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Abstract

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique, which has been increasingly
used as an investigational tool in neuroscience. In social and affective neuroscience research, the prefrontal cortex has been
primarily targeted, since this brain region is critically involved in complex psychobiological processes subserving both ‘hot’
and ‘cold’ domains. Although several studies have suggested that prefrontal tDCS can enhance neuropsychological
outcomes, meta-analyses have reported conflicting results. Therefore, we aimed to assess the available evidence by
performing an umbrella review of meta-analyses. We evaluated the effects of prefrontal active vs sham tDCS on different
domains of cognition among healthy and neuropsychiatric individuals. A MeaSurement Tool to Assess Systematic Reviews 2
was employed to evaluate the quality of meta-analyses, and the GRADE system was employed to grade the quality of
evidence of every comparison from each meta-analysis. PubMed/MEDLINE, PsycINFO and the Cochrane Database of
Systematic Reviews were searched, and 11 meta-analyses were included resulting in 55 comparisons. Only 16 comparisons
reported significant effects favoring tDCS, but 13 of them had either very low or low quality of evidence. Of the remaining 39
comparisons which reported non-significant effects, 38 had either very low or low quality of evidence. Meta-analyses were
rated as having critically low and low quality. Among several reasons to explain these findings, the lack of consensus and
reproducibility in tDCS research is discussed.
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Introduction

Transcranial direct current stimulation (tDCS) is a non-invasive
brain stimulation technique that consists on the application of
weak, electric currents over the scalp (Brunoni et al., 2012). Since
the seminal study of Nitsche and Paulus (2000), which showed
that tDCS promoted polarity-dependent changes in motor corti-
cal excitability according to the parameters of stimulation, the
technique has been investigated as a clinical and research tool
in neuropsychology (Shin et al., 2015) and neuropsychiatry (Moffa
et al., 2018; Brunoni et al., 2019).

For these conditions, the prefrontal cortex (PFC) has been the
preferential target of tDCS, since it is the brain region primarily
involved in more complex psychological processes, including
cognitive and emotional domains (Shin et al., 2015). In fact,
several studies have investigated the effects of prefrontal tDCS
on neuropsychological outcomes, such as working memory
(Oliveira et al., 2013), cognitive control (Wolkenstein and
Plewnia, 2013), vigilance to threat (Ironside et al., 2016) and
rumination (Kuhn et al, 2012), mostly showing significant
results. Nonetheless, non-significant results have also been
found, with a recent meta-analysis suggesting that the net tDCS
effects on cognition are null (Horvath et al., 2015). Several reasons
could explain these heterogeneous findings, such as differences
in tDCS montage, stimulation parameters and anatomical and
functional individualities (Brunoni et al., 2012; Bikson et al., 2018;
Chase et al., 2019). Issues in the design of tDCS studies also
harm their internal validity, such as underpowered sample sizes
(Medina and Cason, 2017) and methodological challenges in
effective sham blinding (Fonteneau et al.,, 2019). To a broader
extent, biases in cognitive sciences have been increasingly
more common, with contradictory and non-replicable findings
(Ioannidis et al., 2014). For instance, an attempt to reproduce
the findings of 100 experimental and correlation studies in
psychological science, using high-powered designs, was able
to replicate approximately one-third of the them (Open Science
Collaboration, 2015), which is suggestive of a ‘reproducibility
crisis’ on the field.

Recently, umbrella reviews (URs) have been introduced as
a new meta-analytical modality in evidence-based synthesis
(Fusar-Poli and Radua, 2018). They are reviews of previous
systematic reviews and meta-analyses that use standardized
methods to assess and compare the evidence of included
studies. Examples of these methods include performing a
systematic review of the literature, using common effect sizes,
assessing heterogeneity, grading the quality of evidence and pre-
senting new research avenues based on the assessed evidence
(Fusar-Poli and Radua, 2018). In fact, they represent a higher
level of evidence than meta-analyses that can also present
biases and reach discrepant conclusions (loannidis, 2009). For
these reasons, URs are becoming increasingly in the biomedical
field (Fusar-Poli and Radua, 2018) as a method to synthesize
highest-quality evidence. Considering the discrepant findings of
meta-analyses examining the effects of tDCS on ‘hot’ and ‘cold’
cognition, an UR could be useful to critically assess the quality
and availability of the evidence. Notwithstanding, no such study
has been performed so far.

