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Background: Executive function tends to decline as people age. Transcranial direct
current stimulation (tDCS) is assumed to have beneficial effects on various cognitive
functions. Some prior investigations have shown that repeated sessions of tDCS
enhance the executive function performance of healthy elderly people by mediating
cognitive training gains. However, studies of the effect of long-term stimulation on
executive function without cognitive training are absent.

Objective: The purpose of this study was to explore whether the executive function
of healthy older adults could be enhanced with long-term tDCS alone applied on the
prefrontal cortex.

Methods: Sixty-five cognitively normal older adults were enrolled and randomly assigned
to two groups: an anodal tDCS group and a sham tDCS group. The participants in the
two groups received anodal stimulation or sham stimulation over the left dorsolateral
prefrontal lobe, for 30 min per day for 10 consecutive days. Executive function was
tested before stimulation, immediately after stimulation and 3 months after stimulation.
Three core components of executive function were tested using a two-back task for
updating, a flanker task for inhibition, and a switching task for shifting.

Results: Across the three tasks, we failed to discover any differences between the
anodal and sham stimulation. Moreover, we found no statistically significant stimulation
effect in the follow-up session.

Conclusion: Our study does not support the assumption that multiple sessions of tDCS
that are independent of cognitive training have a beneficial effect on executive function
in healthy older adults, presumably because the effect of the stimulation lies in its
amplification of training gains. It indicates that combining traditional cognitive training
methods with brain stimulation may be a better approach to improve older adults’
executive function.

Keywords: transcranial direct current stimulation, executive function, dorsolateral prefrontal cortex, older adults,
follow-up effect

Abbreviations: ANOVA, analysis of variance; atDCS, anodal transcranial direct current stimulation; DLPFC, dorsolateral
prefrontal cortex; HD-tDCS, high-definition transcranial direct current stimulation; RT, reaction time; tDCS, transcranial
direct current stimulation.
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INTRODUCTION

Executive function is loosely defined as a set of higher-level
cognitive abilities that are involved in coordinating various
cognitive resources in order to complete complex cognitive
tasks (Diamond, 2013). Miyake et al. (2000) summarized a
number of executive function tasks and identified three core
subcomponents, which are widely recognized and extensively
used: updating or working memory, inhibition and shifting
or cognitive flexibility. Updating describes the capacity to
dynamically modify and replace information in the brain based
on new information; this is typically measured by running span
or n-back tasks. Inhibition describes the ability to suppress
irrelevant or interfering information, and to respond to target
stimuli as soon as possible in many inhibitory tasks, such as
the flanker task, stop signal task, go-no go task and Stroop task.
Shifting refers to the ability to flexibly switch between tasks or
demands of attention, and its common paradigms are switching
tasks and dual tasks.

The prefrontal lobe, especially the dorsolateral prefrontal
cortex (DLPFC), is the most important neural basis of executive
function (Alvarez and Emory, 2006; Yuan and Raz, 2014).
Traditionally, neuropsychological tests of executive function
have been widely used to measure frontal lobe function
(Alvarez and Emory, 2006). However, with the development
of neuroimaging technologies, there is mounting evidence that
executive function is supported by the DLPFC (Brodmann’s
areas, BA 9 and BA 46; eg., Alvarez and Emory, 2006;
Anderson et al., 2008; Niendam et al., 2012; Fuster, 2013). The
critical components of executive function consistently share a
common pattern of DLPFC activation. The DLPFC is involved
in general executive processes (Collette et al., 2006; Yuan and
Raz, 2014), including updating (Curtis and D’Esposito, 2003),
inhibition (Durston et al., 2003) and shifting (Wager et al,
2004; Witt and Stevens, 2013). Methods of neurostimulation
(e.g., transcranial magnetic stimulation) have confirmed the
causal relationship between the DLPFC and updating, inhibition
and shifting (Mull and Seyal, 2001; Vanderhasselt et al,
2006; Kim et al., 2012; Brunoni and Vanderhasselt, 2014).
This crucial region provides top-down cognitive control and
generally plays a role in the maintenance, monitoring and
temporal organization of information (Duncan and Owen, 2000;
MacDonald et al., 2000; Koechlin et al., 2003; Ridderinkhof et al.,
2004).

With the atrophy and deterioration of the prefrontal lobe,
executive dysfunction is prevalent among healthy seniors, and
it mediates and explains other age-related cognitive decline
(Salthouse et al., 2003; Crawford et al., 2000; Turner and Spreng,
2012). As a primary symptom of neurodegenerative diseases,
executive dysfunction has become a pressing issue of cognitive
aging. As such, effective intervention to prevent and delay its
decline would greatly benefit both individuals and society.

More recently, transcranial direct current stimulation (tDCS)
has drawn substantial attention for its potential to improve
cognitive function. tDCS provides a non-invasive means of
modulating cortical plasticity by delivering a weak direct
electrical current (0.5-2 mA) with at least two surface electrodes

on the scalp. Stimulation increases cortical excitability via the
anodal electrodes and decreases cortical excitability via the
cathodal electrodes. There is plenty of evidence that tDCS
enhances cognitive performance and boosts cognitive training
gains (e.g., Jacobson et al., 2012; Bourzac, 2016; Dedoncker
et al., 2016). Consistently, tDCS seems to be a promising tool
for slowing down the deterioration of the executive function of
elderly people.

Regarding its neurobiological mechanisms, anodal tDCS
(atDCS) increases neuronal excitability, making the neurons
more ready to fire in reaction to the information input, or it
induces long-term potentiation (LTP)-like processes, modifying
synaptic strength and facilitating synaptic communication
(Bennabi et al, 2014; Medeiros et al, 2012; Prehn and
Floel, 2015). Therefore, it is assumed that cognitive function
can be modulated by anodal stimulation of the specific
brain region involved in the function. In the current study,
the stimulation site would be DLPFC, the core region of
executive function. The beneficial effect may be cumulatively
gained and it may be gained by repeated stimulation,
inducing prolonged neuronal excitability and enhancing synaptic
plasticity (Monte-Silva et al., 2013; Bastani and Jaberzadeh,
2014).

Multiple sessions of tDCS possibly have a more favorable
effect than a single session of tDCS (Boggio et al., 2012; Khedr
et al., 2014; Horvath et al., 2015; Hsu et al., 2015a; Savic et al,,
2017). Existing studies found that single-session stimulation may
be not substantial enough to induce a reliable effect (Horvath
et al.,, 2015; Savic et al, 2017). In addition, multiple sessions
of tDCS could produce cumulative gains over time, so that it
induced long-term aftereffects more easily (Boggio et al., 2012;
Khedr et al., 2014). The idea was also proved by meta-analytic
evidence with older adults. Hsu et al. (2015a) summarized
quantitative data, showing that the effect size of studies with
multiple sessions is much larger (ES = 0.89) than that with single
sessions (ES = 0.44).

