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Abstract.
Background: Associative object-location memory (OLM) is known to decline even in normal aging, and this process is
accelerated in patients with mild cognitive impairment (MCI). Given the lack of curative treatment for Alzheimer’s disease,
activating cognitive resources during its preclinical phase might prevent progression to dementia.
Objective: To evaluate the effects of anodal transcranial direct current stimulation (atDCS) combined with an associative
episodic memory training on OLM in MCI patients and in healthy elderly (HE).
Methods: In a single-blind cross-over design, 16 MCI patients and 32 HE underwent a 3-day visuospatial OLM training paired
with either 20 min or 30 s (sham) atDCS (1 mA, right temporoparietal cortex). Effects on immediate (training success) and
long-term memory (1-month) were investigated by conducting Mixed Model analyses. In addition, the impact of combined
intervention on within-session (online) and on between-session (offline) performance were explored.
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Results: OLM training+atDCS enhanced training success only in MCI patients, but not HE (difference n.s.). Relative
performance gain was similar in MCI patients compared to HE under atDCS. No beneficial effect was found after 1-month.
Exploratory analyses suggested a positive impact on online, but a negative effect on offline performance in MCI patients.
In both groups, exploratory post-hoc analyses indicated an association between initially low-performers and greater benefit
from atDCS.
Conclusion: Cognitive training in MCI may be enhanced by atDCS, but further delineation of the impact of current brain
state, as well as temporal characteristics of multi-session atDCS-training application, may be needed to induce longer-lasting
effects.
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INTRODUCTION

Cognitive decline leading to dementia is one of
the most devastating aspects of aging as it threat-
ens independent functioning, and severely decreases
quality of life [1]. Even during normal aging, episodic
memory tends to decline [2], a process that is accel-
erated in pathological conditions like mild cognitive
impairment (MCI) and Alzheimer’s disease (AD)
[3]. One aspect of episodic memory is visuospatial
memory, for instance acquired during object-location
learning. This object-location memory (OLM) is an
integral part of everyday life, including for exam-
ple the task to find one’s way around a new town,
or to remember where the car was parked some
hours earlier. Of note, deficits in visuospatial mem-
ory may even precede deficits in verbal memory, but
have received much less attention so far in the con-
text of studies [4]. Specifically, the binding process
in terms of integration of object (visual) and loca-
tion (spatial) information to form OLM might be
affected in earliest stages of a disease that compro-
mises hippocampus and adjacent structures [5–9].
Due to the lack of curative treatment for AD [10],
neuro-enhancing strategies aiming to activate respec-
tive cognitive functions and brain resources at an
early stage of the disease process are of utmost impor-
tance [11]. Such strategies could help to counteract
memory decline and to prevent or slow progression
of MCI to dementia [12].

Cognitive training (CT) might be a promising
approach as it beneficially modulates plasticity of
the brain [13] and does not carry the risk of severe
adverse events [14]. CT usually involves stimulation
and strengthening of pre-existing cognitive reserve,
and reorganization of neuronal circuits implicated
with task demands [15]. However, given that studies
using CT have shown only small to moderate effects
in both healthy older adults (healthy elderly, HE) [16,
17] and older patients with MCI [18–20], CT may

be combined with other neuroplasticity-enhancing
techniques in order to boost the training effect [21].
Specifically, anodal transcranial direct current stimu-
lation (atDCS) has been suggested to foster not only
immediate (online) effects via subthreshold alter-
ations of resting membrane potential [22], but also
to induce prolonged after-effects, possibly by mod-
ulating long-term-potentiation (LTP)-like processes.
Such after-effects may underlie the offline gains
(consolidation processes) in performance reported
in several previous studies [23–26]. Thus, combined
with CT, atDCS might influence neural activity in
networks engaged during training, enhancing the
synaptic strength of neurons. Repeated application
of a combined training-atDCS approach may result
in cumulative behavioral effects over consecutive ses-
sions [24, 27].

So far, few studies involving multi-day atDCS
application in combination with CT have been
reported in older adults. Most of them focused on
HE and evaluated atDCS effects on working memory
[28–30]. Importantly, results have not been unequiv-
ocal, with some reports indicating beneficial effects
of combined intervention [31–33], while others did
not [34, 35]. Factors contributing to these conflicting
findings may include variations between study pop-
ulations in terms of age, gender, education, health
status, genetic background, brain state, or electrode
montage [21, 36]. In addition, given that atDCS
is considered a weak form of modulation, it may
be most effective at near-threshold (fragile) perfor-
mance level [37]. Moreover, it may show the largest
benefit in individuals with rather low baseline per-
formance [38–41]. Thus, MCI patients, in whom low
memory performance is a hallmark of the clinical
symptomatology, may be particularly susceptible to
the beneficial effects of atDCS. Encouraging results
have been reported for repeated atDCS in MCI due
to AD [42, 43] and atDCS combined with CT in
MCI due to idiopathic Parkinson’s disease [44, 45],
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but a negative effect has been reported in a study
applying atDCS before CT in MCI due to AD [46].
Conflicting results might result from heterogeneity
between stimulation protocols, e.g., application of
atDCS before versus during training [38, 47]. Most
of these studies did not directly compare the impact
of stimulation in MCI with the impact in a healthy
control group, though. Interestingly, Meinzer et al.
found that atDCS could improve performance of MCI
patients in a semantic word retrieval task to the level
of HE [48]. Although this evidence is preliminary, any
possible restoring effect may be of clinical relevance
and warrants further investigation.

The sham-controlled study was based on the ratio-
nale 1) that task-induced engagement of target brain
area during stimulation is important for modulating
behavior [49, 50], and 2) that stimulating key nodes
of a given network would suffice to active this net-
work [51]. Given the central role of hippocampus [52]
and the right temporoparietal cortex [25, 53] in OLM,
atDCS was applied over right temporoparietal cortex
during a 3-day OLM training aiming to stimulate one
node of a broader network that is highly intercon-
nected to the hippocampus [54]. The impact of joint
intervention on training success in MCI was directly
compared to the impact of stimulation in HE (data
of HE was reported previously [21]; in brief, no dif-
ference between stimulation conditions was found).
Memory strengthening induced by training can be
described as improved learning and retention [55].
Training success (primary outcome) was operational-
ized as increase in performance assessed immediately
after the end of multi-day training, assuming that it
reflects peak performance (and thus training success)
after training [55]. This score comprises different
processes such as learning, consolidation, recon-
solidation, and forgetting. Moreover, the impact of
training with atDCS or sham stimulation on memory
was assessed after one month (secondary outcome)
to investigate long-term effect of combined interven-
tion. According to the seminal study from Reis et
al. [24], we further explored the impact of atDCS
(relative to sham) on different temporal components
of learning and memory. Thus, we tried to evalu-
ate the influence of atDCS separately on immediate
(within-session ‘online’ effect) and prolonged after-
effects (between-session ‘offline’ effect) on training
performances.

We hypothesized that in MCI patients, perfor-
mance immediately after the end of training (training
success) would be significantly higher in the OLM
training+atDCS group, as compared to the OLM

training+sham group, and that this difference would
be retained one month later (long-term memory).
Given the role of sleep in memory consolidation [56]
and a possible modulation of emotional state by tDCS
[57] which in turn might affect memory process-
ing [58], subjective sleep and affective state were
monitored throughout the training. Moreover, in an
exploratory approach, we aimed to assess if atDCS
differently modulates on- and offline effects in this
cognitive task, possibly with a greater positive impact
on offline effects.

