure time activity subscores significantly
predicted better memory recognition. Finally, multiple models did not show any tDCS
group × predictor interaction effects, indicating that the effects of the predictors on
retrieval occurred irrespective of tDCS group.
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Conclusion: Our results shed light on predicting factors of episodic memory retrieval in
this reconsolidation paradigm in individuals with SMC and aMCI. The findings suggest
that multifactorial interventions program may be most promising to slow cognitive
decline and delay the onset of dementia.

Keywords: healthy older adults, subjective memory complaints, mild cognitive impairment, memory, cognitive
reserve

INTRODUCTION

The ability to store and remember information plays a
fundamental role throughout the existence of an individual from
the earliest stages of learning through aging. Episodic memory is
responsible for remembering personally experienced events and
shows the greatest age-related decline.

Memories are acquired (encoding), maintained (storage), and
later retrieved (retrieval). Notably, after encoding, memories
are unstable (fragile) and vulnerable to interference, but as
time passes, memories stabilize or consolidate and become
resistant to interference (McGaugh, 2000). In the first few
hours after encoding, morphological changes in hippocampal
pathways result in the first type of consolidation process (at
the cellular level) leading to memory stabilization. Subsequently,
a gradual reorganization of the neural networks (lasting hours
to years, depending on the type of memory) induces further
consolidation (Frankland and Bontempi, 2005; Dudai, 2012).
Thereafter, consolidated memories can return to unstable
(fragile) states if reactivated during retrieval or by a reminder cue
(Dudai, 2012). Once reactivated, memory reconsolidation can
act to restabilize the consolidated, existing memories (Sandrini
et al., 2015). During a time-limited reconsolidation window,
behavioral, pharmacological or non-invasive brain stimulation
interventions can be used to weaken, strengthen or update
consolidated memories (Sandrini et al., 2015, 2019; Lee et al.,
2017; Elsey et al., 2018).

Memory performance may be facilitated through an
interaction of tDCS with the mechanisms of consolidation or
reconsolidation (Flöel et al., 2012; Sandrini et al., 2014, 2016,
2019; Manenti et al., 2017, 2020).

It has been proved that the presentation of cues related
to previously encoding episodes during periods of awake rest
or sleep generates patters of activity in the hippocampus that
are consistent with the reactivation of neuronal memory, and
strengthens subsequent episodic memory for these episodes
(Rasch and Born, 2007; Tambini et al., 2018; Alm et al., 2019).

In this respect, a particularly interesting line of research
involves studies that focus on the application of new procedures
that can strengthen memory traces in healthy older adults and
in subjects at risk of developing Alzheimer’s disease (AD),
such as individuals with subjective memory complaints (SMC)
and amnesic mild cognitive impairment (aMCI). An important
contribution to this research comes from the introduction of
non-invasive brain stimulation. Several studies have recently
demonstrated the possibility of transcranial direct current
stimulation (tDCS) to strengthen or enhance episodic memory in

physiological and pathological aging (Sandrini et al., 2020; Huo
et al., 2021).

We have demonstrated that repetitive Transcranial Magnetic
Stimulation (rTMS) applied to the lateral prefrontal cortex (PFC),
a brain region critically involved in episodic memory (Fletcher
and Henson, 2001; Manenti et al., 2012; Sandrini et al., 2013),
during reconsolidation enhanced episodic memory recall in
young adults (Sandrini et al., 2013).

Using a similar paradigm with tDCS in healthy older adults,
we have shown that active tDCS applied over the left lateral PFC
during consolidation (Sandrini et al., 2019) or reconsolidation
(Sandrini et al., 2014; Manenti et al., 2016) induced long-lasting
enhancements in verbal episodic memory recall (up to 30 days).

Moreover, we have recently reported that the application of
active tDCS over the left PFC during reconsolidation induced
verbal episodic memory enhancement (i.e., recognition scores)
in individuals with SMC (Manenti et al., 2017) and aMCI
(Manenti et al., 2020).

Importantly, a recent study (Vaqué-Alcázar et al., 2021)
replicated our findings (Manenti et al., 2017) in an independent
sample, which confirmed that tDCS, through the modulation of
memory reconsolidation, is capable of enhancing performance in
people with SMC. This study also suggested that individuals with
more preserved structural and functional integrity might benefit
from this intervention.

There is also evidence that education moderates the effects
of tDCS on memory performance in healthy aging individuals
(Berryhill and Jones, 2012) and patients with aMCI or AD (Krebs
et al., 2020). However, in this latter study, the directions of
the education effects were inconsistent, suggesting additional
influencing factors (Krebs et al., 2020).

Thus, it remains unclear which potential factors (i.e., cognitive
reserve, education level, diagnosis, encoding performance)
moderate tDCS-induced memory reconsolidation effects in
populations at risk of AD.

A number of studies have demonstrated that cognitive reserve
represents a protective factor in subjects at risk for cognitive
decline (Stern, 2002, 2009; Whalley et al., 2004; Richards and
Deary, 2005; Andel et al., 2006; Roe et al., 2007).

Cognitive reserve is a hypothetical construct that implies
that people have different capacities to withstand changes.
In situations often leading to functional decline, some subjects
could resist associated changes and maintain their cognitive
functioning (Stern, 2012). Cognitive reserve refers to individual
differences in solving tasks despite similar degrees of destruction
or degeneration such that there is a reserve against the
pathology. Measures of cognitive reserve include socioeconomic

Frontiers in Neuroscience | www.frontiersin.org 2 March 2022 | Volume 16 | Article 814003

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-814003 March 14, 2022 Time: 12:53 # 3

Cotelli et al. Memory and tDCS

status, education, occupational attainment, or participation in
leisure activities.

To address this question, we reanalyzed data acquired in
our previous studies with SMC and aMCI participants (Manenti
et al., 2017, 2020) running a new analysis aimed to predict
changes in memory performance induced by tDCS. In particular,
the aim of this study was to investigate how the magnitude of
tDCS effects might be directly and/or indirectly modulated by
factors such as cognitive reserve, education level, diagnosis and
encoding performance.