Nevertheless, the effect of long-term stimulation alone on
the executive function components of updating, inhibition, and
shifting in elderly people has not been detected so far. There
has been a limited number of previous studies, which mainly
focused on working memory updating. These studies usually
combined tDCS with working memory updating training, aiming
to enhance working memory by amplifying training gains (Park
et al, 2014; Jones et al, 2015; Stephens and Berryhill, 2016;
Nilsson et al., 2017). However, some constraints of cognitive
training, such as the boring repeated practice and difficulties
with learning new strategies, have caused problems with the
compliance of older adults and a high cost of training. As
such, using tDCS to modulate executive function performance
without cognitive training has advantages. Thus, studies in
which participants receive tDCS without working memory
training are needed to clarify whether tDCS alone provides
benefits or whether the combination of tDCS and training
does.

Therefore, the aim of the current study was to investigate
whether repeated sessions of tDCS alone can counter age-related
executive dysfunction. To address this question, participants
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received anodal or sham tDCS above the left DLPFC for
10 consecutive days. Before and after the treatment, they
completed three tasks that involved updating, shifting and
inhibition. In addition, some studies have found that positive
results are not obtained until a certain period of time has passed
(Doruk et al., 2014; Biundo et al., 2015; Jones et al., 2015). For
instance, in the study of Biundo et al. (2015), the performance
on the cognitive tests had improved only at a 16-week follow-
up. To evaluate the possible delayed effect and long lasting
effect of tDCS, executive function was assessed again 3 months
later. As previously described, the DLPFC is the most crucial
site for updating, shifting, and inhibition, and we predicted that
tDCS of the DLPFC may modulate these core executive function
components simultaneously.

MATERIALS AND METHODS

Participants

Seventy-five healthy older volunteers from the community
registered with this study. Participants met the following
inclusion criteria: (1) age >60 years, (2) education >9 vyears,
(3) normal global cognitive function (with a score >21 on the
Montreal Cognitive Assessment-Beijing Version, MoCA-BJ; Yu
et al., 2012), (4) a normal emotional state (with a score <16 on
the Center for Epidemiologic Studies Depression Scale; CES-D;
Roberts and Vernon, 1983), and (5) no history of neurological
or psychiatric disorders or traumatic brain injury. After baseline
evaluation, 10 participants were excluded from the study because
they did not meet the inclusion criteria of cognitive function or
emotional state (n = 6), they declined to participate for the long
duration of the experiment (n = 3), or they became ill (n = 1).
One participant dropped out after four sessions. Consequently,
64 participants aged 60-82 completed the study and their data
were included in the final analysis, with 31 in the experimental
group and 33 in the control group. Three months later, a total of
50 participants returned and finished the follow-up assessment,
with 26 in the experimental group and 24 in the control group.
Of the 14 drop-outs, 10 left the city, two were busy and two
lost contact. Further information regarding the progression of
participants through the trial is shown in Figure 1.

Participants signed informed consent documents before
taking part in our experiment. This study was carried out in
accordance with the recommendations of the ethics committee
of the Institute of Psychology, Chinese Academy of Sciences. The
protocol was approved by the The Code of Ethics of the World
Medical Association (Declaration of Helsinki). All subjects gave
written informed consent in accordance with the Declaration of
Helsinki. In addition, the study was registered in the Chinese
Clinical Trial Registry (ChiCTR) with the identifier ChiCTR-
INR-16010036'.

Procedure

A randomized clinical trial with single-blind and
sham-controlled procedure was conducted. Participants were
randomly divided into two treatment groups: an atDCS group

Uhttp://www.chictr.org.cn/index.aspx

and a sham tDCS group. They were unaware of the group
assignments and study design. Block randomization with six
participants per block was used. The randomization sequence
was generated by a third party, who did not participate in
this study, using an online randomization generation tool. An
allocation number was used to maintain confidentiality before
participants finished the baseline evaluation. The allocation ratio
was 1:1.

All participants received 10 daily sessions (30 min/day) of
tDCS stimulation. At baseline, they completed demographic
questionnaires and a battery of neuropsychological tests. Of these
neuropsychological tests, the digit span forward and digit span
backward tasks (Gong, 1992) were used to measure working
memory ability. The trail making test (Reitan, 1986) was used
to measure comprehensive executive function. Additionally,
participants completed some episodic memory tests, e.g., the
source memory task and the verbal learning test. We did
not analyze and report the memory data here because
memory was not our concern. Before and after the tDCS
treatment, three critical components of executive functioning
were assessed using three computerized tasks: the two-back
task for updating, the flanker task for inhibition, and the
switching task for shifting. We controlled the interval between
the pretest and posttest to be about a month, and there
was no difference between the atDCS group (26 + 6.5 days)
and sham group (24.5 £ 5.7 days). Participants completed a
brief post-study questionnaire (Fertonani et al., 2010) regarding
their subjective experience in order to evaluate the adverse
effects of stimulation. They rated the level of adverse feelings
(i.e., itchiness, skin pain, heat, tingling, or other feelings)
on a five-point Likert scale, with 1 indicating that they did
not feel the described sensation at all and 5 indicating that
they strongly felt the described sensation. They also evaluated
the duration and the influence of these side effects on task
performance.

To detect the long-term effect of stimulation, we invited
all of the participants to return after 3 months of no contact.
Only participants who completed all three executive function
tasks were included in the analysis. Eventually, the data of
26 participants in the atDCS group and 24 in the sham
group were collected. The average interval between the posttest
sessions and follow-up sessions was 97.5 days (range = 84-122;
standard deviation = 8.81). Again, no difference was found
between the atDCS group (96.88 £ 9.94 days) and sham group
(98.17 + 7.34 days).

Executive Function Measures
Two-Back Task

This task is commonly used to assess working memory updating.
The stimuli were the digits one through nine. Participants were
required to indicate whether the current digit was the same
as the digit presented two trials beforehand. At the beginning
of each block, a fixation cross was displayed for 1,000 ms.
Then, the stimulus appeared for 500 ms, after which a blank
screen was presented for 2,000 ms, during which participants
made a response before the next stimulus appeared. The task
consisted of five blocks, with each one containing 20 trials. The
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Assessed for eligibility (n = 75)

Excluded (n = 10)

_|e Not meeting inclusion criteria (n = 6)
“le Declined to participate (n = 3)

e lllness (n=1)

Randomized (n = 65)

v Allocation

Allocated to intervention: Anodal tDCS (n =

31)

e Received allocated intervention (n = 31)

e Did not receive allocated intervention (n =
0)

Allocated to intervention: Sham tDCS (n = 34)
e Received allocated intervention (n = 34)
e Did not receive allocated intervention (n = 0)

v Follow-up v

Lost to follow-up (n = 5):
o Left the city(n = 4); being busy (n = 1)
Discontinued intervention (n = 0)

2 Analysis v

Lost to follow-up (n = 9):

o Left the city(n = 6); being busy (n = 1);lost
contact (n = 2)

Discontinued intervention (n = 1):

e Dropped out for personal reasons (n = 1)

Analyzed at posttest(n = 31)
Analyzed at follow-up(n = 26)
e Excluded from analysis(n = 0)

FIGURE 1 | The flow chart of the study. tDCS, transcranial direct current stimulation.

Analyzed at posttest(n = 33)
Analyzed at follow-up(n = 24)
e Excluded from analysis(n = 0)

dependent variables for this task were the accuracy rate and
reaction time (RT).