METHODS

Participants

Data reported here were assessed during a ran-
domized interventional trial comprising elderly
subjects with MCI (registered at https://clinicaltrials.
gov: NCT02110043, https://clinicaltrials.gov/show/
NCT02110043). Data were compared with previ-
ously reported data of HE (NCT02110056, https://
clinicaltrials.gov/show/NCT02110056 [21]), who
underwent the identical study protocol. Participants
signed informed written consent prior to the first
study related assessment and received a small com-
pensation for study participation. The studies were
carried out between 2014–2017 at the Department of
Neurology at Charité (Charité - Universitätsmedizin,
Germany), were approved by the Ethics Committee of
the Charité, and were conducted in accordance with
the declaration of Helsinki.

In total, 31 MCI patients (amnestic: single and
multiple domain), aged 50–90 years, fluent German
speakers, were recruited from the memory clinic of
the Department of Neurology, Charité. They were
pre-screened by a structured phone interview to
exclude major study-related exclusion criteria. Dur-
ing this interview, medical history (e.g., diabetes,
hyperthyroidism or hypothyroidism, Cushing’s syn-
drome, arterial hypertension, neurological diseases,
psychiatric diseases) as well as current medication,
history of alcoholism, substance abuse, and con-
traindications to magnetic resonance imaging (MRI,
e.g., metallic intracranial implants) and tDCS (e.g.,
epilepsy) were obtained from patients. Key exclu-
sion criteria comprised severe untreated medical,
neurological, and psychiatric diseases (if not in
remission), history of severe alcoholism or use of
drugs, change in centrally acting drugs in the last
3 months, and contradictions for MRI or tDCS. Sta-
ble doses (>3 months) of centrally acting drugs did

https://clinicaltrials.gov
https://clinicaltrials.gov
https://clinicaltrials.gov/show/NCT02110043
https://clinicaltrials.gov/show/NCT02110043
https://clinicaltrials.gov/show/NCT02110056
https://clinicaltrials.gov/show/NCT02110056
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not lead to exclusion, given for instance that depres-
sive symptoms are common in MCI patients, and
our aim was to address our research question in a
naturalistic MCI cohort. Eligible MCI patients that
passed pre-screening underwent an on-site medi-
cal screening, neuropsychological testing with the
CERAD (Consortium to Establish a Registry for
Alzheimer’s Disease test battery; Memory Clinic
Basel, http://www.memoryclinic.ch), and a structural
MRI to exclude brain pathology like stroke or tumor.
Subjects were included if they fulfilled clinical core
criteria for amnestic MCI proposed by Petersen [59–
61]. These criteria comprised: 1) subjective cognitive
complaints, 2) objective memory impairments in
standardized tests (at least 1 SD below age and edu-
cation adjusted norms in relevant memory-related
subtests of CERAD, to include both, early and late
MCI [62], 3) relatively preserved general cognition
(Mini-Mental State Examination (MMSE) [63] above
the normality cut-off (MMSE > 24)), 4) no constraints
in activities of daily living, and 5) no evidence of
manifest dementia (according to the Diagnostic and
Statistical Manual of Mental Disorders).

HE (n = 56) were recruited via advertisements in
Berlin, Germany. They were native German speak-
ers between 50-90 years, without subjective cognitive
complaints, or objective cognitive impairment as
indicated by results of CERAD. For a complete
description of HE, see Külzow et al. [21]. Exclusion
criteria comprised severe untreated neurological or
psychiatric disorders, e.g., epilepsy, manifest demen-
tia, and major brain pathologies like brain tumor or
previous stroke identified in the MRI scan.

From 31 recruited MCI patients and 56 recruited
HE, 11 MCI patients and 19 HE declined participa-
tion because of time constraints, as well as 2 MCI
patients and 1 HE did not meet inclusion criteria.
From the remaining 18 MCI patients and 36 HE, 2
MCI patients and 4 HE had to be excluded due to
MRI findings (nMCI =1; nHE =2), and problems dur-
ing training sessions (nMCI = 1; nHE = 2), thus leaving
16 MCI patients (5 females) and 32 HE (22 females)
for analysis (see Fig. 1).

Mean age of MCI patients was 70 years (SD:
6). They did not significantly differ from HE in
terms of age (69 years old; SD: 7) and education
(15 years; SD: 3). To characterize MCI patients and
HE with regard to cognitive status, emotional state,
and other psychological factors, subjects underwent a
comprehensive standardized test battery at baseline.
In addition, blood samples were drawn at baseline
visit to determine genotypes of learning relevant

polymorphisms (ApoE4, COMT Val158Met, BDNF
Val66Met). Genotyping on coded samples was per-
formed by the laboratory of Prof. Dr. Dan Rujescu,
University Halle, Germany. Baseline characteristics
of the study sample are described in details in Table 1.

Experimental design and procedures

This study was conducted in a counterbalanced
subject-blind placebo-controlled cross-over design
involving 2 blocks of testing, separated by a period
of 3 months to prevent carry-over effects (see also
Fig. 1). Each block comprised a 3-day visuospa-
tial training task called LOCATO (see Fig. 2A)
[21] paired with either atDCS (20 min, 1 mA) or
sham (30 s) stimulation (see Fig. 2 C). Conditions
were applied in randomized order. OLM performance
(recall) was also tested in follow-up session with 1-
day (FU1) and 1-month (FU2) delay after training
(see Fig. 2B).

Training task

Visuospatial memory training was administered
using the OLM paradigm [25, 74], which was adopted
for use in a 3-day OLM training (LOCATO-30)
and is described in detail elsewhere [21]. In brief,
subjects had to learn 30 object-location pairings
on a two-dimensional street map over the course
of five learning blocks at each day, followed by a
recall task (see also Fig. 2A). Buildings occurred on
their “correct” and “incorrect” locations. The “cor-
rect” object-location pairings were repeated and were
shown more often (occurred twice within each learn-
ing block) than “incorrect” pairings (presented once
during whole training). In each learning block sub-
jects responded to 120 object-location pairings (2
x 30 “correct”, 60 “incorrect” pairings) by button
press (‘YES’, ‘NO’) on a response pad as accurate
as possible to indicate whether the buildings were
presented at their “correct” or “incorrect” location.
Immediately after five learning blocks recall perfor-
mance was tested using two cued recall tests. To
avoid contaminations due to task order, and to reduce
overall testing time, 50% of associations were tested
via item recognition (IR) and 50% via 3-alternative
forced choice (3-AFC) task. For IR 15 correct object-
location pairings were intermixed with 15 (not shown
before) incorrect pairings. Stimulus presentation was
identical to learning blocks and subjects responded
by button press whether the position was “correct”
(‘YES’) or not (‘NO’). In the subsequent 3-AFC

http://www.memoryclinic.ch
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Fig. 1. Flowchart of cross-over studies including patients with mild cognitive impairment (MCI) and healthy elderly (HE). Thirty-one
patients with mild cognitive impairment (MCI) and 56 healthy elderly (HE) were recruited and pre-screened. 13 MCI patients and 20 HE
were excluded due to refusal or study-related constraints. One MCI patient and 2 HE matched exclusion criteria, and 1 MCI patient and 2
HE had to be excluded due to other difficulties, leaving 16 MCI patients and 32 HE for analysis. Participants were randomly assigned to
either anodal transcranial direct stimulation (atDCS) or sham stimulation (sham) condition, which was applied simultaneous to training. *In
the second study block, the same procedures were conducted, but according to a cross-over design Training was done under the other (not
yet applied) Stimulation condition. 1Due to technical problems one MCI patient did not received the same training versions across training
days during the second study block. Thus, performance data has to be excluded from analysis. Hence, n for MCI patients differed between
study blocks.