MATERIALS AND METHODS

Procedure
Data from 22 individuals with SMC (age = 74.5 SD = 5.9 years)
and 18 with aMCI (age = 75.3 SD = 3.7 years) were included in
the analysis. All participants had normal or corrected-to-normal
vision and were native Italian speakers. The SMC sample was
defined as: (1) Mini Mental State Examination (MMSE) score
between 27 and 30 (Folstein et al., 1975); (2) a score of more
than 1.0 SD at Everyday Memory Questionnaire (EMQ) above
the mean score obtained in a group of healthy older participants
[mean 37.3, SD 8.4; (Manenti et al., 2016)]; (3) normal objective
memory performance on neuropsychological tests; (4) normal
objective cognitive performance in all the administered tests; (5)
normal scores in functional assessment; (6) absence of mood
and anxiety disorders; (7) absence of criteria for a diagnosis of
dementia according to DSM-V (Regier et al., 2013).

The aMCI sample was defined as: (1) subjective memory
complaints; (2) MMSE score between 24 and 30; (2) global
Clinical Dementia Rating (CDR) score of 0.5; (3) predominant
episodic impairment on a standard neuropsychological test (i.e.,
story recall; Rey Auditory Verbal Learning Test, recall; Rey-
Osterrieth Complex Figure, recall); (4) preservation of functional
activities; (5) absence of criteria for a diagnosis of dementia
according to DSM-V (Regier et al., 2013); (6) absence of mood
and anxiety disorders.

SMC and aMCI participants were randomized into two
groups: (a) active tDCS (anode over the left lateral PFC and
cathode over right supraorbital area) or (b) sham tDCS. Each
participant was assigned to a tDCS group following stratified
randomization based on Mini-Mental State Exam (MMSE)
score and age. The participants and study team members
did not know which tDCS condition was being applied at
any point in the experiment. SMC and aMCI individuals
underwent an extensive neuropsychological assessment. The
battery took approximately 90 min and included Mini Mental
State Examination (MMSE) (Folstein et al., 1975) for assessment
of global cognition, Raven’s Colored Progressive Matrices
for non-verbal reasoning, verbal fluency (phonemic and
semantic) for language production, Token Test for language
comprehension, Rey–Osterrieth Complex Figure (ROCF)-Copy
for visuo-constructional abilities, Trail Making Test part A and
part B for attention and executive function, Auditory Verbal
Learning Test (AVLT), immediate and delayed recall, and Story
Recall for verbal episodic memory, Rey–Osterrieth Complex

Figure (ROCF)-Recall for non-verbal episodic memory and Digit
Span for verbal short term memory (Lezak et al., 2004).

Functional abilities, memory complaints and symptoms of
depression and anxiety were assessed. In addition, all participants
were administered the Cognitive Reserve Index questionnaire
(CRIq), which provides a standardized measure of the cognitive
reserve accumulated by individuals through their lifespan. The
CRIq includes demographic data and items grouped into three
sections: education, working activity and leisure time, each of
which results in a subscore that are combined to comprise the
total score (Nucci et al., 2012).

Transcranial Direct Current Stimulation
A tDCS stimulator (BrainStim, EMS, Bologna, Italy) delivered
a constant low-intensity (1.5 mA) current for 15 min through
two saline-soaked sponge electrodes (7 × 5 cm; current density:
0.043 mA/cm2) (Bikson et al., 2016; Antal et al., 2017). Active
or sham stimulation mode was selected by entering blind codes
so that the experimenter that applied the tDCS did not know
which type of stimulation was being applied. The electrodes
were secured using elastic bands, and an electroconductive gel
was applied under the electrodes to reduce contact impedance
(Manenti et al., 2013; Sandrini et al., 2014, 2016).

The anode electrode was placed over F3 (left lateral PFC)
with the long side parallel to the sagittal line, and the cathode
electrode was located over Fp2 (right supraorbital area, above the
arcus superciliaris) with the long side parallel to the horizontal
line (DaSilva et al., 2011) in accordance with the 10–20 EEG
international system.

In the active tDCS condition, the current was applied for
15 min (with a ramping period of 10 s at the beginning and at
the end of the tDCS session), whereas in the sham condition, the
current was turned off 10 s after the beginning and was turned
on for 10 s at the end of the stimulation period (Manenti et al.,
2013). Immediately after the stimulation session, the subjects
were required to report any perceptual sensations to verify the
comparability of the tDCS sensations induced by active and sham
stimulation conditions (Fertonani et al., 2015).

Experimental Memory Task
In our studies with SMC and aMCI participants (Manenti et al.,
2017, 2020), we applied the experimental protocol used in our
previous studies with healthy older adults (Sandrini et al., 2014;
Manenti et al., 2016). The procedure included a learning session
(Day 1), a reactivation and tDCS session (Day 2, 24 h after Day 1),
and two retrieval sessions (Day 3, 48 h after Day 1, and Day 30, 1
month after Day 1). The participants returned to the hospital on
Day 3 and 30 without expecting a memory test since when they
were contacted for the study, these visits were not described as
directly linked with the memory task conducted on Day 1. See
Figure 1 for a summary.

Day 1—Encoding Session
Twenty short (mean letters: 6.3, SD: 1.0; mean syllables: 2.5, SD:
0.5), concrete (mean concreteness score: 6.3, SD: 0.5) and high
frequency (mean frequency score: 24.5, SD: 23.2) words were
selected (Barca et al., 2002; Bertinetto et al., 2005).
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FIGURE 1 | Experimental paradigm. Participants learned 20 words on Day 1. On Day 2 (24 h later), tDCS (active or sham) was applied over the left lateral PFC
(anode over left PFC and cathode over the right supraorbital area) after a spatial contextual reminder. Memory retrieval (free recall and old/new recognition) was
tested 48 h later (Day 3) and 30 days later (Day 30). Human head model from http://www.ir-ltd.net/. Used by Creative Commons license.

The experimenter pulled one item (a word printed on piece of
card) from a white bag at random and gave it to the participants.
The participants were asked to encode each word and then place
the card in a blue bag. When all words were placed into the
blue bag, the participants were asked to recall as many words
as possible. Before the subsequent learning round, the words
were placed again in the white bag and mixed. The procedure
was repeated five times, and at the end of the learning session,
the participants were asked to complete a memory strategies
questionnaire (Manenti et al., 2010).