Flanker Task

The arrow version of the flanker task (Eriksen and Schultz, 1979)
was used to measure inhibitory control. The stimuli were five
arrows pointing to the right or the left, with the target arrow
in the center and two flankers on each side of the target. Two
types of trials randomly appeared: congruent trials, in which
the flankers pointed in the same direction as the target arrow
(<<<<< or >>>>>), and incongruent trials, in which the
flankers pointed in the opposite direction to the target arrow
(<< ><< or >><>>). Participants were required to press

the right or left response button indicated by the direction of
the target stimulus and to ignore the flankers. In each trial,
the stimulus was presented until participants pressed a key or
until 1,500 ms had passed, following a fixation cross (500 ms).
After the stimulus, a blank screen appeared for 500 ms and
the next trial began. There were a total of 80 formal trials.
The primary index of inhibition was the interference score for
the difference in the RTs between the incongruent trials and
congruent trials.

Switching Task
The task-switching paradigm was used to measure shifting
ability. The paradigm consisted of two tasks that appeared
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A Two-back task
500 ms

1500 ms

'E .

C switching task
500 ms

500 ms

500 ms

FIGURE 2 | Schematic of the executive function paradigms. (A) Flanker task; (B) Two-back task; (C) Switching task.

Flanker task

1000 ms
500 ms

2000 ms

o N

Nonswitching trial

Switching trial

randomly and participants were required to switch between
them: Task A involved categorizing a digit as odd/even and
Task B involved categorizing a digit as smaller/larger than
five. The stimuli were colored digits from one to nine (except
for five) that were presented centrally. The color served as a
task cue, with red for smaller/larger and green for odd/even.
Each trial began with a fixation cross presented for 500 ms,
followed by a blank screen for 500 ms. The stimuli appeared
until participants made a response or 4,500 ms had elapsed.
Then, a blank screen followed for 500 ms before a new trial
started. Of the 80 formal trials, half were switching trials and
the other half were repetition trials. The dependent variable
for this task was the switching cost, which was calculated
by subtracting the RT of the task-switch trials from those of
the task-repetition trials. Prior to each task, instructions and
practice sessions were given until participants fully understood
the task and they were familiar with the task. The schematic
presentations of the executive function tests were showed in
Figure 2.

Transcranial Direct Current Stimulation

Protocol

A low constant current was delivered using a battery-
driven stimulator, the DC-STIMULATION MC8 (NeuroConn,
Munich, Germany), through a pair of 5 x 5 cm? saline-soaked
sponge electrodes. The target (anodal) electrode was placed on
the scalp above the left DLPFC, corresponding to F3 in the
10-20 international electroencephalogram system (Jasper, 1958).
The reference (cathodal) electrode was placed on the right deltoid
muscle to avoid its possible inhibitory effect on the brain.

A constant current was delivered at an intensity of 2 mA for
30 min, with a 20 s ramp on and 20 s ramp off time at the
beginning and end of the stimulation. The current density was
0.08 mA/cm? and it was within safety limits (Nitsche et al., 2008;
Bikson et al., 2016). For the sham stimulation, the electrodes were
placed at the same position for 30 min, but the current lasted for
30 s at the beginning and end of the stimulation to produce a
physical sensation that was identical to the active stimulation.
The procedures of the study protocol and the tDCS electrode
montage were showed in Figure 3.

Data Analysis

The statistical analysis was conducted using IBM SPSS Statistics
for Windows 21.0 (IBM Corporation, Armonk, NY, USA).
Group differences in the baseline cognitive and demographic
variables were examined using the independent-samples ¢-test
and the chi-square test for the continuous and categorical data,
respectively. The effects of the stimulation were examined using
repeated-measures analyses of variance (ANOVAs), with group
(atDCS vs. sham tDCS) as a between-subjects factor and test time
(pre vs. post) as a within-subjects factor. The accuracy and RT's
of the correct responses were the primary dependent variables. A
significance level of p < 0.05 was set.

RESULTS

Demographic and Clinical Characteristics
No significant differences were found between the two
groups in terms of age, gender, or years of education

Frontiers in Aging Neuroscience | www.frontiersin.org

5 October 2018 | Volume 10 | Article 298


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

Huo et al.

tDCS Effects on Executive Function

Electrode montage
of tDCS

Ten days of tDCS

| # |

FIGURE 3 | (A) Electrode montage of tDCS. (B) Experimental procedure of
tDCS.

Three months

| Posttest | | Follow up |

(see Table 1 for demographic details). No differences
were observed between the groups for global cognition,
working memory, or executive function, as measured
by the MoCA, digit span test and trail making test,
respectively.

Stimulation Effect
Two-Back Task

An independent-samples f-test revealed that neither accuracy
nor RT differed between the atDCS group and sham group
(all ps > 0.05) at baseline. The repeated-measures ANOVA
of groups (atDCS vs. sham tDCS) and test time (pre vs.
post) revealed only a main effect of test time (accuracy:
F(1)62) =24.01, p< 0.001, partial 772 =0.279; RT: F(Léz) =21.61,
p < 0.001, partial n* = 0.258), with accuracy increasing and
RT shortening significantly in both groups after stimulation.
Importantly, the interaction between group and test time
was not significant (accuracy: F(,¢ = 1.12, p = 0.732; RT:
Fue2 = 2.10, p = 0.152), revealing that, after stimulation,
there was no greater stimulation gain in the two-back
performance for the atDCS group compared with the sham group
(Figures 4A,B).

Flanker Task

In this task, the overall accuracy was high, with 97.40%
at pretest and 98.71% at posttest. For this task, we were
concerned only with the RT of the correct responses. The
interference score (RT to incongruent trials minus RT
to congruent trials) was used as the dependent variable.
First, it was found that the difference between the atDCS
group and the sham group was not significant before
stimulation (t2 = 0.273, p = 0.786). Then, a repeated-
measures ANOVA was conducted to measure the effects
of the tDCS. The results revealed a main effect of test
time (F1,62) = 4.37, p = 0.041, 7752 0.066) but no significant
test time x group interaction (F(1,62) = 0.88, p = 0.35; Figure 5),
suggesting that the treatment did not affect the flanker task
performance.

Switching Task

The performance of one participant was not recorded due to
technical problems with the computer. The overall accuracy was
92.72% at pretest and 92.34% at posttest. We again focused
on the RT of the correct responses. The dependent variable
was the switching cost, which was calculated as the RTs in
the switching trials minus the RTs in the repetition trials.
At baseline, the switching cost was the same in the atDCS
group and the sham group (te1) = 0.96, p = 0.34). Then, a
repeated-measures ANOVA was conducted. The main effect of
test time approached significance (F(161) = 14.61, p < 0.001,
partial n% = 0.193), which may indicate a practice effect. Again,
no significant interaction effects were observed (F(61) = 0.45,
p = 0.51). Switching cost was previously reported to be gender-
dependent (Christakou et al., 2009). Therefore, to exclude
possible gender effect in the performance of switching cost,
we conducted subgroup analyses of repeated-measures ANOVA
for male and female separately. Still, there were no significant
test time x group interactions for male (F(,7; = 0.001,
p = 098) or female (F3 = 0.504, p = 0.48), neither.
Therefore, switching cost was not reduced by anodal stimulation
(Figure 6).