test three possible locations for a particular building
were shown on the street map marked with “1,” “2,”
and “3” and subjects chose the “correct” location by
pressing the corresponding number on the keyboard.
Neither in learning trials nor during cued recall tests
a performance feedback was provided. Two paral-
lel versions (A, B) of LOCATO-30 were used, each
one with a different set of buildings, and with the
street map rotated for 180◦ for version B. Versions
were assigned in counterbalanced manner to respec-
tive intervention. LOCATO-30 was presented on a

laptop (14.17 X 8 inches) using Presentation Software
(Neurobehavioral Systems, Albany, CA, USA).

Brain stimulation

atDCS was delivered by a direct current stimulator
(NeuroConn GmbH, Ilmenau, Germany) using two
saline-soaked synthetic surface sponge electrodes
and were attached on the scalp by rubber bands. The
active electrode (anode, 5x7 cm2) was positioned
over the right temporoparietal cortex, centered on
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Table 1
Characteristics, screening- and baseline assessments of older adults with (MCI) and

without (HE) memory impairment

MCI HE p

n - men/women 11/5 10/22
Age in years 70 (6) 69 (7) 0.49
Education in years 15 (3)e 15 (3)a 0.46
Oldfield Handedness 88 (28)e 97 (11)c 0.13
Polymorphisms
ApoE genotype �4 allele carriers - n (%) 6 (61%)f 9 (28%) 0.24
BDNF met allele - N (%) 4 (31%)f 10 (32%)a 0.92
COMT met allele - N (%) 12 (75%)f 24 (75%) 0.19
CERAD subtests
Boston Naming Test 13.8 (1.0) 14.5 (0.84) 0.15
Words (learning) 16.7 (3.9) 22.1 (4.14)d <0.001
Figure (drawing) 10.2 (1.1) 10.7 (0.60)a 0.70
Words - recall 5.6 (2.5) 8.1 (1.84) <0.001
Figure - recall 8.4 (3.2) 9.5 (2.17)a 0.21
MMSE 27.7 (1.8) 29.1 (1.25) 0.02
Baseline assessment
Cognitive function
TMT-A (s) 51.7 (19.9) 42.3 (13.7) 0.03
TMT-B (s) 128.1 (60.1) 77.9 (26.8) <0.001
TMT-B/TMT-A 2.57 (1.1) 1.9 (0.6) 0.04
Digit Span
forward 7.1 (1.8) 8.7 (1.9)a 0.02
backward 6.1 (2.1) 6.6 (2.1)a 0.42
Verbal Fluency
S 12.2 (4.4) 17.6 (4.7) 0.001
M 12.4 (5.4) 14.8 (4.7) 0.13
G-R 11.9 (4.3) 15.6 (4.8) <0.001
Animals 16.9 (3.2) 23.6 (5.9) <0.001
Sport-fruits 10.8 (2.4) 15.1 (2.7) <0.001
MWT 30.7 (3.7) 32.9 (1.8) 0.03
LOCATO-15 learning 49.7 (9.2) e 57.4 (9.7) 0.02
LOCATO-15 cued recall 42.5 (11.1)e 51.0 (16.9) 0.16
Non-cognitive functions
PANAS positive score 32.7 (4.3) 34.2 (7.4) 0.45
PANAS negative score 12.6 (4.4) 11.1 (2.5) 0.15
BDI 7.4 (4.8) 3.4 (2.7)a 0.001
Quality of life: WHOQoL
Physical 78. (12.7) 84.9 (12.6) 0.09
Psychological 69.3 (13.9) 78.9 (10.0) 0.002
Social 69.3 (15.7) 72.3 (14.8) 0.19
Environmental 79.8 (14.4) 82.3 (10.2) 0.48
Overall score 68.7 (12.9) 75.0 (14.4)a 0.06
PSQI (sleep) 5.3 (3.6) 5.2 (3.1)b 0.66
Coping with stress (SVF)
Positive strategies 13.2 (2.5) 15.9 (15.4) 0.48
Negative strategies 8.1 (3.1) 9.1 (16.7) 0.82

Data are given as mean and standard deviations otherwise mentioned. In some parameters
N is reduced due to missing data: na = 31, nb = 29, nc = 26, nd = 23, ne = 15, nf = 13. ApoE
genotype �4 allele carriers (Apolipoprotein E-DNA), BDNF (Brain derived neurotropic fac-
tor) and COMT (Catechol-O-Methyl-Transferase) were extracted from whole blood using
a blood mini-kit (Qiagen, Hilden, Germany); Oldfield handedness [64]; CERAD, Consor-
tium to Establish a Registry for Alzheimer’s Disease test battery (Memory Clinic Basel,
www.memoryclinic.ch); MMSE, Mini-Mental State Examination scores [63]; TMT, Trail
Making Test [65]; Digit span [66]; Verbal Fluency, Regensburger Verbal Fluency Test [67];
MWT, Multiple-Choice Vocabulary Intelligence Test [68]; PANAS, Positive and Negative
Affective Schedule [69]; BDI, Becks depression inventory [70]; WHOQoL,WHO Quality of
life [71]; PSQI, habitual sleep score (Pittsburgh Sleep Quality) [72]; SVF120, stress coping
strategies - habitual form [73].
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Fig. 2. Overview of procedures related to associative object-location memory paradigm (LOCATO). A) Learning task (acquisition) and
recall format (Item Recognition: IR and 3-Alternative Forced Choice: 3-AFC). B) Distribution of learning blocks over the training days,
pre-training baseline assessment and follow-up post training measurements (RECALL Follow-up 1,+1 d: after 1 day; RECALL Follow-up
2,+1 mo: after 1-month); each study block comprised 6 sessions (2–7; first session (not shown)) with 3 months in-between. Training (session
3–5) consisted of three consecutive days, each comprised five learning blocks and subsequent cued recall test (IR, 3-AFC). C) Electrodes
positioning.

T6 (according to international EEG 10-20 System)
known to be implicated in acquisition of OLM [75].
Moreover, atDCS over this area has been shown to
improve performance on a similar version of the task
employed in our study [25, 76]. The return electrode
(cathode, 10×10 cm2) was placed contralateral over
the left supraorbital area (see also Fig. 2 C). The larger
size of the cathode renders the current functionally
ineffective. In addition, the current density was below
the required threshold (0.017 mA/cm2) to alter cor-
tical excitability by tDCS in humans. A current of
1 mA was applied for 20 min (atDCS) or 30 s (sham)
in a ramp-like fashion of 10 s. Regarding perception
of stimulation, subjects had first to indicate, if they
experienced the stimulation (YES/NO) and second,
to rate their level of discomfort due to stimulation
on a scale from 0 (not at all) to 6 (very strongly)
retrospectively.