Day 2—Reactivation and Transcranial Direct Current
Stimulation Session
Twenty-four hours after the learning session, the same
experimenter involved on Day 1 in the same experimental
room showed the blue bag to the participant and asked if he or
she remembered the blue bag and what he or she did with it.
The participants were encouraged to describe the procedure but
were stopped if they started to recall the words printed on the
cards. Previous studies have shown that consolidated memories
are automatically reactivated if the participants are in the same
experimental room as the learning session (Hupbach et al., 2008;
Sandrini et al., 2013). Participants received 15 min of tDCS
(active or sham) beginning 10 min after the contextual reminder
cue because the reconsolidation process seems to begin about
10 min after memory reactivation (Monfils et al., 2009). During
reactivation and tDCS session the participants were encouraged
to keep still with open eyes, relax their mind and they were
stopped if they started to recall the words printed on the cards.

Day 3 and 30—Retrieval Sessions
Forty-eight hours (Day 3) and 1 month (Day 30) after the
learning session (Day 1), in the same experimental room and
with the same experimenter, the participants were required to
recall the words learned during Day 1 (free recall task). When the
participants could not remember any more words, an old/new
recognition task, which included 20 learned words along with 20
new words, was performed. Target words encoded on Day 1 and
both the new words displayed on Day 3 and new words used on
Day 30 during the recognition task (which were different from
those used on Day 3) were balanced based on variables known to
influence memory performance.

Statistical Analysis
The Gaussian distribution of the four response variables was
investigated through graphical inspection and the Shapiro-Wilk
test. “Free Recall Day 3” and “Free Recall Day 30” variables
showed a right-skewed distribution and were analyzed through
generalized linear models. For memory recognition performance,
hits minus false alarms rate was computed.

For evaluating the direct effect of predictors on response
variables, univariate models (one model for each response
variable as the dependent variable) were applied with age,
education, CRI total and subscale scores, diagnosis (SMC vs.
aMCI), tDCS group (active vs. sham), and encoding performance
as single independent variables/predictors. These predictors were
previously selected (based on former study evidence), thus
inference on them did not need to be adjusted for multiple testing
(Rothman, 1990; Proschan and Follmann, 1995).
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For Gaussian-distributed variables such as recognition
performance (hits—false alarms, both on Day 3 and on Day 30),
a linear model was applied, while a generalized linear model
(with Tweedie distribution and log link function) was applied
for non-Gaussian response variables. The Tweedie distribution
is particularly useful and appropriate for modeling data with a
cluster of values at zero (as the Free recall variables are).

To evaluate the potential interaction effects of tDCS group
and other predictors, multiple models were applied for each
of the four response variables as dependent variables and with
predictors (same as above), tDCS group, and predictor x tDCS
group interaction as independent variables. All models were
adjusted for age.

The goodness of fit of the models was assessed through
the Akaike Information Criterion (AIC; a lower index
indicates a better fit).

Sensations induced by tDCS were compared between the
active and the sham groups using Mann-Whitney U-test.

Statistical analyses were performed using SPSS (Dell Software,
Aliso Viejo, CA, United States). Statistical significance was set at
p < 0.05.

RESULTS

Free Recall
Univariate models showed no effects of tDCS group (sham vs.
active) on free recall on Day 3 and on Day 30 (Tables 1, 2),
confirming previous results in SMC and aMCI groups (Manenti
et al., 2017, 2020). See Supplementary Table 1 for free recall and
recognition data.

Diagnosis (SMC vs. aMCI) significantly predicted free recall
performance both on Day 3 and on Day 30 (Day 3: β = 1.46,
p < 0.001, AIC = 164.7; Day 30: β = 2.22, p = 0.001, AIC = 120.7),
suggesting higher free recall performances in the SMC group
than in the aMCI group (both betas > 0). Moreover, the number
of words recalled during the last round of the encoding session
significantly predicted free recall performance both on Day 3 and
on Day 30 (Day 3: β = 0.20, p < 0.001, AIC = 162.3; Day 30:
β = 0.26, p = 0.002, AIC = 120.5), suggesting that greater encoding
resulted in higher free recall performances. Finally, education and

TABLE 1 | Free recall—day 3.

Independent variables/predictors Beta coefficient p-value AIC

tDCS Group 0.30 (active vs. sham) 0.445 176

Education 0.09 0.069 173.4

CRI total 0.01 0.448 176

CRI education 0.01 0.278 175.5

CRI working activity 0.001 0.941 176.7

CRI leisure time 0.08 0.775 177.3

Diagnosis 1.46 (SMC vs. aMCI) <0.001 164.7

Encoding performance 0.20 <0.001 162.3

Age -0.04 0.285 175.5

tDCS group, sham as reference category; Diagnosis, aMCI as reference category.
CRI, Cognitive Reserve Index. Significant results are shown in bold.

TABLE 2 | Free recall—day 30.

Independent variables/predictors Beta coefficient p-value AIC

tDCS Group 0.12 (active vs. sham) 0.873 130.3

Education 0.14 0.048 126.5

CRI total 0.04 0.049 126.5

CRI education 0.01 0.461 129.8

CRI working activity 0.02 0.188 128.6

CRI leisure time 0.02 0.193 128.6

Diagnosis 2.22 (SMC vs. aMCI) 0.001 120.7

Encoding performance 0.26 0.002 120.5

Age -0.04 0.405 129.6

tDCS group, sham as reference category; Diagnosis, aMCI as reference category.
CRI, Cognitive Reserve Index. Significant results are shown in bold.

CRI total scores significantly predicted free recall performance
only on Day 30 (education: β = 0.14, p = 0.048, AIC = 126.5;
CRI total score: β = 0.04, p = 0.049, AIC = 126.5), suggesting that
higher education and higher cognitive reserve led to higher free
recall performances only in the long-term follow up (30 days after
encoding). See Figure 2 for details.

For free recall performance on Day 3 and 30, the best predictor
was the number of words recalled during the last round of the
encoding session (i.e., the encoding performance variable), with
an AIC = 162.3 and AIC = 120.5, respectively.

Old/New Recognition
Univariate models showed that the tDCS group (sham vs.
active) significantly predicted recognition performance (hit -false
alarms) on Day 3 and on Day 30, indicating higher scores in the
active group than in the sham group (Tables 3, 4) and confirming
previous results in the SMC and aMCI groups (Manenti et al.,
2017, 2020).