Follow-Up Effect

Because of the delayed effects of tDCS on executive functioning
demonstrated in previous studies (Doruk et al., 2014; Sandrini
et al., 2014; Hsu et al., 2015b), we conducted the follow-up
session to investigate whether the stimulation effect appeared
over time. The repeated-measures ANOV As with groups (atDCS
vs. sham tDCS) and test time (pre vs. post vs. follow-up)
revealed no significant effects for group or test time, and no
interaction (all ps > 0.05) across the three tasks (Figure 7).
The subgroup analysis for switching cost revealed that Test
Time x Group interactions were not significant for either
male (F233 = 0.916, p = 0.41) or female (F25 = 0.243,
p=0.79).

Adverse Effects

All participants tolerated the stimulation well and no participants
withdrew due to serious side effects. Each participant gave an
average rating score for the strength, duration and influence of
the physical feelings, which showed that there were no significant
differences on average score between the two groups (atDCS
group: 1.64 £ 0.31; sham tDCS group: 1.50 & 0.21; p = 0.130 by
independent-samples ¢-test).

DISCUSSION

In the last decade, tDCS has been proposed as a promising tool
for delaying cognitive deterioration in healthy aging populations.
The aim of the present randomized, sham-controlled study was
to investigate whether tDCS with a multiple-days stimulation
protocol would improve the executive function of healthy aging
people, as assessed with the two-back task, flanker task and
switching task paradigm. The atDCS and sham tDCS were
applied on the scalp above the left DLPFC and task performance
was then compared under these two stimulation conditions
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FIGURE 4 | The two-back performance at pretest and posttest for the anodal transcranial direct current stimulation and sham stimulation groups. The plots display
the mean accuracy rate (A) and mean reaction time (RT; B) in each group (anodal transcranial direct current stimulation and sham transcranial direct current
stimulation) at pretest and posttest. Error bars represent standard errors of the mean. atDCS, anodal transcranial direct current stimulation.
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FIGURE 5 | The plot displays the mean interference score of the RT in each
group (anodal transcranial direct current stimulation and sham transcranial
direct current stimulation) at pretest and posttest. Error bars represent
standard errors of the mean. atDCS, anodal transcranial direct current

stimulation.

immediately after stimulation and 3 months after stimulation.
To our knowledge, this is the first study to investigate the effect
of multiple-sessions of tDCS alone on the executive function of
healthy older adults.

Unfortunately, in the present study, we were unable to
find statistical evidence for an anodal stimulation effect neither
immediately or 3 months after the treatment, which may be
ascribed to the absence of simultaneous cognitive training. Most
previous studies (Park et al.,, 2014; Jones et al., 2015; Stephens
and Berryhill, 2016) that combined cognitive training and a

o]
o
o
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o
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o

m Posttest

Switching cost(ms)
N
8

o
I

atDCS

Sham

FIGURE 6 | The plot displays the mean switching cost of the RT in each group
(anodal transcranial direct current stimulation and sham transcranial direct
current stimulation) at pretest and posttest. Error bars represent standard
errors of the mean. atDCS, anodal transcranial direct current stimulation.

similar stimulation protocol demonstrated an improvement
in working memory and transfer effects to the executive
function of the elderly people. These studies focused on the
augmentative effect of multiple sessions of stimulation on
working memory training, demonstrating that training coupled
with tDCS produced a larger effect than memory training
alone. Meta-analytic evidence of healthy young populations has
also shown that the combination of left DLPFC stimulation
with working memory training, rather than stimulation alone,
enhances working memory performance (Mancuso et al., 2016).
Taken together, these findings suggest that, at least in the

TABLE 1 | Demographic characteristics and neuropsychological results (mean =+ standard deviation).

atDCS (n = 31) Sham (n = 33) p-value
Age (years) 66.55 + 6.15 65.73 £ 3.70 0.52
Gender (female/male) 16/15 20/13 0.47
Education (years) 12.45 +2.38 1212+ 2.15 0.56
MoCA 26 +2.38 2597 +£2 0.96
Digit span forward 6.90 + 1.56 6.94 +£1.25 0.92
Digit span backward 5.03+1.35 458 +£1.25 0.17
Trail making test B-A 41.35 £+ 35.88 30.18 £ 17.87 0.13
MoCA, Montreal Cognitive Assessment.
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FIGURE 7 | The plots display the mean accuracy rate (A) and mean RT (B) of the two-back task, the mean interference score of the flanker task (C) and the mean
switching cost of the switching task (D) in each group (anodal transcranial direct current stimulation and sham transcranial direct current stimulation) at pretest,
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domain of executive function, tDCS may be an adjuvant
to cognitive training rather than a cognitive modulator tool
that independently has an effect. The cognitive enhancement
potential of tDCS may occur through boosting the efficiency of
training.

In addition, it is possible that anodal stimulation over
the left DLPFC enhances the executive function performance
independently of training, while some variables weaken the
efficiency, causing null effects. A possible explanation is that
tDCS benefits the executive function of particular groups of the
population. For example, tDCS enhanced the performance of
executive function on patients with psychiatric or neurological
disorder, e.g., attention deficit/hyperactivity disorder (Nejati
et al.,, 2017), Parkinson’s disease (Doruk et al., 2014; Swank
et al., 2016). Maybe the worse executive function of patients
at baseline brings more space for improvement. Furthermore,
it has been revealed that less than 50% of participants
have a physiological response to electric stimulation (Lopez-
Alonso et al., 2014; Wiethoff et al., 2014). Numerous inter-
individual variables cause the heterogeneity on the efficacy
of tDCS. First, gender (Chaieb et al., 2008; Fumagalli et al.,
2010) is a possibly confusing factor. Chaieb et al. (2008)
found that anodal tDCS heightened cortical excitability more
significantly in the women subject group, comparing the
male group. In addition, the executive function, especially
switching cost, were previously reported to be gender-dependent
(Christakou et al.,, 2009). However, in the present study, we
have excluded the gender effect on switching cost by subgroup
analyses. Second, aging might be another obstructive factor
(Miller-Dahlhaus et al., 2008; Kishore et al., 2014). The
decline of brain plasticity induced by aging prevents elderly

people from benefitting from the cortical modulation by the
stimulation. Certainly, we should take caution to conclude
that the negative outcome is merely due to the age of the
patients. Third, the stimulation effect is also mediated by
gene polymorphism (Cheeran et al,, 2008; Antal et al.,, 2010;
Plewnia et al, 2013; Puri et al, 2015). As an example, in
the study of Plewnia et al. (2013), the effect of tDCS on
executive function was observed only in participants with
COMT Met/Met homozygosity, which is related to higher
dopaminergic activity in the prefrontal cortex. Except for age,
gender and the genetic state, many of individual’s factors,
such as education (Berryhill and Jones, 2012), head size, skull
thickness, and so on, might also contribute to the various
effects of tDCS. Given the small sample size used in the present
study and typically used in previous tDCS literature (Brunoni
et al.,, 2008; Tremblay et al, 2014; Medina and Cason, 2017;
Westwood et al., 2017), individual differences, which could
induce group differences in a small sample size, might be the
exact reason why some stimulation protocols do not obtain
effective results.