Therefore, our aim was to perform an UR of meta-analyses
that examined the effects of prefrontal tDCS on cognition. Our
study is important to provide critical, high-quality evidence of
a commonly used tDCS application in neuropsychology, which
can help better guiding and tailoring new studies according to
our findings.

Methods
Search strategy and inclusion criteria for the UR

The protocol for this systematic review was pre-registered
at PROSPERO (CRD42020140779). The electronic databases of
PubMed, PsycINFO and the Cochrane Database of Systematic
Reviews (CDSR) were searched in April 2019 for relevant
references. Search strategies were tailored for each database, and
detailed descriptions can be found on the supplementary data
file. The search strategy was limited to meta-analyses in each
one of the databases. The references section of review articles
and meta-analyses were carefully read to look for additional
references. No language restrictions were applied. No further
efforts were made to search for unpublished research.

Titles and abstracts of references were screened by two inde-
pendent reviewers (ARB, LCF) to identify those that were eli-
gible for inclusion. Inclusion criteria were determined through
the PICO (population, intervention, control and outcome) for-
mat; specifically, meta-analyses had to evaluate the compar-
ative effects of prefrontal tDCS against sham tDCS on cog-
nitive domains in healthy or neuropsychiatric individuals. No
restrictions were made regarding age; diagnoses, i.e. any neu-
ropsychiatric disorder was eligible for inclusion, e.g. depres-
sion, attention-deficit hyperactivity disorder, eating disorders,
Parkinson’s disease, etc.; polarity of tDCS, i.e. anodal tDCS (a-
tDCS) and cathodal tDCS (c-tDCS) were eligible; number of treat-
ment sessions; timing of outcome measurement, i.e. online and
offline designs, when the study outcomes were measured during
and after tDCS session, respectively, were eligible; and cognitive
domains, i.e. any cognitive domain reported in the eligible meta-
analysis were included in the UR. Only meta-analyses were
eligible for our UR as we were interested on the effect sizes of
tDCS interventions over the PFC.

Data extraction, methodological quality assessment
and appraisal of the evidence

Data were extracted by two independent reviewers (ARB, LCF);
any disagreement was solved through discussing and obtain-
ing more information from study investigators. For each com-
parison from eligible meta-analyses, the following data were
extracted: first author, year of publication, cognitive domain,
cognitive tasks, number of studies included, pooled effect sizes—
either standardized mean difference (SMD) or Hedges’ g—with
their 95% confidence intervals (95% CIs) and I? values. If the
Q-statistic was provided, I* was calculated as recommended by
the Cochrane Handbook for Systematic Reviews of Interventions.
Data were extracted in Summary of Finding (SoF) tables from
the GRADEpro GDT (Grading of Recommendations, Assessment,
Development and Evaluation Guideline Development Tool). The
GRADEpro GDT can be accessed through the link www.grade
pro.org and is a GRADE working group software for the produc-
tion of SoF tables. SoF tables are tabular presentations of key
information about relevant outcomes of health care interven-
tions. For this UR, separate SoF tables were created for healthy
and neuropsychiatric populations, as well as for a-tDCS, c-tDCS
and tDCS.