Diagnosis (SMC vs. aMCI) significantly predicted recognition
performance both on Day 3 and on Day 30 (Day 3: β = 3.80,
p = 0.013, AIC = 245.1; Day 30: β = 5.13, p < 0.001, AIC = 238.4),
suggesting higher performances in the SMC group than in the
aMCI group. Moreover, the number of words recalled during
the last round of the encoding session significantly predicted
recognition performance both on Day 3 and on Day 30 (Day 3:
β = 0.58, p = 0.004, AIC = 243.4; Day 30: β = 0.66, p = 0.001,
AIC = 239.9), suggesting that greater encoding resulted in higher
recognition performances. Finally, the CRI leisure time subscores
significantly predicted recognition performance both on Day
3 and on Day 30 (Day 3: β = 0.07, p = 0.029, AIC = 246;
Day 30: β = 0.08, p = 0.011, AIC = 243.9), suggesting that the
higher cognitive reserve, measured as leisure time activities, led
to higher recognition performances in both short- and long-term
follow-ups (3 and 30 days after encoding). See Figure 2 for details.

The best predictors of recognition on Days 3 and 30 were the
tDCS group (AIC = 234) and diagnosis (AIC = 238), respectively.

Finally, multiple models were performed to evaluate
the potential interaction effect of tDCS group x
predictors in explaining the four response variables
(Supplementary Tables 2–5). None of the interaction terms
were found to be significant, which indicated that the effect of
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FIGURE 2 | Association between CRI scores and Free Recall and Recognition variables by tDCS group. CRI total score significantly predicted free recall
performance only on Day 30, suggesting that higher cognitive reserve led to higher free recall performances only in the long-term follow up (30 days after encoding).
The CRI leisure time subscore significantly predicted recognition performance both on Day 3 and on Day 30, suggesting that the higher cognitive reserve, measured
as leisure time activities, led to higher recognition performances in both short- and long-term follow-ups (3 and 30 days after encoding).

the predictors on response variables was apparent irrespective of
tDCS treatment (sham or active) group (see Figure 3). Similar
outcomes were obtained for the diagnosis x tDCS treatment
interaction (Figure 4).

Transcranial Direct Current Stimulation
Sensations
The tDCS sensations scores reported by the active and sham
groups were similar (SMC: Active tDCS group: 1.09, SD 0.7, Sham
tDCS group: 1.45, SD 0.8; p = 0.27; aMCI: Active tDCS group:
1.4, SD 1.1, Sham tDCS group: 1.0, SD 0.9; p = 0.38). Hence, there

TABLE 3 | Recognition—day 3 (hit-false alarms).

Independent variables/predictors Beta coefficients p-value AIC

tDCS Group 6.05 (active vs. sham) <0.001 234

Education 0.20 0.359 250

CRI 0.09 0.087 248

CRI education -0.02 0.640 250.6

CRI working activity 0.05 0.278 249.7

CRI leisure time 0.07 0.029 246.3

Diagnosis 3.80 (SMC vs. aMCI) 0.013 245.1

Encoding performance 0.58 0.004 243.4

Age 0.06 0.812 250.8

tDCS group, sham as reference category; Diagnosis, aMCI as reference category.
CRI, Cognitive Reserve Index. Significant results are shown in bold.

are no reasons to reject the blinded character of this study on the
basis of these results.

DISCUSSION

In the present study, we explored how the magnitude of
tDCS-induced reconsolidation effects might be directly and/or
indirectly modulated by factors such as cognitive reserve,
education level, diagnosis and encoding performance. This
aim was investigated by analyzing free recall and recognition

TABLE 4 | Recognition—day 30 (hit-false alarms).

Independent variables/predictors Beta coefficients p-value AIC

tDCS Group 4.90 (active vs. sham) 0.001 239.4

Education 0.29 0.159 248

CRI 0.10 0.055 246.4

CRI education -0.04 0.430 249.3

CRI working activity 0.07 0.152 247.9

CRI leisure time 0.08 0.011 243.9

Diagnosis 5.13 (SMC vs. aMCI) <0.001 238.4

Encoding performance 0.66 0.001 239.9

Age -0.13 0.407 249.2

tDCS group, sham as reference category; Diagnosis, aMCI as reference category.
CRI, Cognitive Reserve Index. Significant results are shown in bold.
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FIGURE 3 | Association between encoding performance and the four response variables by tDCS group. For all the response variables, increasing of performance
encoding was associated with an increase of the response variable irrespectively for tDCS groups. R2 is goodness of fit index of the two regression lines fitted for
active and sham tDCS groups separately.

performances on Day 3 and at Day 30 as dependent variables
and tDCS group, cognitive reserve, education level, diagnosis and
encoding performance as predictors.

In agreement with our preview results (Manenti et al., 2017,
2020) the tDCS group (active vs. sham) significantly predicted
recognition memory but not free recall, as evidenced by higher
recognition scores in the active tDCS group than in the sham
group. In detail, beta coefficients of active vs. sham were positive
6.05 and 4.90 (and significantly different from zero: p< 0.001 and
p = 0.001) for both Recognition on Day 3 and 30, respectively
(Tables 3, 4). This indicates that to be in Active tDCS group
significantly predicts an increase of Recognition of 6.05 on Day
3 and of 4.9 on Day 30 with respect to be in Sham group. For free
recall these coefficients were lowest and not significantly different
from zero indicating that there was not difference in active vs.
sham tDCS group for the free recall score. The fact that we did not
find a significant association between tDCS group and free recall
performance is in line with other studies that reported severe
deficits in free recall in SMC and aMCI (Hertzog et al., 2000;
Dubois and Albert, 2004; Bennett et al., 2006; Hohman et al.,
2011; Talamonti et al., 2020).

Encoding performance predicted memory retrieval
performance, such that more words recalled during the last
round of the encoding session was associated with better
retrieval performance.

Diagnosis (SMC vs. aMCI) also predicted memory retrieval
performance, which suggested higher performances in
the SMC group than in the aMCI group. These findings
suggested that retrieval performance is different between SMC
and aMCI subjects.

This study also investigated whether memory retrieval
performance was associated with protective factors such as
cognitive reserve. Our main finding was that higher CRI
leisure time subscores predicted better retrieval performances
on Days 3 and 30.

These results are consistent with a large body of evidence that
suggests that engagement in leisure and social activities may also
be protective against cognitive deterioration (Hughes et al., 2013;
Fallahpour et al., 2016; Petkus and Gomez, 2021). Engagement
in social leisure activities has been previously identified as a
factor that provide older adults maintain their cognitive status
(Barnes et al., 2004; Haslam et al., 2014; Bourassa et al., 2017;
Hwang et al., 2018; Fratiglioni et al., 2020) and preventing or
delaying further cognitive decline in MCI (Fratiglioni et al., 2004;
Hughes et al., 2013).