Another important aspect to take into account is the
stimulation position. Functional neuroimaging studies have
demonstrated that the three elemental components of executive
function are predominantly executed by a fronto-parietal
network or cognitive control network, mainly including
the DLPFC (BA 9 and BA 46), frontopolar cortex, the
orbitofrontal cortex, and anterior cingulate (3-6). Although
the DLPFC is functionally relevant for processing executive
function, multiple brain areas in the distributed network work
collaboratively when processing executive functions. Thus, a
greater effect is likely to be generated when simultaneously
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stimulating nodes in the functional networks instead of a
single region. Consistent with this view, some researchers (Hill
et al, 2016; Kim et al, 2016) suggested that to effectively
modulate memory or working memory, multiple nodes of
the memory network should be stimulated. More recently,
high-definition tDCS (HD-tDCS) has provided a new method for
stimulating multiple cortical sites. With more than two smaller
electrodes and multi-channel stimulators, HD-tDCS delivers
more focal stimulation than conventional tDCS (Gbadeyan et al.,
2016).

Several limitations should be noted. First, we only recruited
cognitively healthy older adults. It will become a limitation
when generalizing our findings to other populations. Second,
more control groups were absent. An experimental group with
stimulation over the opposite polarity, i.e., anode over the right
DLPFC, as well as a control group with cathode over the left
arm, should be investigated. Lacking enough control groups, we
should be careful to conclude a negative outcome. Finally, a
relatively small sample size of older adults was used in our study,
the negative results should be treated with caution.

In summary, this investigation showed that, relative to
the sham tDCS, atDCS without cognitive training did not
modulate the behavioral performance of the executive function
in healthy older adults. Some implications from this study
should be taken into account. First, to boost older adults’
executive function, combining cognitive training with brain
stimulation is suggested in the future intervention studies.

REFERENCES

Alvarez, J. A., and Emory, E. (2006). Executive function and the frontal lobes: a
meta-analytic review. Neuropsychol. Rev. 16, 17-42. doi: 10.1007/s11065-006-
9002-x

Anderson, V., Jacobs, R, and Anderson, P. J. (2008). Executive Functions
and the Frontal Lobes: A Lifespan Perspective. New York, NY: Psychology
Press.

Antal, A., Chaieb, L., Moliadze, V., Monte-Silva, K., Poreisz, C., and
Thirugnanasambandam, N. (2010). Brain-derived neurotrophic factor (BDNF)
gene polymorphisms shape cortical plasticity in humans. Brain Stimul. 3,
230-237. doi: 10.1016/j.brs.2009.12.003

Bastani, A., and Jaberzadeh, S. (2014). Within-session repeated a-tDCS: the effects
of repetition rate and inter-stimulus interval on corticospinal excitability and
motor performance. Clin. Neurophysiol. 125, 1809-1818. doi: 10.1016/j.clinph.
2014.01.010

Bennabi, D., Pedron, S., Haffen, E., Monnin, J., Peterschmitt, Y., and Van Waes, V.
(2014). Transcranial direct current stimulation for memory enhancement:
from clinical research to animal models. Front. Syst. Neurosci. 8:159.
doi: 10.3389/fnsys.2014.00159

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

Bikson, M., Grossman, P., Thomas, C., Zannou, A. L., Jiang, J., and Adnan, T.
(2016). Safety of transcranial direct current stimulation: evidence based update.
Brain Stimul. 9, 641-661. doi: 10.1016/j.brs.2016.06.004

Biundo, R., Weis, L., Fiorenzato, E., Gentile, G., Giglio, M., and Schifano, R. (2015).
Double-blind randomized trial of t-DCS versus sham in parkinson patients
with mild cognitive impairment receiving cognitive training. Brain Stimul. 8,
1223-1225. doi: 10.1016/j.brs.2015.07.043

Boggio, P. S., Ferrucci, R., Mameli, F., Martins, D., Martins, O., and Vergari, M.
(2012). Prolonged visual memory enhancement after direct current stimulation
in Alzheimer’s disease. Brain Stimul. 5, 223-230. doi: 10.1016/j.brs.2011.
06.006

Second, due to the inter-individual variables, future studies could
employ personalized stimulation protocols based on individual
differences or use large sample sizes to eliminate individual
differences. Third, stimulation over multiple sites that cover the
specific functional network may be better than stimulation of a
single site.

AUTHOR CONTRIBUTIONS

JuL conceived the idea. JuL and LH designed the study.
LH analyzed the data and drafted the manuscript. ZZ assisted
with data analysis and manuscript revision. JiL, WiW, WyW, XC
and SC assisted with experiment implementation. JuL supervised
the implementation, writing and revision of the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (31671157, 31470998, 31271108,
31200847, 31711530157, 31700974), National Key Research
and Development Program of China (2016YFC1305900),
Beijing Municipal Science & Technology Commission
(Z2171100000117006, Z171100008217006), the Pioneer Initiative
of the Chinese Academy of Sciences, Feature Institutes Program
(TSS-2015-06) and the CAS Key Laboratory of Mental Health,
Institute of Psychology (KLMH2014ZK02).

Bourzac, K. (2016). Neurostimulation: bright sparks. Nature 53, S6-S8.
doi: 10.1038/531s6a

Brunoni, A. R, Lopes, M., and Fregni, F. (2008). A systematic review
and meta-analysis of clinical studies on major depression and BDNF
levels: implications for the role of neuroplasticity in depression. Int.
J. Neuropsychopharmacol. 11, 1169-1180. doi: 10.1017/s1461145708
009309

Brunoni, A. R,, and Vanderhasselt, M.-A. (2014). Working memory improvement
with non-invasive brain stimulation of the dorsolateral prefrontal cortex: a
systematic review and meta-analysis. Brain Cogn. 86, 1-9. doi: 10.1016/j.bandc.
2014.01.008

Chaieb, L., Antal, A., and Paulus, W. (2008). Gender-specific modulation
of short-term neuroplasticity in the visual cortex induced by transcranial
direct current stimulation. Vis. Neurosci. 25, 77-81. doi: 10.1017/5095252380
8080097

Cheeran, B., Talelli, P., Mori, F., Koch, G., Suppa, A., and Edwards, M. A. (2008). A
common polymorphism in the brain-derived neurotrophic factor gene (BDNF)
modulates human cortical plasticity and the response to rTMS. J. Physiol. 586,
5717-5725. doi: 10.1113/jphysiol.2008.159905

Christakou, A., Halari, R., Smith, A. B., Ifkovits, E., Brammer, M., and Rubia, K.
(2009). Sex-dependent age modulation of frontostriatal and temporo-parietal
activation during cognitive control. Neuroimage 48, 223-236. doi: 10.1016/j.
neuroimage.2009.06.070

Collette, F., Hogge, M., Salmon, E., and Van der Linden, M. (2006). Exploration
of the neural substrates of executive functioning by functional neuroimaging.
Neuroscience 139, 209-221. doi: 10.1016/j.neuroscience.2005.05.035

Crawford, J. R., Bryan, J., Luszcz, M. A., Obonsawin, M. C., and Stewart, L.
(2000). The executive decline hypothesis of cognitive aging: do executive
deficits qualify as differential deficits and do they mediate age-related
memory decline? Aging Neuropsychol. Cogn. 7, 9-31. doi: 10.1076/anec.7.
1.9.806