The GRADE approach was employed (The GRADE Working
Group, 2013) to rate the quality of evidence of every comparison
from each eligible meta-analysis. The GRADE approach is a
system for rating the quality of evidence in systematic reviews
and/or meta-analysis, providing four grades depending on the
certainty that the true effect is close to the effect size estimate:
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high, moderate, low and very low. It considers five reasons to
possibly rate down, and three to possibly rate up, the quality
of evidence. Factors that rate down quality of evidence are (a)
risk of bias (RoB), (b) inconsistency of results, (c) indirectness
of evidence, (d) imprecision and (e) publication bias. Factors
that rate up the quality of evidence are (a) large magnitude of
effect, (b) dose-response gradient and (c) effect of plausible resid-
ual confounding. A GRADE checklist to aid in the consistency
and reproducibility of the GRADE approach was also employed
(Meader et al., 2014). Quality of evidence was evaluated at the
comparison level based on what was reported in each meta-
analysis, and information from the trials included in each meta-
analysis were not retrieved. A strict approach was employed to
grade the quality of evidence to avoid validating results that were
not of the highest possible quality. For instance, if statistical test
for heterogeneity and/or I values were not reported, the qual-
ity of evidence was downgraded due to serious inconsistency
regardless of the distribution of effect sizes and 95% CI—those
could only contribute to rate down further the quality of evi-
dence due to very serious inconsistency. For RoB, a meta-analysis
was considered to have not properly examined RoB if it did not
perform a quality assessment of the included studies, i.e. if it did
not check for methodological procedures that minimize biases,
such as proper randomization, allocation concealment, blinding,
attrition and incomplete or selective reporting, as described
in the Cochrane guidelines for risk of bias assessment (Hig-
gins et al., 2011; Sterne et al., 2019); quality of evidence was
systematically rated down due to serious RoB if RoB was not
properly examined. For publication bias, if meta-analyses did not
evaluate publication bias either through funnel plot asymmetry
or statistical criteria, quality of evidence was rated down due
to strong suggestion of publication bias. Additionally, adjusted
effect sizes, e.g. through the trim-and-fill method, were not
considered a solution to the identified publication bias as these
are simulations with issues of their own (Guyatt et al., 2011) and
quality of evidence was downgraded regardless of whether such
imputation approaches were employed or not; similarly, consid-
ering recommendations from the Cochrane Handbook for Sys-
tematic Reviews of Interventions, the fail-safe number was not
considered an adequate assessment of publication bias when
employed alone. For comparisons which included individuals
with different neuropsychiatric disorders, quality of evidence
was systematically rated down due to serious indirectness.

The methodological quality of each included meta-analysis
was rated with the A MeaSurement Tool to Assess Systematic
Reviews 2 (AMSTAR-2) (Shea et al., 2017), a 16-item tool employed
to help in the evaluation of the reporting quality of system-
atic reviews. A detailed description of the AMSTAR-2 method-
ology can be found at the supplementary data file. The online
AMSTAR-2 checklist available at https://amstar.ca/Amstar_Che
cklist.php was employed to apply the AMSTAR-2 methodology
to each meta-analysis included in the UR.

Results
Study selection and included meta-analysis

Figure 1 illustrates the Preferred Reporting Items for Systematic
reviews and Meta-analyses (PRISMA) flowchart representing the
selection of studies for this UR. Of the 40 references excluded
through screening of titles and abstracts, 16 were excluded
as prefrontal tDCS was not the intervention studied 16 were
excluded as the outcome evaluated was not a cognitive function
and 8 studies were excluded as they were not meta-analyses.
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Of the nine references excluded through reading the full text,
two reported results also presented in another paper which
was already included in the UR (Dedoncker et al., 2016a; Hall
et al., 2017), three did not report results from an independent
comparison between active and sham prefrontal tDCS (Jansen
et al., 2013; Brunoni and Vanderhasselt, 2014; Song et al., 2018),
and four did not carry out meta-analyses (Khalighinejad et al.,
2016; Lupi et al., 2017; Greenwood et al., 2018; Schluter et al., 2018).

Therefore, only 11 articles were included in this UR (Horvath
et al., 2015; Price et al., 2015; Hill et al., 2016; Mancuso et al., 2016;
Dedoncker et al., 2016b; Lowe et al., 2017; Nilsson et al., 2017;
Bell and DeWall, 2018; Imburgio and Orr, 2018; Mostafavi et al.,
2018; Salehinejad et al., 2019). These 11 meta-analyses yielded
55 comparisons distributed across the 12 cognitive domains;
specifically, working memory, [long-term] memory, set shifting,
response inhibition, language, aggression, overeating/food
cravings, emotional and implicit bias, honesty, rumination,
impulsivity and risk taking were the cognitive domains reported
in these meta-analyses and were therefore included in our UR.
The respective tasks for each one of these cognitive domains
are depicted in Table 1. Of the 55 comparisons, 41 (~75%) were
carried out among exclusively healthy individuals, and another
7 (~13%) were carried out among a mixed population of healthy
and neuropsychiatric individuals; therefore, only 7 comparisons
(~13%) were carried out among exclusively neuropsychiatric
individuals. Table 2 illustrates the methodological quality
assessment of each meta-analysis, while Table 3 describes
the characteristics and quality of evidence assessment of
each comparison among healthy (Table 3A), neuropsychiatric
(Table 3B) and both healthy and neuropsychiatric (Table 3C)
individuals.