Our findings are in accordance with the recent literature
that suggest the importance of developing multifactorial
interventions to slow cognitive decline and delay the onset
of dementia (Stephen et al., 2021). Instead, we did not find
a relationship between the working activity subscore of the
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FIGURE 4 | Association between diagnosis and the four response variables by tDCS group. For all the response variables, in the Active treatment the scores for all
the 4 response variables were higher than in the sham treatment irrespectively for Diagnosis groups.

CRI and memory performance, and this result may reflect the
fact that the subjects participating in the study were retired
and had ended their professional activity long before the study
was conducted.

Importantly, cognitive reserve, education level, diagnosis
and encoding performance did not directly and/or indirectly
modulate memory enhancement effects induced by tDCS because
the results did not show any tDCS group × predictor interaction
effects, which indicated that the effects of the predictors on
retrieval performance occurred irrespective of tDCS group
(active vs. sham).

Some limitations of the current study should be
acknowledged. First, the findings reported in the present
manuscript should be reproduced in larger SMC and
aMCI samples before firm conclusions can be drawn
because relatively small groups were recruited. Larger
cohorts might help to better investigate intergroup and
intragroup variability both on Day 1 performance and in
the demographic and clinical characteristics that could
influence the experimental memory performance that was
measured. Moreover, we did not include a control stimulation
site, and accordingly, non-specific effects of the stimulation
cannot be ruled out.

Although this study sheds light on predicting factors of
episodic memory retrieval in this reconsolidation paradigm
in individuals with SMC and aMCI, future studies will need
to determine the factors that destabilize memories and make
them vulnerable to modifications through reconsolidation

in the aging population. In addition, it is important to
determine whether the effect of tDCS applied during
reconsolidation could be useful in populations with SMCs
or clinically significant memory impairments by enhancing
the ability to recall information and improve daily life
activities. The application of multiple sessions of tDCS
during reconsolidation might be beneficial in determining
long-lasting positive effects of this non-invasive intervention on
memory deficits.

Although neuroimaging studies have begun to identify brain
networks associated with memory reconsolidation (Gais et al.,
2007; Schwabe et al., 2014; Forcato et al., 2016; Bavassi et al.,
2019), it is important to better understand the brain mechanisms
associated with this memory process. This knowledge will help
develop effective interventions that strengthen existing memory
through reconsolidation in populations with memory decline.

In conclusion, tDCS group, diagnosis, encoding performance,
and leisure time activities are predictive factors of delayed
memory retrieval in this reconsolidation paradigm in populations
with an increased risk of developing AD.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: Mendeley Data, V1,
doi: 10.17632/rfm32symvh.1.

Frontiers in Neuroscience | www.frontiersin.org 8 March 2022 | Volume 16 | Article 814003

https://doi.org/10.17632/rfm32symvh.1
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-814003 March 14, 2022 Time: 12:53 # 9

Cotelli et al. Memory and tDCS

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics committee of the Istituto di Ricovero e
Cura a Carattere Scientifico (IRCCS) Centro San Giovanni di Dio
Fatebenefratelli, Brescia, Italy. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

MC, CF, EG, RM, and MS: conception and methodology. MC,
CF, and MS: data curation. MC, CF, EG, GB, RM, and MS:
writing—original draft preparation and writing—review and

editing. All authors have read and agreed to the published version
of the manuscript.

FUNDING

This work was supported by the Italian Ministry of Health
(Ricerca Corrente).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2022.814003/full#supplementary-material

REFERENCES
Alm, K. H., Ngo, C. T., and Olson, I. R. (2019). Hippocampal signatures of awake

targeted memory reactivation. Brain Struct. Funct. 224, 713–726. doi: 10.1007/
s00429-018-1790-2

Andel, R., Vigen, C., Mack, W. J., Clark, L. J., and Gatz, M. (2006). The effect
of education and occupational complexity on rate of cognitive decline in
Alzheimer’s patients. J. Int. Neuropsychol. Soc. 12, 147–152. doi: 10.1017/
S1355617706060206

Antal, A., Alekseichuk, I., Bikson, M., Brockmoller, J., Brunoni, A. R., Chen, R.,
et al. (2017). Low intensity transcranial electric stimulation: safety, ethical,
legal regulatory and application guidelines. Clin. Neurophysiol. 128, 1774–1809.
doi: 10.1016/j.clinph.2017.06.001

Barca, L., Burani, C., and Arduino, L. S. (2002). Word naming times and
psycholinguistic norms for Italian nouns. Behav. Res. Methods Instr. Comput.
34, 424–434.

Barnes, L. L., De Leon, C. M., Wilson, R. S., Bienias, J. L., and Evans, D. A.
(2004). Social resources and cognitive decline in a population of older
African Americans and whites. Neurology 63, 2322–2326. doi: 10.1212/01.wnl.
0000147473.04043.b3

Bavassi, L., Forcato, C., Fernández, R. S., De Pino, G., Pedreira, M. E., and Villarreal,
M. F. (2019). Retrieval of retrained and reconsolidated memories are associated
with a distinct neural network. Sci. Rep. 9, 784.

Bennett, I. J., Golob, E. J., Parker, E. S., and Starr, A. (2006). Memory evaluation
in mild cognitive impairment using recall and recognition tests. J. Clin. Exp.
Neuropsychol. 28, 1408–1422. doi: 10.1080/13803390500409583

Berryhill, M. E., and Jones, K. T. (2012). tDCS selectively improves working
memory in older adults with more education. Neurosci. Lett. 521, 148–151.
doi: 10.1016/j.neulet.2012.05.074

Bertinetto, P. M., Burani, C., Laudanna, A., Marconi, L., Ratti, D., Rolando, C., et al.
(2005). CoLFIS (Corpus e Lessico di Frequenza dell’Italiano Scritto). Available
online at: https://www.istc.cnr.it/it/grouppage/colfis (accessed November 1,
2021).

Bikson, M., Grossman, P., Thomas, C., Zannou, A. L., Jiang, J., Adnan, T., et al.
(2016). Safety of transcranial direct current stimulation: evidence based update
2016. Brain Stimul. 9, 641–661.