Curtis, C. E., and D’Esposito, M. (2003). Persistent activity in the prefrontal cortex
during working memory. Trends Cogn. Sci. 7, 415-423. doi: 10.1016/s1364-
6613(03)00197-9

Frontiers in Aging Neuroscience | www.frontiersin.org

October 2018 | Volume 10 | Article 298


https://doi.org/10.1007/s11065-006-9002-x
https://doi.org/10.1007/s11065-006-9002-x
https://doi.org/10.1016/j.brs.2009.12.003
https://doi.org/10.1016/j.clinph.2014.01.010
https://doi.org/10.1016/j.clinph.2014.01.010
https://doi.org/10.3389/fnsys.2014.00159
https://doi.org/10.1016/j.neulet.2012.05.074
https://doi.org/10.1016/j.brs.2016.06.004
https://doi.org/10.1016/j.brs.2015.07.043
https://doi.org/10.1016/j.brs.2011.06.006
https://doi.org/10.1016/j.brs.2011.06.006
https://doi.org/10.1038/531s6a
https://doi.org/10.1017/s1461145708009309
https://doi.org/10.1017/s1461145708009309
https://doi.org/10.1016/j.bandc.2014.01.008
https://doi.org/10.1016/j.bandc.2014.01.008
https://doi.org/10.1017/s0952523808080097
https://doi.org/10.1017/s0952523808080097
https://doi.org/10.1113/jphysiol.2008.159905
https://doi.org/10.1016/j.neuroimage.2009.06.070
https://doi.org/10.1016/j.neuroimage.2009.06.070
https://doi.org/10.1016/j.neuroscience.2005.05.035
https://doi.org/10.1076/anec.7.1.9.806
https://doi.org/10.1076/anec.7.1.9.806
https://doi.org/10.1016/s1364-6613(03)00197-9
https://doi.org/10.1016/s1364-6613(03)00197-9
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Huo et al.

tDCS Effects on Executive Function

Dedoncker, J., Brunoni, A. R., Baeken, C., and Vanderhasselt, M. A. (2016).
The effect of the interval-between-sessions on prefrontal transcranial direct
current stimulation (tDCS) on cognitive outcomes: a systematic review and
meta-analysis. J. Neural Transm. 123, 1159-1172. doi: 10.1007/s00702-016-
1558-x

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135-168.
doi: 10.1146/annurev-psych-113011-143750

Doruk, D., Gray, Z., Bravo, G. L., Pascual-Leone, A., and Fregni, F. (2014). Effects
of tDCS on executive function in Parkinson’s disease. Neurosci. Lett. 582,
27-31. doi: 10.1016/j.neulet.2014.08.043

Duncan, J., and Owen, A. M. (2000). Common regions of the human frontal
lobe recruited by diverse cognitive demands. Trends Neurosci. 23, 475-483.
doi: 10.1016/s0166-2236(00)01633-7

Durston, S., Davidson, M., Thomas, K., Worden, M., Tottenham, N., and
Martinez, A. (2003). Parametric manipulation of conflict and response
competition using rapid mixed-trial event-related fMRI. Neuroimage 20,
2135-2141. doi: 10.1016/j.neuroimage.2003.08.004

Eriksen, C. W., and Schultz, D. W. (1979). Information processing in visual search:
a continuous flow conception and experimental results. Percept. Psychophys. 25,
249-263. doi: 10.3758/bf03198804

Fertonani, A., Rosini, S., Cotelli, M., Rossini, P. M., and Miniussi, C. (2010).
Naming facilitation induced by transcranial direct current stimulation. Behav.
Brain Res. 208, 311-318. doi: 10.1016/j.bbr.2009.10.030

Fumagalli, M., Vergari, M., Pasqualetti, P., Marceglia, S., Mameli, F., and
Ferrucci, R. (2010). Brain switches utilitarian behavior: does gender make the
difference? PLoS One 5:¢8865. doi: 10.1371/journal.pone.0008865

Fuster, J. M. (2013). “Cognitive functions of the prefrontal cortex,” in Principles
of Frontal Function, eds D. T. Stuss and R. T. Knight (New York, NY: Oxford
University Press), 11-22.

Gbadeyan, O., Steinhauser, M., McMahon, K., and Meinzer, M. (2016). Safety,
tolerability, blinding efficacy and behavioural effects of a novel mri-compatible,
high-definition tDCS set-up. Brain Stimul. 9, 545-552. doi: 10.1016/j.brs.2016.
03.018

Gong, Y. (1992). Manual of Wechsler Adult Intelligence Scale-Chinese Version. 1st
Edn. Changsha: Chinese Map.

Hill, A. T., Fitzgerald, P. B., and Hoy, K. E. (2016). Effects of anodal transcranial
direct current stimulation on working memory: a systematic review and
meta-analysis of findings from healthy and neuropsychiatric populations. Brain
Stimul. 9, 197-208. doi: 10.1016/j.brs.2015.10.006

Horvath, J. C., Forte, J. D., and Carter, O. (2015). Quantitative review finds
no evidence of cognitive effects in healthy populations from single-session
transcranial direct current stimulation (tDCS). Brain Stimul. 8, 535-550.
doi: 10.1016/j.brs.2015.01.400

Hsu, W. Y., Ku, Y., Zanto, T. P., and Gazzaley, A. (2015a). Effects of noninvasive
brain stimulation on cognitive function in healthy aging and Alzheimer’s
disease: a systematic review and meta-analysis. Neurobiol. Aging 36,2348-2359.
doi: 10.1016/j.neurobiolaging.2015.04.016

Hsu, W. Y., Zanto, T. P., Anguera, J. A, Lin, Y. Y., and Gazzaley, A.
(2015b). Delayed enhancement of multitasking performance: effects of anodal
transcranial direct current stimulation on the prefrontal cortex. Cortex 69,
175-185. doi: 10.1016/j.cortex.2015.05.014

Jacobson, L., Koslowsky, M., and Lavidor, M. (2012). tDCS polarity effects in
motor and cognitive domains: a meta-analytical review. Exp. Brain Res. 216,
1-10. doi: 10.1007/500221-011-2891-9

Jasper, H. H. (1958). The ten-twenty electrode system of the international
federation. Electroencephalogr. Clin. Neurophysiol. 10, 371-375.