Anodal tDCS

Working memory. Six meta-analyses (Horvath et al., 2015, Hill et al.,
2016, Mancuso et al., 2016, Nilsson et al.,, 2017, Imburgio and
Orr, 2018, Salehinejad et al. 2019) resulting in 13 comparisons,
10 among healthy and 3 among neuropsychiatric individuals,
evaluated the effects of prefrontal a-tDCS on working mem-
ory performance. AMSTAR-2 quality assessment indicated that
these reviews varied from critically low to low quality.

Among healthy individuals, all 10 comparisons targeted the
dorsolateral PFC (DLPFC); in 7 comparisons, both offline and
online designs were included; besides, in 8 comparisons, only
single-session design studies were included, whereas in the
remaining 2 multiple-session designs with adjuvant working
memory training studies were included.

The mean number of studies and individuals in the single-
session design comparisons were 16.25 (range 8-32) and 457.5
(range 167-914), respectively. Of these eight comparisons, four
reported a significant effect favoring a-tDCS (ES=0.56, 95% CI
[0.19,0.93], P <0.01; ES=0.17,95% CI [0.03, 0.30], P=not reported;
ES=0.15, 95% CI [0.02, 0.28], P=0.02; ES=-0.15, 95% CI [-0.29,
—0.01], P=0.003), but GRADE assessment of quality of evidence
indicated moderate and low certainty that the true effectis close
to these estimates as quality of evidence was rated down to
‘moderate’ due to serious RoB (RoB was either not assessed or
there was evidence of significant unclear RoB regarding ran-
domization, allocation concealment and blinding) for all four
comparisons and to ‘low’ due to the serious imprecision (rela-
tively small number of trials [N = 10] and individuals [n = 354])
for one of these comparisons and due to the strong suggestion
of publication bias (funnel plot asymmetry was identified) for
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Fig. 1. PRISMA flowchart depicting study selection results.

another comparison. The remaining four comparisons yielded
non-significant findings, and GRADE assessment of quality of
evidence indicated very low certainty that the true effect is close
to these estimates as quality of evidence was rated down to
‘moderate’ due to serious RoB (RoB was not assessed), to ‘low’
due to the strong suggestion of publication bias (publication bias
was either not assessed or funnel plot asymmetry was identi-
fied) and to ‘very low’ due to the serious imprecision (relatively
small number of trials [N =8] and individuals [n=283/167]) for all
five comparisons.

The mean number of studies and individuals in the two
multiple-session design comparisons with adjuvant working
memory training were 8.5 (range 7-10) and 275.5 (range
266-285), respectively. Only one comparison reported a small
significant effect favoring a-tDCS (ES=0.29, 95% CI [0.06, 0.52],
P not reported), but GRADE assessment of quality of evidence
indicated very low certainty that the true effect is close to this
estimate as quality of evidence was rated down to ‘moderate’
due to the strong suggestion of publication bias (funnel plot
asymmetry was identified), to ‘low’ due to serious RoB (RoB
was not assessed) and to ‘very low’ due to serious imprecision
(relatively small number of trials [N=10] and individuals
[n=285]). The remaining comparison yielded a non-significant
effect, and GRADE assessment of quality of evidence indicated
low certainty that the true effect is close to this estimate; quality

of evidence was rated down to ‘moderate’ due to serious RoB
(RoB was not assessed) and to ‘low’ due to serious imprecision
(relatively small number of trials [N =7] and individuals [n=266]
included).