Bourassa, K. J., Memel, M., Woolverton, C., and Sbarra, D. A. (2017).
Social participation predicts cognitive functioning in aging adults
over time: comparisons with physical health, depression, and physical
activity. Aging Ment. Health 21, 133–146. doi: 10.1080/13607863.2015.108
1152

DaSilva, A. F., Volz, M. S., Bikson, M., and Fregni, F. (2011). Electrode positioning
and montage in transcranial direct current stimulation. J. Vis. Exp. 51, 2744.
doi: 10.3791/2744

Dubois, B., and Albert, M. L. (2004). Amnestic MCI or prodromal Alzheimer’s
disease? Lancet Neurol. 3, 246–248. doi: 10.1016/S1474-4422(04)00710-0

Dudai, Y. (2012). The restless engram: consolidations never end. Annu. Rev.
Neurosci. 35, 227–247. doi: 10.1146/annurev-neuro-062111-150500

Elsey, J. W., Van Ast, V. A., and Kindt, M. (2018). Human memory reconsolidation:
a guiding framework and critical review of the evidence. Psychol. Bull. 144:797.
doi: 10.1037/bul0000152

Fallahpour, M., Borell, L., Luborsky, M., and Nygård, L. (2016). Leisure-activity
participation to prevent later-life cognitive decline: a systematic review. Scand.
J. Occup. Ther. 23, 162–197. doi: 10.3109/11038128.2015.1102320

Fertonani, A., Ferrari, C., and Miniussi, C. (2015). What do you feel if I apply
transcranial electric stimulation? Safety, sensations and secondary induced
effects. Clin. Neurophysiol. 126, 2181–2188. doi: 10.1016/j.clinph.2015.03.015

Fletcher, P. C., and Henson, R. N. (2001). Frontal lobes and human memory:
insights from functional neuroimaging. Brain 124, 849–881. doi: 10.1093/brain/
124.5.849

Flöel, A., Suttorp, W., Kohl, O., Kürten, J., Lohmann, H., Breitenstein, C., et al.
(2012). Non-invasive brain stimulation improves object-location learning in the
elderly. Neurobiol. Aging 33, 1682–1689. doi: 10.1016/j.neurobiolaging.2011.05.
007

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). “Mini-mental state”: a
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189–198.

Forcato, C., Bavassi, L., De Pino, G., Fernández, R. S., Villarreal, M. F., and Pedreira,
M. E. (2016). Differential left hippocampal activation during retrieval with
different types of reminders: an fMRI study of the reconsolidation process. PLoS
One 11:e0151381. doi: 10.1371/journal.pone.0151381

Frankland, P. W., and Bontempi, B. (2005). The organization of recent and remote
memories. Nat. Rev. Neurosci. 6, 119–130. doi: 10.1038/nrn1607

Fratiglioni, L., Marseglia, A., and Dekhtyar, S. (2020). Ageing without dementia:
can stimulating psychosocial and lifestyle experiences make a difference? Lancet
Neurol. 19, 533–543. doi: 10.1016/S1474-4422(20)30039-9

Fratiglioni, L., Paillard-Borg, S., and Winblad, B. (2004). An active and socially
integrated lifestyle in late life might protect against dementia. Lancet Neurol.
3, 343–353. doi: 10.1016/S1474-4422(04)00767-7

Gais, S., Albouy, G., Boly, M., Dang-Vu, T. T., Darsaud, A., Desseilles, M., et al.
(2007). Sleep transforms the cerebral trace of declarative memories. Proc. Natl.
Acad. Sci. U.S.A. 104, 18778–18783. doi: 10.1073/pnas.0705454104

Haslam, C., Cruwys, T., and Haslam, S. A. (2014). “The we’s have it”: evidence for
the distinctive benefits of group engagement in enhancing cognitive health in
aging. Soc. Sci. Med. 120, 57–66. doi: 10.1016/j.socscimed.2014.08.037

Hertzog, C., Park, D. C., Morrell, R. W., and Martin, M. (2000). Ask
and ye shall receive: behavioural specificity in the accuracy of subjective
memory complaints. Appl. Cogn. Psychol. 14, 257–275. doi: 10.1002/(sici)1099-
0720(200005/06)14:3<257::aid-acp651>3.0.co;2-o

Hohman, T. J., Beason-Held, L. L., Lamar, M., and Resnick, S. M. (2011). Subjective
cognitive complaints and longitudinal changes in memory and brain function.
Neuropsychology 25:125. doi: 10.1037/a0020859

Hughes, T. F., Flatt, J. D., Fu, B., Chang, C.-C. H., and Ganguli, M. (2013).
Engagement in social activities and progression from mild to severe cognitive
impairment: the MYHAT study. Int. Psychogeriatr. 25, 587–595. doi: 10.1017/
S1041610212002086

Frontiers in Neuroscience | www.frontiersin.org 9 March 2022 | Volume 16 | Article 814003

https://www.frontiersin.org/articles/10.3389/fnins.2022.814003/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2022.814003/full#supplementary-material
https://doi.org/10.1007/s00429-018-1790-2
https://doi.org/10.1007/s00429-018-1790-2
https://doi.org/10.1017/S1355617706060206
https://doi.org/10.1017/S1355617706060206
https://doi.org/10.1016/j.clinph.2017.06.001
https://doi.org/10.1212/01.wnl.0000147473.04043.b3
https://doi.org/10.1212/01.wnl.0000147473.04043.b3
https://doi.org/10.1080/13803390500409583
https://doi.org/10.1016/j.neulet.2012.05.074
https://www.istc.cnr.it/it/grouppage/colfis
https://doi.org/10.1080/13607863.2015.1081152
https://doi.org/10.1080/13607863.2015.1081152
https://doi.org/10.3791/2744
https://doi.org/10.1016/S1474-4422(04)00710-0
https://doi.org/10.1146/annurev-neuro-062111-150500
https://doi.org/10.1037/bul0000152
https://doi.org/10.3109/11038128.2015.1102320
https://doi.org/10.1016/j.clinph.2015.03.015
https://doi.org/10.1093/brain/124.5.849
https://doi.org/10.1093/brain/124.5.849
https://doi.org/10.1016/j.neurobiolaging.2011.05.007
https://doi.org/10.1016/j.neurobiolaging.2011.05.007
https://doi.org/10.1371/journal.pone.0151381
https://doi.org/10.1038/nrn1607
https://doi.org/10.1016/S1474-4422(20)30039-9
https://doi.org/10.1016/S1474-4422(04)00767-7
https://doi.org/10.1073/pnas.0705454104
https://doi.org/10.1016/j.socscimed.2014.08.037
https://doi.org/10.1002/(sici)1099-0720(200005/06)14:3<257::aid-acp651>3.0.co;2-o
https://doi.org/10.1002/(sici)1099-0720(200005/06)14:3<257::aid-acp651>3.0.co;2-o
https://doi.org/10.1037/a0020859
https://doi.org/10.1017/S1041610212002086
https://doi.org/10.1017/S1041610212002086
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-814003 March 14, 2022 Time: 12:53 # 10

Cotelli et al. Memory and tDCS

Huo, L., Zhu, X., Zheng, Z., Ma, J., Ma, Z., Gui, W., et al. (2021). Effects of
transcranial direct current stimulation on episodic memory in older adults: a
meta-analysis. J. Gerontol. B Psychol. Sci. Soc. Sci. 76, 692–702.