Affective state and sleep characteristics

Immediately before application of atDCS or sham
affective state [63] of previous night were assessed
(see also Fig. 2B). To control for confounders subjects

had to indicate on a 7-point rating scale (scale:
from 0 ‘not at all’ to 6 ‘very strongly’) how they
feel with regard to specific (e.g., anger, anxiety)
and unspecific (e.g., activation, excitation) positive
and negative affective states (10 in total) by means
of an adjective checklist (“Befindlichkeitsskalierung
anhand von Kategorien und Eigenschaftswörtern”;
BSKE, [77]; German multidimensional checklist
similar to the Positive and Negative Affective Sched-
ule, PANAS, [69]). Moreover, sleep duration (“How
many hours did you sleep last night?”) and sleep qual-
ity (“How did you sleep last night on a scale from 0
‘lousy’ to 6 ‘excellent’?”) of prior night were self-
rated by participants on each training day.

Data aggregation

Percent correct scores (PC) were calculated for
every learning block (L1 - L5, acquisition) and IR-test
(cued recall) on the basis of number of hits (‘YES’
response to a “correct” object-location pairing) and
correct rejections (‘NO’ response to an “incorrect”
object-location pairing). PC score were calculated
as follows: [number of hits + number of correct
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rejections] * 100 / total number of presented build-
ings. Performance in the other memory test used in
the study (3-AFC) was measured by number of cor-
rect selected responses in %. The primary outcome
“training success” was pre-specified before start of
study (see clinical trials registry). Training success
was defined by PC at fifth learning block (L5) on last
training day (day 3) and adjusted (difference score)
for baseline performance in the very first learning
block (L1, day 1) to account for inter-individual dif-
ferences (training success: [PCL5day3 – PCL1day1]).
Secondary outcome comprised long-term memory
after 1-month (FU2). Here, cued recall performance
(IR, 3-AFC) was used and expressed as difference to
learning performance at fifth block on first training
day (delayed memory: IRFU2 – PCL5day1, 3-AFCFU2
– PCL5day1). For exploratory analyses, online (within-
session changes) and offline effects (between-session
changes) were also determined. Online scores were
related to daily improvements (difference) within
each training day (ONday n =PCL5 day n – PCL1 day n).
Offline scores represented overnight retention and
included cued recall performance (IR and 3-AFC)
before start of next OLM training in relation (dif-
ference) to learning performance of previous day
(OFFdayn = Cued recallday n + 1 before OLM–training –
PCL5 day n).

Statistical analysis

Statistical analysis was conducted using the Sta-
tistical Package for the Social Sciences (IBM SPSS,
version 24.0) and the free statistical software R [78].
Baseline differences (cognitive and other character-
istics) between MCI patients and HE were tested
by using chi-square tests (categorical variables), t-
tests (differences in means), and Mann-Whitney
tests (differences in ranks), respectively. Primary
and secondary outcome measures were first ana-
lyzed by separate linear mixed models (LMM;
random intercept models) with no further covari-
ates taken into account (referred to as MODEL 0)
[79]. Repeated measurements under different con-
ditions (“atDCS” or “sham”) were entered as level
one unit nested in different individuals as level two
units (16 MCI patients, 31 data points; 32 HE,
64 data points in total). Effects of INTERVEN-
TION (atDCS versus sham) and differences between
GROUP (MCI patients versus HE) for each depen-
dent variable (training success, delayed memory IR,
delayed memory 3-AFC) were evaluated in separate

LMM analyses including sham (INTERVENTION)
and HE (GROUP) as reference value in the mod-
els. Regarding explorative analysis of online and
offline effects (dependent variables), a further fac-
tor DAY (time) was added to the models (16 MCI
patients, 93 data points; 32 HE, 192 data points in
total). In order to statistically control for potential
confounders, LMM analyses were repeated including
covariates (referred as MODEL 1). Given the small
sample size, the adjusted Model aimed to include not
too many covariates to gain stable estimates and to
avoid an overfit. Therefore, we followed a heuristic
approach including a forward selection of potential
contributors. Selection was guided by 1) avoid-
ance of variables with high inter-correlations (avoid
collinearity), and 2) changes in Akaike information
criteria (AIC) as estimator for model fit. Impact of
intervention and group was reported by model based
estimated mean difference, and 95% confidence inter-
val (mean Diff [95% CI]). Semi-partial R2 (R2

�∗;
[80]) as implemented in the r package r2glmm were
computed as measures of effect size for fixed effects.
Model-based post-hoc pairwise comparisons of the
fixed effects were calculated and presented as mean
differences in % (atDCS – sham or MCI – HE),
and a 95 % CI. A two-sided significance level of
�=0.05 was used for testing the primary hypothe-
sis of beneficial effects of atDCS in MCI patients
compared to HE with regard to training success. All
secondary analyses were done within an exploratory
framework. No adjustment for multiple testing was
applied.

RESULTS

Primary outcome: Training success

LMM analysis revealed a differential impact of
atDCS condition on groups as reflected by a mod-
erate although not statistically significant GROUP X
INTERVENTION interaction effect (Model 0 with-
out covariates; for details see Table 2, p = 0.08, R2

�∗
=0.03). MCI patients showed a small benefit from
training under atDCS compared to training under
sham (10.9 [–0.2,22.0], p = 0.05). In contrast, in HE
no substantial difference in training success between
atDCS and sham condition was obtained (–1.2 [–
8.9,6.4], p = 0.74), see Fig. 3). Moreover, under sham,
relative training gain in MCI was lower than in
HE (MCI versus HE: –19.0 [–30.1,–7.9], p = 0.001),
while under atDCS, relative training gain was similar
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Table 2
Linear mixed models analysis with factor INTERVENTION and GROUP for training success and delayed recall

Outcome Training success Delayed recall IR Delayed recall AFC
n Mean diff 95% CI p R-square n Mean diff 95% CI p R-square n Mean diff 95% CI p R-square

Model 0 0.13 0.009 0.03
nMCI, nHE 16, 32 16, 32 16, 32
Total data points 95 91 90
Group (HE = 0) -12.9 -22.0, -3.8 0.006 0.12 0.9 -6.6, 8.5 0.81 <0.001 -3.9 -12.4, 4.5 0.35 0.03
Intervention (stDCS = 0) 4.8 -1.9, 11.6 0.16 0.001 2.7 -3.3, 8.7 0.37 0.003 -0.6 -8.4, 7.2 0.88 0.02
Group X Intervention 0.03 0.001 0.02

G
R

O
U

P
(M

C
I

-
H

E
)

atDCS -6.8 -18.1, 4.5 0.23 1.6 -7.8, 11.1 0.73 1.3 -10.0, 12.7 0.81

sham -19.0 -30.1, -7.9 0.001 0.2 -9.4, 9.8 0.97 -9.2 -20.6, 2.2 0.11

IN
T

E
R

V
E

N
T

IO
N

(a
tD

C
S

-
sh

am
)