Among neuropsychiatric individuals, all three comparisons
targeted the DLPFC in a single-session design and included both
an offline and online design. The mean number of studies and
individuals included in these comparisons were 12 (range 8-
16) and 491 (range 232-860), respectively. None of the three
comparisons yielded significant effects, and GRADE assessment
of quality of evidence indicated low and very low certainty that
the true effect is close to these estimates. Quality of evidence
was rated down to ‘moderate’ due to serious RoB (there was
evidence of significant unclear RoB regarding randomization,
allocation concealment and/or blinding) for the three compar-
isons and to ‘low’ due to serious indirectness (data included were
from a sample with diverse neuropsychiatric individuals) for two
comparisons and due to the strong suggestion of publication bias
(publication bias was not evaluated) for the other comparison.
Quality of evidence was rated down further to ‘very low’ due
to serious imprecision (relatively small number of trials [N=8]
and individuals [n=232]) for one of these comparisons and due
to serious inconsistency (effect size estimates from individual
studies varied considerably with relatively little overlap of Cls)
for another of these comparisons.
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Table 1. Description of the outcomes and tasks included in the UR for each cognitive domain

Cognitive domain Outcomes and respective tasks

Meta-analysis investigating each
outcome

Working memory

Accuracy, reaction time, d’ values and working memory index
in a multitude of working memory tasks such as 0-back,
1-back, 2-back, 3-back, n-back, Sternberg, Stroop, digit-span
task, block-tapping task, paced auditory serial addition test,

Horvath et al., 2015, Dedoncker et al.,
20164, b, Hill et al., 2016, Mancuso et al.,
2016, Nilsson et al., 2017, Imburgio and
Orr, 2018, Salenijehad et al. 2019

operation word span, working memory scale, Tower of

London
[Long-term] memory
verbal memory task
Set shifting

addition test
Response inhibition

go/no-go task, simon
Language
Aggression

Accuracy in the recognition memory task and the long-term

Switch cost, resumption lag and errors in the task sequence
learning, affective financial management, cognitive and
motor set shifting task and the paced auditory serial

Incongruent reaction time, flanker effect, accuracy and stop
signal reaction time in the stroop, flanker, stop signal task,

Accuracy and number of words in verbal fluency tasks
Aggression score in the Taylor aggression paradigm and

Horvath et al., 2015, Dedoncker et al.,
2016a, b

Horvath et al., 2015, Dedoncker et al.,
201643, b, Imburgio and Orr, 2018,
Salehinejad et al., 2019

Horvath et al., 2015, Dedoncker et al.,
201643, b, Imburgio and Orr, 2018,
Salehinejad et al., 2019

Horvath et al., 2015, Price et al., 2015

Bell and DeWall, 2018

negative affect state after a frustrating task

Overeating/food cravings

Emotional and implicit bias

Subjective report of food and sweet cravings, visual analog
scale scores, food craving questionnaire scores
Negativity rating after viewing both neutral and negative

Bell and DeWall, 2018/Mancuso et al.,
2016, Lowe et al., 2017
Horvath et al., 2015, Bell and DeWall, 2018

valence pictures, judgment score of a moral dilemma

Bell and DeWall, 2018
Horvath et al., 2015
Bell and DeWall, 2018

Honesty Lying or reaction time in trust/truth games

Rumination Rumination scores on the rumination response scale

Impulsivity Error rate, errors in easy condition and errors on incorrect
trials in the stroop, sentence completion task, cognitive
reflection test

Risk taking Number of pumps, high-risk choices, riskiness in gains,

Horvath et al., 2015, Bell and DeWall, 2018

number of low-probability/high-reward choices in the
balloon analog risk task, Columbia Card Task and gambling

tasks (e.g. lowa Gambling Task)

[Long-term] memory. One meta-analysis (Horvath et al., 2015)
resulting in one comparison among healthy individuals eval-
uated the effects of prefrontal a-tDCS on [long-term] memory.
AMSTAR-2 quality assessment indicated that this review was of
critically low quality. The comparison targeted the DLPFC and
only included an online design. A small number of trials (N=3)
and individuals (n=104) were included. No significant effects
were reported, and GRADE assessment of quality of evidence
indicated very low certainty that the true effect is close to this
estimate as quality of evidence was rated down to ‘low’ due to
very serious imprecision (relatively small number of trials [N=3]
and individuals [n=104]; extremely large 95% CI [-0.87, 2.94])
and to ‘very low’ due to the strong suggestion of publication bias
(publication bias was not evaluated).