Hupbach, A., Hardt, O., Gomez, R., and Nadel, L. (2008). The dynamics of
memory: context-dependent updating. Learn. Mem. 15, 574–579. doi: 10.1101/
lm.1022308

Hwang, J., Park, S., and Kim, S. (2018). Effects of participation in social activities
on cognitive function among middle-aged and older adults in Korea. Int. J.
Environ. Res. Public Health 15:2315. doi: 10.3390/ijerph15102315

Krebs, C., Klöppel, S., Heimbach, B., and Peter, J. (2020). Education moderates
the effect of tDCS on episodic memory performance in cognitively impaired
patients. Brain Stimul. 13, 1396–1398. doi: 10.1016/j.brs.2020.07.008

Lee, J. L., Nader, K., and Schiller, D. (2017). An update on memory reconsolidation
updating. Trends Cogn. Sci. 21, 531–545. doi: 10.1016/j.tics.2017.04.006

Lezak, M. D., Howieson, D. B., Loring, D. W., and Fischer, J. S. (2004).
Neuropsychological Assessment. New York, NY: Oxford University Press.

Manenti, R., Brambilla, M., Petesi, M., Ferrari, C., and Cotelli, M. (2013).
Enhancing verbal episodic memory in older and young subjects after non-
invasive brain stimulation. Front. Aging Neurosci. 5:49. doi: 10.3389/fnagi.2013.
00049

Manenti, R., Cotelli, M., Robertson, I. H., and Miniussi, C. (2012). Transcranial
brain stimulation studies of episodic memory in young adults, elderly adults
and individuals with memory dysfunction: a review. Brain Stimul. 5, 103–109.
doi: 10.1016/j.brs.2012.03.004

Manenti, R., Sandrini, M., Brambilla, M., and Cotelli, M. (2016). The optimal
timing of stimulation to induce long-lasting positive effects on episodic memory
in physiological aging. Behav. Brain Res. 311, 81–86. doi: 10.1016/j.bbr.2016.05.
028

Manenti, R., Sandrini, M., Gobbi, E., Binetti, G., and Cotelli, M. (2020). Effects of
transcranial direct current stimulation on episodic memory in amnestic mild
cognitive impairment: a pilot study. J. Gerontol. B Psychol. Sci. Soc. Sci. 75,
1403–1413. doi: 10.1093/geronb/gby134

Manenti, R., Sandrini, M., Gobbi, E., Cobelli, C., Brambilla, M., Binetti, G.,
et al. (2017). Strengthening of existing episodic memories through non-
invasive stimulation of prefrontal cortex in older adults with subjective memory
complaints. Front. Aging Neurosci. 9:401. doi: 10.3389/fnagi.2017.00401

Manenti, R., Tettamanti, M., Cotelli, M., Miniussi, C., and Cappa, S. F. (2010).
The neural bases of word encoding and retrieval: a fMRI-guided transcranial
magnetic stimulation study. Brain Topogr. 22, 318–332. doi: 10.1007/s10548-
009-0126-1

McGaugh, J. L. (2000). Memory–a century of consolidation. Science 287, 248–251.
doi: 10.1126/science.287.5451.248

Monfils, M.-H., Cowansage, K. K., Klann, E., and LeDoux, J. E. (2009). Extinction-
reconsolidation boundaries: key to persistent attenuation of fear memories.
Science 324, 951–955. doi: 10.1126/science.1167975

Nucci, M., Mapelli, D., and Mondini, S. (2012). Cognitive reserve index
questionnaire (CRIq): a new instrument for measuring cognitive reserve. Aging
Clin. Exp. Res. 24, 218–226. doi: 10.3275/7800

Petkus, A. J., and Gomez, M. E. (2021). The importance of social support,
engagement in leisure activities, and cognitive reserve in older adulthood. Int.
Psychogeriatr. 33, 433–435. doi: 10.1017/S1041610220003336

Proschan, M. A., and Follmann, D. A. (1995). Multiple comparisons with control
in a single experiment versus separate experiments: why do we feel differently?
Am. Stat. 49, 144–149. doi: 10.1080/00031305.1995.10476132

Rasch, B., and Born, J. (2007). Maintaining memories by reactivation. Curr. Opin.
Neurobiol. 17, 698–703. doi: 10.1016/j.conb.2007.11.007

Regier, D. A., Kuhl, E. A., and Kupfer, D. J. (2013). The DSM-5: classification and
criteria changes. World Psychiatry 12, 92–98. doi: 10.1002/wps.20050

Richards, M., and Deary, I. J. (2005). A life course approach to cognitive reserve:
a model for cognitive aging and development? Ann. Neurol. 58, 617–622. doi:
10.1002/ana.20637

Roe, C. M., Xiong, C., Miller, J. P., and Morris, J. C. (2007). Education
and Alzheimer disease without dementia: support for the cognitive reserve
hypothesis. Neurology 68, 223–228. doi: 10.1212/01.wnl.0000251303.50459.8a

Rothman, K. J. (1990). No adjustments are needed for multiple comparisons.
Epidemiology 1, 43–46. doi: 10.1097/00001648-199001000-00010

Sandrini, M., Brambilla, M., Manenti, R., Rosini, S., Cohen, L. G., and Cotelli,
M. (2014). Noninvasive stimulation of prefrontal cortex strengthens existing
episodic memories and reduces forgetting in the elderly. Front. Aging Neurosci.
6:289. doi: 10.3389/fnagi.2014.00289