MCI 10.9 -0.2, 22.0 0.05 3.4 -6.5, 13.4 0.49 4.7 -8.2, 17.7 0.46

HE -1.2 -8.9, 6.4 0.74 2.0 -4.7, 8.7 0.55 -5.8 -14.5, 3.0 0.18

Model 1 0.34 0.17 0.11
nMCI, nHE 13, 31 13, 30 13, 31
Total data points 87 84 83
Group (HE = 0) -1.6 -15.0, 11.9 0.81 0.02 -3.5 -17.6, 8.5 0.58 0.006 -4.6 -18.6, 9.4 0.51 0.03

(Continued)
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(Continued)

Outcome Training success Delayed recall IR Delayed recall AFC
n Mean diff 95% CI p R-square n Mean diff 95% CI p R-square n Mean diff 95% CI p R-square

Intervention (stDCS = 0) 6.3 -1.3, 13.9 0.10 0.001 3.2 -2.9, 9.5 0.29 0.004 1.2 -7.3, 9.8 0.77 0.02
Group X Intervention 0.04 0.001 0.03

G
R

O
U

P
(M

C
I

-
H

E
)

atDCS 5.9 -9.4, 21.3 0.44 -2.4 -16.4, 11.6 0.73 2.7 -13.3, 18.7 0.74

sham -9.1 -24.3, 6.2 0.24 -4.7 -18.9, 9.6 0.51 -11.9 -28.4, 4.5 0.15

IN
T

E
R

V
E

N
T

IO
N

(a
tD

C
S

-
sh

am
)

MCI 13.8 1.0, 26.7 0.04 4.4 -6.1, 14.9 0.40 8.6 -6.0, 23.2 0.24
HE -1.2 -9.4, 7.0 0.77 2.1 -4.4, 8.6 0.51 -6.1 -15.1, 2.9 0.18

Covariates � � �
Gender -9.0 -18.1, 0.1 0.05 0.05 1.2 -7.6, 10.0 0.78 0.001 1.6 -8.1, 11.3 0.74 0.001
Age -1.0 -1.6, -0.4 0.002 0.12 0.4 -0.2, 1.0 0.17 0.03 -0.4 -1.0, 0.3 0.25 0.02
Sequence 0.8 -6.1, 7.7 0.82 0.001 6.4 0.8, 11.9 0.02 0.05 6.9 -0.7, 14.5 0.07 0.04
MWT-Score 1.8 0.2, 3.5 0.03 0.06 -1.9 -3.5, -0.3 0.02 0.09 -0.9 -2.6, 0.8 0.31 0.01
BDI -1.0 -2.1, 0.2 0.09 0.04 -0.4 -1.5, 0.6 0.40 0.01 0.4 -0.7, 1.6 0.47 0.007
ApoE -0.3 -9.3, 8.7 0.95 <0.001 -0.6 -9.2, 8.0 0.88 <0.001 3.0 -6.4, 12.5 0.52 0.006

MODEL 0: Three separate linear mixed models were performed (dependent variables: training success, item recognition (IR) and 3-alternative forced choice (3-AFC); independent variables:
INTERVENTION (atDCS, sham) and GROUP (MCI, HE)). R2�* - semi-partial R2 as measure of effect size. �=regression coefficient (sham = 0, HE = 0). Positive difference scores indicated
better performance for atDCS or MCI. MODEL 1: Three separate linear mixed models with adjustment for covariates: Gender, age, sequence of intervention, indicator for premorbid intelligence
(MWT-scores), BDI, ApoE 4 allele carriers (a polymorphism that have been previously implicated in memory outcome, e.g., Wisdom et al. [63]; Matura et al. [64]), CI = confidence interval.
Reduced data points are due to missing data. Reference values of binary covariates - gender: women = 0; sequence of intervention: study block 2 = 0; ApoE 2 and 3 = 0. atDCS = anodal transcranial
direct current stimulation, MCI = mild cognitive impairment, HE = healthy elderly.
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Fig. 3. Scatterplot of training success. Scatterplot of training success under object-location memory (OLM) training+anodal transcranial
direct current stimulation (atDCS) versus OLM training+sham condition (sham) depicted for older adults with (MCI, left) and without (HE,
right) mild cognitive impairment. Grey circles, which are connected by the bolded line, refer to group mean of respective condition.

between groups (MCI versus HE: –6.8 [–18.1, 4.5],
p = 0.23).

The subsequently conducted LMM analysis was
adjusted (Model 1) for gender, age, sequence of
intervention, premorbid intelligence (MWT-score at
baseline), ApoE 4 allele genotype (a polymorphism
that has previously been implicated in memory out-
come, e.g., [81, 82]), and baseline depression score
(BDI). The interaction effect of GROUP X INTER-
VENTION that demonstrated differential effects of
atDCS in MCI patients and HE was similar as in the
unadjusted model (p = 0.05, R2

�∗ = 0.04). Post-hoc
pairwise comparison showed that in MCI patients the
beneficial effect of atDCS relative to sham condition
on training success was even more pronounced (13.8
[1.0, 26.7], p = 0.04).

Given the role that initial individual performance
might play for efficacy of atDCS the association
between relative atDCS gain (calculated as differ-
ence in training success between atDCS and sham
condition: atDCS – sham; positive scores indi-
cate benefit in terms of better performance under
atDCS compared to sham parallel to OLM train-

ing) and initial performance after first learning block
(L1) of the first training day (day 1) under atDCS
condition was further explored in a post-hoc cor-
relational analysis (Pearson) separately for each
group. In both groups a negative association were
observed (HE: r = -0.41, p = 0.02; MCI: r = -0.33,
p = 0.21), suggesting a relative greater benefit follow-
ing training with atDCS for initially low-performing
individuals.

Secondary outcome: Long-term memory

Analysis of long-term effects of combined inter-
vention on memory revealed small differences
between groups and conditions (Model 0: Mean diff
varied between 0.2 and 3.4 for IR and between -
9.2 and 1.3 for 3-AFC, for details see Table 2), but
respective 95 % CI did not indicate substantial effects
for MCI patients or HE in either of the cued recall
tests. Pattern of results remained if LMM analysis
was adjusted for the covariates as described above
(Model 1, see Table 2 for details).
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Explorative analysis: Behavioral measures of on-
and offline effects

For within-session performance (online effects,
Model 0), a substantial training effect across days
was evident in both groups. Because of a training-
induced increase in performance at the beginning of
each further training day magnitude of online scores
(improvement in performance between first (L1)
and last (L5) learning block at one day) decreased
across training days (DAY 1 : 17.0 [14.9, 19.1], DAY
2 : 11.3 [9.2, 13.4], DAY 3 : 3.8 [1.7, 5.9], p < 0.001,
R2

�∗= 0.05). In addition, while in HE similar learn-
ing effects were obtained on each day irrespective
of stimulation condition (Mean diff between atDCS
and sham varied between 0.8 and –0.6), a slightly
different pattern emerged in MCI patients. Here,
although not statistically significant, online effects
were enhanced by atDCS on the third training day
(5.0 [–1.9, 11.9]). Results remained unchanged after
adjustment for covariates (Model 1 adjusted for gen-
der, sequence of intervention, BDI at baseline and
ApoE 4; for details see Table 3).