Jones, K. T., Stephens, J. A., Alam, M., Bikson, M., and Berryhill, M. E. (2015).
Longitudinal neurostimulation in older adults improves working memory.
PLoS One 10:e0121904. doi: 10.1371/journal.pone.0129751

Khedr, E. M., Gamal, N. F., El-Fetoh, N. A., Khalifa, H., Ahmed, E. M.,
and Ali, A. M. (2014). A double-blind randomized clinical trial on
the efficacy of cortical direct current stimulation for the treatment of
Alzheimer’s disease. Front. Aging Neurosci. 6:275. doi: 10.3389/fnagi.2014.
00275

Kim, K., Ekstrom, A. D., and Tandon, N. (2016). A network approach for
modulating memory processes via direct and indirect brain stimulation: toward
a causal approach for the neural basis of memory. Neurobiol. Learn. Mem. 134,
162-177. doi: 10.1016/j.nlm.2016.04.001

Kim, S. H., Han, H. J., Ahn, H. M., Kim, S. A., and Kim, S. E. (2012). Effects of five
daily high-frequency rTMS on Stroop task performance in aging individuals.
Neurosci. Res. 74, 256-260. doi: 10.1016/j.neures.2012.08.008

Kishore, A., Popa, T., James, P., Yahia-Cherif, L., Backer, F., and Chacko, L. V.
(2014). Age-related decline in the responsiveness of motor cortex to plastic
forces reverses with levodopa or cerebellar stimulation. Neurobiol. Aging 35,
2541-2551. doi: 10.1016/j.neurobiolaging.2014.05.004

Koechlin, E., Ody, C. and Kouneiher, F. (2003). The architecture of
cognitive control in the human prefrontal cortex. Science 302, 1181-1185.
doi: 10.1126/science.1088545

Lopez-Alonso, V., Cheeran, B., Rio-Rodriguez, D., and Ferndndez-del-Olmo, M.
(2014). Inter-individual variability in response to non-invasive brain
stimulation paradigms. Brain Stimul. 7, 372-380. doi: 10.1016/j.brs.2014.
02.004

MacDonald, A. W., Cohen, J. D., Stenger, V. A., and Carter, C. S. (2000).
Dissociating the role of the dorsolateral prefrontal and anterior cingulate
cortex in cognitive control. Science 288, 1835-1838. doi: 10.1126/science.288.
5472.1835

Mancuso, L. E., Ilieva, I. P.,, Hamilton, R. H.,, and Farah, M. J. (2016).
Does transcranial direct current stimulation improve healthy working
memory? a meta-analytic review. J. Cogn. Neurosci. 28, 1063-1089.
doi: 10.1162/jocn_a_00956

Medeiros, L. F., de Souza, I. C., Vidor, L. P., de Souza, A., Deitos, A., and Volz, M. S.
(2012). Neurobiological effects of transcranial direct current stimulation: a
review. Front. Psychiatry 3:110. doi: 10.3389/fpsyt.2012.00110

Medina, J., and Cason, S. (2017). No evidential value in samples of transcranial
direct current stimulation (tDCS) studies of cognition and working memory
in healthy populations. Cortex 94, 131-141. doi: 10.1016/j.cortex.2017.
06.021

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., and
Wager, T. D. (2000). The unity and diversity of executive functions and their
contributions to complex “Frontal Lobe” tasks: a latent variable analysis. Cogn.
Psychol. 41, 49-100. doi: 10.1006/cogp.1999.0734

Monte-Silva, K., Kuo, M.-F., Hessenthaler, S., Fresnoza, S., Liebetanz, D., and
Paulus, W. (2013). Induction of late LTP-like plasticity in the human motor
cortex by repeated non-invasive brain stimulation. Brain Stimul. 6, 424-432.
doi: 10.1016/j.brs.2012.04.011

Mull, B. R, and Seyal, M. (2001). Transcranial magnetic stimulation of
left prefrontal cortex impairs working memory. Clin. Neurophysiol. 112,
1672-1675. doi: 10.1016/s1388-2457(01)00606-x

Miiller-Dahlhaus, J. F. M., Orekhov, Y., Liu, Y., and Ziemann, U. (2008).
Interindividual variability and age-dependency of motor cortical plasticity
induced by paired associative stimulation. Exp. Brain Res. 187, 467-475.
doi: 10.1007/500221-008-1319-7

Nejati, V., Salehinejad, M. A., Nitsche, M. A., Najian, A., and Javadi, A. H.
(2017). Transcranial direct current stimulation improves executive
dysfunctions in ADHD: implications for inhibitory control, interference
control, working memory, and cognitive flexibility. J. Atten. Disord.
doi: 10.1177/1087054717730611 [Epub ahead of print]

Niendam, T. A., Laird, A. R., Ray, K. L., Dean, Y. M., Glahn, D. C., and Carter, C. S.
(2012). Meta-analytic evidence for a superordinate cognitive control network
subserving diverse executive functions. Cogn. Affect. Behav. Neurosci. 12,
241-268. doi: 10.3758/s13415-011-0083-5

Nilsson, J., Lebedev, A. V., Rydstrom, A., and Lovdén, M. (2017). Direct-
current stimulation does little to improve the outcome of working memory
training in older adults. Psychol. Sci. 28, 907-920. doi: 10.1177/09567976176
98139

Nitsche, M. A, Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., and Antal, A.
(2008). Transcranial direct current stimulation: state of the art 2008. Brain
Stimul. 1,206-223. doi: 10.1016/j.brs.2008.06.004

Park, S. H,, Seo, J. H, Kim, Y. H, and Ko, M. H. (2014). Long-term
effects of transcranial direct current stimulation combined with computer-
assisted cognitive training in healthy older adults. Neuroreport 25, 122-126.
doi: 10.1097/wnr.0000000000000080

Plewnia, C., Zwissler, B., Langst, I, Maurer, B., Giel, K., and Kruger, R.
(2013). Effects of transcranial direct current stimulation (tDCS) on executive
functions: influence of COMT Val/Met polymorphism. Cortex 49, 1801-1807.
doi: 10.1016/j.cortex.2012.11.002

Frontiers in Aging Neuroscience | www.frontiersin.org

October 2018 | Volume 10 | Article 298


https://doi.org/10.1007/s00702-016-1558-x
https://doi.org/10.1007/s00702-016-1558-x
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1016/j.neulet.2014.08.043
https://doi.org/10.1016/s0166-2236(00)01633-7
https://doi.org/10.1016/j.neuroimage.2003.08.004
https://doi.org/10.3758/bf03198804
https://doi.org/10.1016/j.bbr.2009.10.030
https://doi.org/10.1371/journal.pone.0008865
https://doi.org/10.1016/j.brs.2016.03.018
https://doi.org/10.1016/j.brs.2016.03.018
https://doi.org/10.1016/j.brs.2015.10.006
https://doi.org/10.1016/j.brs.2015.01.400
https://doi.org/10.1016/j.neurobiolaging.2015.04.016
https://doi.org/10.1016/j.cortex.2015.05.014
https://doi.org/10.1007/s00221-011-2891-9
https://doi.org/10.1371/journal.pone.0129751
https://doi.org/10.3389/fnagi.2014.00275
https://doi.org/10.3389/fnagi.2014.00275
https://doi.org/10.1016/j.nlm.2016.04.001
https://doi.org/10.1016/j.neures.2012.08.008
https://doi.org/10.1016/j.neurobiolaging.2014.05.004
https://doi.org/10.1126/science.1088545
https://doi.org/10.1016/j.brs.2014.02.004
https://doi.org/10.1016/j.brs.2014.02.004
https://doi.org/10.1126/science.288.5472.1835
https://doi.org/10.1126/science.288.5472.1835
https://doi.org/10.1162/jocn_a_00956
https://doi.org/10.3389/fpsyt.2012.00110
https://doi.org/10.1016/j.cortex.2017.06.021
https://doi.org/10.1016/j.cortex.2017.06.021
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1016/j.brs.2012.04.011
https://doi.org/10.1016/s1388-2457(01)00606-x
https://doi.org/10.1007/s00221-008-1319-7
https://doi.org/10.1177/1087054717730611 [Epub ahead of print]
https://doi.org/10.3758/s13415-011-0083-5
https://doi.org/10.1177/0956797617698139
https://doi.org/10.1177/0956797617698139
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1097/wnr.0000000000000080
https://doi.org/10.1016/j.cortex.2012.11.002
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Huo et al.

tDCS Effects on Executive Function

Prehn, K., and Floel, A. (2015). Potentials and limits to enhance cognitive
functions in healthy and pathological aging by tDCS. Front Cell Neurosci 9:355.
doi: 10.3389/fncel.2015.00355

Puri, R., Hinder, M. R,, Fujiyama, H., Gomez, R., Carson, R. G., and Summers, J. J.
(2015). Duration-dependent effects of the BDNF Val66Met polymorphism on
anodal tDCS induced motor cortex plasticity in older adults: a group and
individual perspective. Front. Aging Neurosci. 7:107. doi: 10.3389/fnagi.2015.
00107

Reitan, R. M. (1986). Trail Making Test: Manual for Administration and Scoring.
Tucson, AZ: Reitan Neuropsychology Laboratory.