Sandrini, M., Censor, N., Mishoe, J., and Cohen, L. G. (2013). Causal
role of prefrontal cortex in strengthening of episodic memories through
reconsolidation. Curr. Biol. 23, 2181–2184. doi: 10.1016/j.cub.2013.08.045

Sandrini, M., Cohen, L. G., and Censor, N. (2015). Modulating reconsolidation: a
link to causal systems-level dynamics of human memories. Trends Cogn. Sci. 19,
475–482. doi: 10.1016/j.tics.2015.06.002

Sandrini, M., Manenti, R., Brambilla, M., Cobelli, C., Cohen, L. G., and Cotelli,
M. (2016). Older adults get episodic memory boosting from noninvasive
stimulation of prefrontal cortex during learning. Neurobiol. Aging 39, 210–216.
doi: 10.1016/j.neurobiolaging.2015.12.010

Sandrini, M., Manenti, R., Gobbi, E., Rusich, D., Bartl, G., Cotelli, M., et al.
(2019). Transcranial direct current stimulation applied after encoding facilitates
episodic memory consolidation in older adults. Neurobiol. Learn. Mem.
163:107037. doi: 10.1016/j.nlm.2019.107037

Sandrini, M., Manenti, R., Sahin, H., and Cotelli, M. (2020). Effects of transcranial
electrical stimulation on episodic memory in physiological and pathological
ageing. Ageing Res. Rev. 61:101065. doi: 10.1016/j.arr.2020.101065

Schwabe, L., Nader, K., and Pruessner, J. (2014). Reconsolidation of human
memory: brain mechanisms and clinical relevance. Biol. Psychiatry 76, 274–280.
doi: 10.1016/j.biopsych.2014.03.008

Stephen, R., Ngandu, T., Liu, Y., Peltonen, M., Antikainen, R., Kemppainen,
N., et al. (2021). Change in CAIDE dementia risk score and neuroimaging
biomarkers during a 2-year multidomain lifestyle randomized controlled trial:
results of a Post-Hoc subgroup analysis. J. Gerontol. A Biol. Sci. Med. Sci. 76,
1407–1414. doi: 10.1093/gerona/glab130

Stern, Y. (2002). What is cognitive reserve? Theory and research application of the
reserve concept. J. Int. Neuropsychol. Soc. 8, 448–460.

Stern, Y. (2009). Cognitive reserve. Neuropsychologia 47, 2015–2028.
Stern, Y. (2012). Cognitive reserve in ageing and Alzheimer’s disease. Lancet

Neurol. 11, 1006–1012. doi: 10.1016/s1474-4422(12)70191-6
Talamonti, D., Koscik, R., Johnson, S., and Bruno, D. (2020). Predicting early

mild cognitive impairment with free recall: the primacy of primacy. Arch. Clin.
Neuropsychol. 35, 133–142. doi: 10.1093/arclin/acz013

Tambini, A., Nee, D. E., and D’Esposito, M. (2018). Hippocampal-targeted theta-
burst stimulation enhances associative memory formation. J. Cogn. Neurosci.
30, 1452–1472. doi: 10.1162/jocn_a_01300

Vaqué-Alcázar, L., Mulet-Pons, L., Abellaneda-Pérez, K., Solé-Padullés, C., Cabello-
Toscano, M., Macià, D., et al. (2021). tDCS-induced memory reconsolidation
effects and its associations with structural and functional MRI substrates in
subjective cognitive decline. Front. Aging Neurosci. 13:695232. doi: 10.3389/
fnagi.2021.695232

Whalley, L. J., Deary, I. J., Appleton, C. L., and Starr, J. M. (2004). Cognitive
reserve and the neurobiology of cognitive aging. Ageing Res. Rev. 3,
369–382.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Cotelli, Ferrari, Gobbi, Binetti, Manenti and Sandrini. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org 10 March 2022 | Volume 16 | Article 814003

https://doi.org/10.1101/lm.1022308
https://doi.org/10.1101/lm.1022308
https://doi.org/10.3390/ijerph15102315
https://doi.org/10.1016/j.brs.2020.07.008
https://doi.org/10.1016/j.tics.2017.04.006
https://doi.org/10.3389/fnagi.2013.00049
https://doi.org/10.3389/fnagi.2013.00049
https://doi.org/10.1016/j.brs.2012.03.004
https://doi.org/10.1016/j.bbr.2016.05.028
https://doi.org/10.1016/j.bbr.2016.05.028
https://doi.org/10.1093/geronb/gby134
https://doi.org/10.3389/fnagi.2017.00401
https://doi.org/10.1007/s10548-009-0126-1
https://doi.org/10.1007/s10548-009-0126-1
https://doi.org/10.1126/science.287.5451.248
https://doi.org/10.1126/science.1167975
https://doi.org/10.3275/7800
https://doi.org/10.1017/S1041610220003336
https://doi.org/10.1080/00031305.1995.10476132
https://doi.org/10.1016/j.conb.2007.11.007
https://doi.org/10.1002/wps.20050
https://doi.org/10.1002/ana.20637
https://doi.org/10.1002/ana.20637
https://doi.org/10.1212/01.wnl.0000251303.50459.8a
https://doi.org/10.1097/00001648-199001000-00010
https://doi.org/10.3389/fnagi.2014.00289
https://doi.org/10.1016/j.cub.2013.08.045
https://doi.org/10.1016/j.tics.2015.06.002
https://doi.org/10.1016/j.neurobiolaging.2015.12.010
https://doi.org/10.1016/j.nlm.2019.107037
https://doi.org/10.1016/j.arr.2020.101065
https://doi.org/10.1016/j.biopsych.2014.03.008
https://doi.org/10.1093/gerona/glab130
https://doi.org/10.1016/s1474-4422(12)70191-6
https://doi.org/10.1093/arclin/acz013
https://doi.org/10.1162/jocn_a_01300
https://doi.org/10.3389/fnagi.2021.695232
https://doi.org/10.3389/fnagi.2021.695232
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	tDCS-Induced Memory Reconsolidation Effects: Analysis of Prominent Predicting Factors
	Introduction
	Materials and Methods
	Procedure
	Transcranial Direct Current Stimulation
	Experimental Memory Task
	Day 1—Encoding Session
	Day 2—Reactivation and Transcranial Direct Current Stimulation Session
	Day 3 and 30—Retrieval Sessions

	Statistical Analysis

	Results
	Free Recall
	Old/New Recognition
	Transcranial Direct Current Stimulation Sensations

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