Between-session performance (offline effects)
were analyzed separately for the two cued recall
tests (Model 0; IR and 3-AFC). Post-hoc pairwise
comparison suggested an adverse atDCS effect in
MCI patients especially after the third night (assessed
the day after training was completed). Enhanced
overnight forgetting after OLM training+atDCS com-
pared to OLM training+sham was observed in both
cued recalled tests (IR: –11.0 [–18.3,–3.7], 3-AFC:
–14.6 [–24.6,–4.5], see Fig. 4). A similar detri-
mental atDCS effect was not obtained for HE (IR:
–1.8 [–6.9, 3.3], 3-AFC: 1.1 [–5.9, 8.1]). Results
remained significant after adjustment for covariates
(Model 1 adjusted for gender, sequence of interven-
tion, BDI at baseline and ApoE 4; for details see also
Table 3).

In sum, a beneficial impact of OLM train-
ing+atDCS, as compared to OLM training+sham,
was observed in MCI patients, with similar rates
of improvement as compared to HE. The benefi-
cial effect in MCI patients did not persist (memory
performance after 1 month). Further, atDCS seemed
to differentially modulate behavioral on- and offline
effects in MCI patients and HE. While online per-
formance was enhanced on the last training day,
subsequent offline performance (day after last train-
ing session was administered) declined in MCI
patients. A comparable pattern of online/offline
effects was not observed for HE.

Control of sleep characteristics, and affective
state during training

MCI patients and HE slept on average 7 h, and
reported that they had slept well the night before the
respective training day (mean (SD): MCI: 4.1 (0.2);
HE: 4.1 (0.1); rating scale: 0 (lousy) – 6 (excellent)).
While self-rated quality of sleep did not substan-
tially vary across training days, a difference between
groups who received sham stimulation at the first
study block was observed. Here, MCI patients slept
on average 1 h less than HE (95%CI: 0.3, 1.7) during
the night before the first training day. The differ-
ence between groups decreased over the course of
the training sessions.

Positive affective state ratings, which were con-
ducted immediately before a training session had
been started, did not differ substantially between
groups (–0.14 [–0.7, 0.4]), stimulation conditions (–
0.04 [–0.2,0.1]), or across training days (maximal
difference in positive ratings were observed between
Day 1 and Day 2 : 0.5 [–0.1,0.2]). Moreover, subjects
scored very low on self-assessed negative affective
state. The composite negative score (mean) of the
rated subscales was below 1 (on a rating scale from
0 to 6). However, irrespective of condition (atDCS
or sham) MCI patients scored on average some-
what higher in negative scales compared to HE. This
difference was observed especially with regard to
self-rated “excitation” (1 [0.4,1.6]) and “anxiety” (0.6
[0.2,1.0]).

Stimulation perception

In the MCI group, 7 patients believed that they
had received no stimulation during both sessions, 2
patients that they were stimulated in both sessions,
and 3 patients that they were stimulated once during
the two blocks (only one of them was able to correctly
determine the atDCS condition). In the HE group,
23 subjects did not reliable discriminate between
atDCS and sham condition (see also [21]). Cross sec-
tional analyses revealed that both MCI and HE were
not able to reliably discern stimulation conditions
in the first [both X2

(1)≤0.4] or in the second [both
X2

(1)≤2] study block, indicating that our sham pro-
cedure was successful in blinding subjects. The low
level of self-rated discomfort (scale: 0 ‘not at all’ –
6 ‘very strongly’) indicated that stimulation was well
tolerated by MCI patients (atDCS: median (SD): 1
(0.9)) and HE (0.9 (1.2)).
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Table 3
Separate linear mixed models analysis with factor INTERVENTION and GROUP for online and offline effects

Outcome Online Offline IR Offline AFC
n Mean diff 95% CI p R-square n Mean diff 95% CI p R-Square n Mean diff 95% CI p R-square

In
te

rv
en

tio
n

ef
fe

ct

Model 0 0.27 0.07 0.08
nMCI, nHE 16.32 16, 32 16.32
Total data points 283 284 284
Group (HE = 0) -1.9 -4.5, 0.6 0.13 0.002 3.3 -1.2, 7.1 0.15 <0.001 0.3 -5.1, 5.7 0.90 0.006
Intervention (atDCS = 0) 0.1 -2.3, 2.5 0.92 0.008 -2.0 -4.6, 0.6 0.13 0.03 -3.4 -6.9, 0.2 0.06 0.03
Day <0.001 0.05 0.19 0.003 0.002 0.002
Day 1 17.0 14.9,19.1 -2.0 -4.7, 0.8 -20.5 -24.1, -16.8
Day 2 11.3 9.1, 13.4 -1.0 -3.7, 1.8 -16.7 -20.4, -13.1
Day 3 3.8 1.7, 5.9 0.9 -1.8, 3.6 -12.7 -16.3, -9.0
Group X Intervention X Day 0.02 0.06 0.06
Day 1
MCI 1.0 -5.9,7.9 0.78 -4.7 -12.0, 2.6 0.20 -1.1 -11.2, 8.9 0.82
HE 0.8 -4.0,5.6 0.74 4.2 -0.9, 9.2 0.11 4.1 -2.9, 11.0 0.25
Day 2
MCI -3.3 -10.2,3.6 0.34 0.9 -6.4, 8.2 0.81 -6.7 -16.9, 3.5 0.20
HE -2.1 -7.0,2.7 0.39 0.5 -4.6, 5.5 0.85 -3.0 -10.0, 3.9 0.39
Day 3
MCI 5.0 -1.9,11.9 0.16 -11.0 -18.3, 3.7 0.003 -14.5 -24.6, -4.5 0.005
HE -0.6 -5.4,4.2 0.81 -1.8 -6.9, 3.3 0.48 1.1 -5.9, 8.1 0.75

(Continued)
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(Continued)

Outcome Online Offline IR Offline AFC
n Mean diff 95% CI p R-square n Mean diff 95% CI p R-Square n Mean diff 95% CI p R-square

In
te

rv
en

tio
n

ef
fe

ct

Model 1 0.28 0.12 0.10

nMCI, nHE 13, 31 13, 31 13, 31
Total data points 259 260 260
Group (HE = 0) -2.6 -6.2, 0.9 0.15 0.006 2.4 -3.6, 8.5 0.42 0.001 0.3 -7.5, 8.3 0.93 0.003
Intervention (atDCS = 0) 0.3 -2.3, 3.0 0.80 0.006 -2.4 -5.2, 0.4 0.10 0.04 -3.5 -7.4, 0.5 0.08 0.02
Day <0.001 0.06 0.07 0.004 0.002 0.005
Day 1 16.4 14.0, 18.7 -2.3 -5.8, 0.6 -20.7 -24.9, -16.5
Day 2 11.2 8.8, 13.6 -0.6 -5.5, 0.9 -17.2 -21.5, -13.0
Day 3 3.0 0.6, 5.4 1.7 -1.7, 4.7 -11.9 -16.1, -7.7
Group X Intervention X Day 0.02 0.10 0.05
Day 1
MCI 2.7 -5.0, 10.5 0.49 -3.6 -11.8, 4.6 0.39 -3.4 -14.9, 8.0 0.56
HE 0.9 -4.0, 5.8 0.72 4.2 -1.0, 9.4 0.11 4.3 -2.9, 11.6 0.24
Day 2
MCI -3.6 -11.4, 4.1 0.36 0.71 -7.5, 8.9 0.86 -4.7 -16.4, 6.9 0.42
HE -2.2 -7.2, 2.8 0.39 0.6 -4.6, 5.9 0.80 -3.1 -10.3, 4.2 0.40
Day 3
MCI 4.8 -2.9, 12.6 0.22 -14.5 -22.7, -6.2 0.001 -15.1 -26.6, -3.7 0.01
HE -0.6 -5.6, 4.3 0.80 -1.8 -7.0, 3.5 0.51 1.2 -6.0, 8.5 0.73