Ridderinkhof, K. R., van den Wildenberg, W. P., Segalowitz, S. J., and Carter, C. S.
(2004). Neurocognitive mechanisms of cognitive control: the role of prefrontal
cortex in action selection, response inhibition, performance monitoring, and
reward-based learning. Brain Cogn. 56, 129-140. doi: 10.1016/j.bandc.2004.
09.016

Roberts, R. E., and Vernon, S. W. (1983). The center for epidemiological studies
depression scale: its use in a community sample. Am. J. Psychiatry 140, 41-46.
doi: 10.1176/ajp.140.1.41

Salthouse, T. A., Atkinson, T. M., and Berish, D. E. (2003). Executive
functioning as a potential mediator of age-related cognitive decline in
normal adults. J. Exp. Psychol. Gen. 132, 566-594. doi: 10.1037/0096-3445.
132.4.566

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

Savic, B., Miri, R, and Meier, B. (2017). A single session of prefrontal
cortex transcranial direct current stimulation does not modulate implicit task
sequence learning and consolidation. Brain Stimul. 10, 567-575. doi: 10.1016/j.
brs.2017.01.001

Stephens, J. A., and Berryhill, M. E. (2016). Older adults improve on everyday
tasks after working memory training and neurostimulation. Brain Stimul. 9,
553-559. doi: 10.1016/j.brs.2016.04.001

Swank, C., Mehta, J., and Criminger, C. (2016). Transcranial direct current
stimulation lessens dual task cost in people with Parkinson’s disease. Neurosci.
Lett. 626, 1-5. doi: 10.1016/j.neulet.2016.05.010

Tremblay, S., Lepage, J. F., Latulipe-Loiselle, A., Fregni, F., Pascual-Leone, A., and
Theoret, H. (2014). The uncertain outcome of prefrontal tDCS. Brain Stimul.
7, 773-783. doi: 10.1016/j.brs.2014.10.003

Turner, G. R., and Spreng, R. N. (2012). Executive functions and neurocognitive
aging: dissociable patterns of brain activity. Neurobiol. Aging 33,
826.e1-826.e13. doi: 10.1016/j.neurobiolaging.2011.06.005

Vanderhasselt, M.-A., De Raedt, R., Baeken, C., Leyman, L., and D’haenen, H.
(2006). The influence of rTMS over the right dorsolateral prefrontal cortex on
intentional set switching. Exp. Brain Res. 172, 561-565. doi: 10.1007/s00221-
006-0540-5

Wager, T. D., Jonides, J., and Reading, S. (2004). Neuroimaging studies of
shifting attention: a meta-analysis. Neuroimage 22, 1679-1693. doi: 10.1016/j.
neuroimage.2004.03.052

Westwood, S. J., Olson, A., Miall, R. C., Nappo, R., and Romani, C. (2017). Limits
to tDCS effects in language: failures to modulate word production in healthy
participants with frontal or temporal tDCS. Cortex 86, 64-82. doi: 10.1016/j.
cortex.2016.10.016

Wiethoff, S., Hamada, M., and Rothwell, J. C. (2014). Variability in response to
transcranial direct current stimulation of the motor cortex. Brain Stimul. 7,
468-475. doi: 10.1016/j.brs.2014.02.003

Wwitt, S. T., and Stevens, M. C. (2013). fMRI task parameters influence
hemodynamic activity in regions implicated in mental set switching.
Neuroimage 65, 139-151. doi: 10.1016/j.neuroimage.2012.09.072

Yu, J, Li, J, and Huang, X. (2012). The Beijing version of the montreal
cognitive assessment as a brief screening tool for mild cognitive impairment:
a community-based study. BMC Psychiatry 12:156. doi: 10.1186/1471-244x
-12-156

Yuan, P., and Raz, N. (2014). Prefrontal cortex and executive functions in healthy
adults: a meta-analysis of structural neuroimaging studies. Neurosci. Biobehav.
Rev. 42, 180-192. doi: 10.1016/j.neubiorev.2014.02.005

Conflict of Interest Statement: 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.

Copyright © 2018 Huo, Zheng, Li, Wan, Cui, Chen, Wang and Li. 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 Aging Neuroscience | www.frontiersin.org

11

October 2018 | Volume 10 | Article 298


https://doi.org/10.3389/fncel.2015.00355
https://doi.org/10.3389/fnagi.2015.00107
https://doi.org/10.3389/fnagi.2015.00107
https://doi.org/10.1016/j.bandc.2004.09.016
https://doi.org/10.1016/j.bandc.2004.09.016
https://doi.org/10.1176/ajp.140.1.41
https://doi.org/10.1037/0096-3445.132.4.566
https://doi.org/10.1037/0096-3445.132.4.566
https://doi.org/10.3389/fnagi.2014.00289
https://doi.org/10.1016/j.brs.2017.01.001
https://doi.org/10.1016/j.brs.2017.01.001
https://doi.org/10.1016/j.brs.2016.04.001
https://doi.org/10.1016/j.neulet.2016.05.010
https://doi.org/10.1016/j.brs.2014.10.003
https://doi.org/10.1016/j.neurobiolaging.2011.06.005
https://doi.org/10.1007/s00221-006-0540-5
https://doi.org/10.1007/s00221-006-0540-5
https://doi.org/10.1016/j.neuroimage.2004.03.052
https://doi.org/10.1016/j.neuroimage.2004.03.052
https://doi.org/10.1016/j.cortex.2016.10.016
https://doi.org/10.1016/j.cortex.2016.10.016
https://doi.org/10.1016/j.brs.2014.02.003
https://doi.org/10.1016/j.neuroimage.2012.09.072
https://doi.org/10.1186/1471-244x-12-156
https://doi.org/10.1186/1471-244x-12-156
https://doi.org/10.1016/j.neubiorev.2014.02.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Long-Term Transcranial Direct Current Stimulation Does Not Improve Executive Function in Healthy Older Adults
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Procedure
	Executive Function Measures
	Two-Back Task
	Flanker Task
	Switching Task

	Transcranial Direct Current Stimulation Protocol
	Data Analysis

	RESULTS
	Demographic and Clinical Characteristics
	Stimulation Effect
	Two-Back Task
	Flanker Task
	Switching Task

	Follow-Up Effect
	Adverse Effects

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