Covariates � � �
Gender -1.0 -3.8, 1.8 0.48 0.002 2.6 -2.1, 7.3 0.28 0.01 0.6 -5.6, 6.8 0.85 <0.001
Sequence 0.6 -1.8, 3.0 0.64 0.001 -1.1 -3.7, 1.4 0.38 0.003 -2.3 -5.8, 1.3 0.21 0.006
BDI -0.06 -0.4, 0.3 0.73 0.001 0.2 -0.4, 0.8 0.54 0.003 0.01 -0.8, 0.8 0.98 <0.001
ApoE 0.6 -2.2, 3.4 0.66 0.001 1.0 -3.7, 5.8 0.65 0.002 3.1 -3.0, 9.3 0.31 0.009

Model-based post-hoc tests resulted from three separate linear mixed models (MODEL 0: dependent variables: online effects, offline effects for IR and 3-AFC; independent variables:
INTERVENTION (atDCS, sham), DAY (day1, day2, day3) and GROUP (MCI, HE). MODEL 1: three separate linear mixed models with adjustment for covariates (for online and offline
effects: Gender, sequence of intervention, BDI, and ApoE polymorphism). Reference values of binary covariates - gender: women = 0; sequence of intervention: study block 2 = 0; ApoE 2
and 3 = 0).



A.V.C. de Sousa et al. / atDCS-Visuospatial Training in Older Adults 237

Fig. 4. Scatterplot of behavioral on- and offline effects on DAY 3. A) Individual online scores (difference between percent correct score of
last and first learning block on Day 3) for object-location memory (OLM) training+anodal transcranial direct current stimulation (atDCS)
versus OLM training+sham condition (sham) depicted for older adults with (MCI, left) and without (HE, right) mild cognitive impairment.
B) Individual offline scores (difference between cued recall performance in item recognition (IR) on Follow-up 1 and percent correct score
of last and learning block on Day 3) for OLM training+atDCS (atDCS) versus OLM training+sham condition (sham) depicted for older
adults with (MCI, left) and without (HE, right) mild cognitive impairment. C) Individual offline scores (difference between cued recall
performance in 3-Alternative forced choice (3-AFC) task on Follow-up 1 and percent correct score of last and learning block on Day 3) for
OLM training+atDCS (atDCS) versus OLM training+sham condition (sham) depicted for older adults with (MCI, left) and without (HE,
right) mild cognitive impairment. Grey circles, which are connected by the bolded line, refer to group mean of respective condition.

DISCUSSION

The aim of this study was to assess the effect
of 3 consecutive daily sessions of OLM training
combined with right temporoparietal atDCS versus
OLM training combined with sham on training suc-
cess immediately after training (primary outcome)
and long-term memory performance in patients with
MCI in comparison to HE. In general, both groups
showed improvement in performance over time
(training effect), although overall performance level
was greater in HE than in MCI. Importantly, only MCI
patients showed an additional benefit of atDCS in
terms of training success, reaching similar improve-

ment rates for training under atDCS as seen for
training in HE under sham or atDCS. Explorative
analyses showed that atDCS differentially modulated
on- and offline effects in MCI patients, enhancing
online performance on the third training day, and
impairing subsequent offline performance. None of
the immediate atDCS effects persisted on follow-up
assessment one month later.

Effects of atDCS on training success

MCI patients showed a small benefit from OLM
training+atDCS with regard to training success
assessed immediately at the end of 3-day training.
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This finding corroborates previous results reported by
Lawrence et al. [45], Murugaraja et al. [90], or meta-
analyses [83], who revealed a medium effect size for
memory for immediate effects. Mean improvement
did not persist on follow-up, also in line with our
findings. At odds with our results, Das et al., using
a pre-training stimulation approach, showed a nega-
tive impact on immediate cognitive performance [46].
Note, though that optimal timing of tDCS application
(pre-, during, or post-training) is still an open ques-
tion and certainly depends on a number of factors, like
task, current brain state, or population under study.
Overall, the literature rather suggests that “during-
task stimulation” is more effective in MCI, while
HE might rather benefit from “pre-task stimulation”
due to different mechanisms of action (see also [38,
47, 90]). Timing aspects such as during-task stim-
ulation might be another reason why we failed to
demonstrate enhancing atDCS effects in HE with an
identical set-up and comparable CT (for a further
detailed discussion of this result, see [21]). Inter-
estingly, and consistent with previous results from
our group [48], atDCS boosted relative training gain
in MCI to a similar rate as seen in HE. Although
the effects are small and seems to be short-lived,
we think it would be premature to conclude that
atDCS had no effect in this study. Given that we used
a within-subject design and balanced the sequence
across conditions, it seems unlikely that increased
training success under atDCS is merely a result of a
practice effect. A putative hypothesis is that stabiliza-
tion of memory processes in MCI might take longer,
and 3 session were thus too short to induce a robust
benefit. Hence, combined training-stimulation proto-
cols for extended periods of time, e.g., 10 sessions
over the course of 2 weeks, should be assessed in
future trials.

Large-scale network modulation beyond stimula-
tion sites has been shown for tDCS [84]. In the
next section, we will provide some suggestions
about putative mechanisms. Note, though, that our
report is based on behavioral data only, therefore,
we cannot demonstrate the exact network effects of
the stimulation on a functional neuroimaging level.
However, a large body of evidence indicates hip-
pocampus and adjacent structures as a central hub
for binding processes within the widely distributed
fronto-tempo-parietal network [5, 85, 86], of which
we stimulated the temporoparietal part. Although
some of the neuropathological changes associated
with memory decline in MCI are also common in
normal aging [87], additional pathology may be

present in MCI due to AD with regard to amyloid
and tau pathology [88]. Given that no biomarkers
were available in the MCI group, no definite con-
clusion can be drawn with regard to response to
atDCS in individuals with amyloid/tau pathology.
Other changes, including neurochemical alterations
(disequilibrium between excitatory and inhibitory
neurotransmitters systems [89]), and structural alter-
ations (accelerated global atrophy with predominance
in the temporoparietal regions, cortical thinning),
might be more severe, and will thus exert a more pro-
nounced impact on distributed hippocampal-cortical
networks [90–92]. Consequently, dependent on indi-
vidual network excitability, network-level response
to stimulation might vary in MCI patients and HE.
Suboptimal network activation in MCI patients [93,
94] might benefit from activation with atDCS if
applied in parallel to training. In line with this
hypothesis, initially low-performing HE, that likely
also show suboptimal network functioning [95, 96],
showed greater benefit from atDCS application com-
pared to initially high-performing HE. We concede,
though, that stimulation of other nodes of the net-
work such as prefrontal [97], or more parietal sites
[98], or combination of nodes in a dual-site approach,
may be more effective in enhancing memory per-
formance. In order to provide more compelling
evidence future studies combining neuroimaging
and electrophysiological methods with behavioral
outcome measures and systematic variations of
different network nodes are necessary to further
delineate these putative mechanisms, and to deter-
mine the most effective strategy to activate a given
network.

Effects of atDCS on long-term memory

No sustained beneficial effects were found in the
present study for delayed memory in either HE
or MCI patients, which would be important for
therapeutic application. Even though our results cor-
respond to the meta-analysis as discussed above
[83], it is at odds with studies that noted more sus-
tained effects [42, 45]. Differences may be related
to variations in study specific parameters including
number of sessions, and stimulation intensities. These
parameters might be important modulators, but are
probably insufficient to fully account for the lack
of delayed effects (see also [16] for a detailed dis-
cussion). Interestingly, some previous studies did
not stimulate daily, but applied 3 stimulation ses-
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sions per week for a total of 3 [42] or 4 [45]
weeks. Accordingly, timing might be a critical fac-
tor to establish long-term effects when combining
atDCS with interventions like training [21, 95, 96].
In addition, according to the system consolidation
theory [99, 100], cortical representations are strength-
ened and hippocampal involvement is diminished
over time, which might require dynamic adaptions
in the stimulation protocol (e.g., stimulation site,
or frequency of stimulation) across training days.
These issues should be addressed in more detail
in future studies.

Effects of atDCS on behavioral measures of
online versus offline effects

Behavioral on- and offline effects may differ in
underlying mechanisms and might thus be differ-
ently susceptible to atDCS [24]. Online performance
(improvement during stimulation within a training
day) seems to be mainly related to subthreshold
alterations in membrane potential [101–104]. Simi-
lar to recent meta-analytic results, which summarized
studies of working memory in HE and in patients
with depression, idiopathic Parkinson’s disease, or
schizophrenia [105], we found a beneficial online
effect in MCI, as opposed to HE, but only on the
third training day. Beneficial effects in neuropsy-
chiatric patients were interpreted in terms of an
atDCS-induced shift of the imbalance of excitation
and inhibition towards a more physiological state, in
turn leading to increased working memory perfor-
mance. While in the meta-analysis of Hill et al. [105],
positive effects were already observed with single
session atDCS applications, we observed a benefit
only after the third training day. Of note, the extent
of suboptimal activation in networks underlying per-
formance may differ between tasks, and may be
modulated by neurochemical changes due to disease-
specific changes or pharmacological treatment. Thus,
our result might indicate that in MCI, co-activation
in task-relevant networks induced by training and
atDCS would not exert immediate effects, but would
rather have to accumulate over several days to reach
a level which modulates behavioral performance. In
the present study, we did not record electrophysio-
logical or neuroimaging data on a day-to-day basis,
and therefore cannot validate this hypothesis further.

Offline effects involve synaptic plasticity processes
which critically depend on N-Methyl-D-Aspartate
(NMDA) receptors and are comprised of GABAer-

gic and the glutamergic neurotransmitter system [23].
Surprisingly, the beneficial online effect at day 3 in
the MCI group was followed by a deterioration of
behavior after the third night. Given that no such
impact on offline effect was found for the preceding
days, on- and offline effects may have interacted. The
mechanisms underlying these effects may relate to
the multi-day stimulation protocol including retrieval
(reactivation) at the beginning of each training day.
During reactivation, consolidated memories become
susceptible to modification [106], and the direction
of such modification might critically depend on the
timing of stimulation, that is before or after memory
reactivation [107]. In sum, different effects in behav-
ioral on- and offline measures further support the
notion of distinct mechanisms involved in behavioral
on- and offline effects.

Variability of atDCS effects

Including several covariates to for inter-individual
differences in tDCS response [108–110] strength-
ened the observed beneficial effect of training success
in MCI (Model 1). Specifically, lower age, female
gender, a lower BDI baseline score, and higher
MWT score were associated with increased train-
ing success. Initially, the pattern may seem less
plausible with regard to reported antidepressant
effects of atDCS [111]). However, although MCI
patients scored higher in BDI compared to HE,
the scores did not reach the threshold for clin-
ical depression and may accordingly differ with
respect to tonic cortical activation/excitation from
depressed patients resulting in a different atDCS
response. Moreover, since knowledge about con-
founders mostly stem from single session tDCS
studies, it is largely unclear if and how individ-
ual differences of several (pathological) age-related
changes such as cranial anatomy, functional connec-
tivity, excitation/inhibition balance, psychological,
and cognitive status affect both, cortical excitabil-
ity and cognitive training independently and/or its
combination [112]. Hence, a non-trivial, complex
influence of inter-individual factors in response to
multi-day tDCS seems likely. In sum, even if atDCS
is applied according to the same protocol during the
same tasks in a given clinical population, uniform
atDCS effects seem unlikely [113], and future stud-
ies should therefore carefully control psychological
traits/states, brain state, as well as specific aspects of
context and tasks (see also [105]).
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Limitations

Several limitations should be acknowledged when
interpreting results of this study. First, low statistical
power may have contributed to small effects obtained
in the present study. However, given inconsistent pre-
vious findings, proof-of-concept studies are useful
to refine protocols by identifying further significant
contributing factors and conditions before applying
protocols to larger randomized controlled trials. Due
to relatively small sample size the results should be
interpreted with caution. Second, the studied cohorts
were unbalanced in terms of gender distribution.
Gender-related differences have been reported for
some aspects of visuospatial memory favoring men
[114] and for response to tDCS where women are
suggested to receive less current compared to men
[115]. We therefore adjusted our statistical model for
gender (and other known modulators). Future studies
should employ a more balanced design with regard
to gender to further minimize this source of variabil-
ity. Third, no biomarkers (e.g., tau, p-Tau, or A�)
[116] were available to provide additional informa-
tion with regard to underlying pathology of MCI.
Biomarkers are especially relevant when individual
progression rate is to be estimated. This was not
the goal of the present study, and thus we included
patients with clinically core criteria for amnestic MCI
[59]. Future studies should integrate systematic eval-
uation of biomarkers to determine the response to
atDCS in MCI due to AD, and MCI due to vascular
disease or mixed etiology.

Conclusion

The present study sheds further light on the efficacy
of atDCS in MCI patients. First, our data lends some
support to the concept of boosting cognitive train-
ing efficacy with atDCS in a multi-session approach.
Total improvement was small though, and beneficial
effects were not retained over the follow-up period
rendering it difficult to draw clear recommendations
about treatment options in clinical settings. Second,
our study provides first insight into baseline determi-
nants of atDCS response, as well as timing aspects in
multi-session approaches and thus further highlights
the need for the development of individualized treat-
ment approaches. Dealing with the variance caused
by atDCS itself in combination with neuroplastic
methods such as CT, and heterogeneity present in
MCI, is a major challenge for future work. Prior iden-
tification of injected electric fields using simulation

software (SIMNIBS) [117], and taking into consider-
ation the role of temporal dynamics in multi-session
CT combined with atDCS, may help to refine stimu-
lation protocols and eventually induce longer-lasting
effects. Moreover, a careful delineation of baseline
variables that may influence response to atDCS might
help to better define patient subgroups likely to ben-
efit most from the intervention.
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