Set shifting and response inhibition. Three meta-analyses
(Horvath et al., 2015; Imburgio and Orr, 2018; Salehinejad et al.,
2019) resulting in eight comparisons, seven among healthy and
one among neuropsychiatric individuals, evaluated the effects
of prefrontal a-tDCS on set shifting and response inhibition.
AMSTAR-2 quality assessment indicated that these reviews
were of critically low quality. Among healthy individuals, two
comparisons evaluated set shifting, whereas the remaining
five evaluated response inhibition; among neuropsychiatric
individuals, only response inhibition was evaluated.

For set shifting, both comparisons among healthy individuals
targeted the DLPFC; one included offline and online designs,
whereas the other only included offline designs. The mean

number of studies and individuals in both comparisons were
8 (range 3-13) and 430 (range 212-648). None of the two com-
parisons yielded significant effects, and GRADE assessment of
quality of evidence indicated very low certainty that the true
effectis close to these estimates as quality of evidence was rated
down to ‘moderate’ due to serious RoB (RoB was not assessed)
and to ‘low’ due to serious inconsistency (either heterogeneity
was not assessed statistically or was considerable [I2=69.92%])
for both comparisons; quality of evidence was rated down fur-
ther to ‘very low’ due to the strong suggestion of publication
bias (publication bias was not assessed) for one comparison and
due to serious imprecision (effect size estimate with wide 95% CI
[-0.68, 0.59]) for the other comparison. For response inhibition,
of the five comparisons among healthy individuals, three tar-
geted the DLPFC and two the IFG; one included offline and online
designs, whereas four only included offline designs. The mean
number of studies and individuals in these five comparisons
were 3.83 (range 2-13) and 141 (range 55-616). None of these five
comparisons yielded significant effects, and GRADE assessment
of quality of evidence indicated low and very low certainty that
the true effect is close to these estimates. Quality of evidence
was rated down to ‘moderate’ due to serious RoB (RoB was not
assessed) and to ‘low’ due to serious inconsistency (either het-
erogeneity was not assessed statistically or effect size estimates
from individual studies varied considerably with relatively little
overlap of CIs) for all five comparisons; quality of evidence was
rated down further to ‘very low’ due to strong suggestion of
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Table 4. Description of the main findings in the UR for each cognitive domain

Cognitive domain Findings from the umbrella review

Working memory

5 comparisons among healthy individuals indicated significant benefit of a-tDCS for working memory, but

there was at best moderate certainty that the true effect is close to the estimates from the meta-analyses
5 comparisons among healthy individuals indicated no benefit of a-tDCS for working memory
3 comparisons among neuropsychiatric individuals indicated no benefit of a-tDCS for working memory

[Long-term]
memory memory improvement
Set shifting

Response inhibition

2 comparisons among healthy individuals indicated no benefit of either a-tDCS or c-tDCS for [long-term]

2 comparisons among healthy individuals indicated no benefit of a-tDCS for set shifting

5 comparisons among healthy individuals indicated no benefit of a-tDCS for response inhibition

1 comparison among neuropsychiatric individuals indicated a significant benefit of a-tDCS for response
inhibition. But there was very low certainty that the true effect is close to the estimate from the meta-analysis
1 comparison among neuropsychiatric individuals indicated no benefit of c-tDCS for response inhibition

Language

1 comparison among healthy individuals indicated a significant benefit of a-tDCS for language performance,

but there was very low certainty that the true effect is close to the estimate from the meta-analysis
4 comparisons among healthy individuals indicated no benefit of a-tDCS for language performance

Aggression

Overeating/food
cravings

1 comparison among healthy individuals indicated no benefit of a-tDCS for aggression

1 comparison among healthy individuals indicated significant benefit of a-tDCS for overeating, but there was
very low certainty that the true effect is close to the estimate from the meta-analysis

2 comparisons among mixed samples of healthy and neuropsychiatric individuals indicated a significant
benefit of tDCS for food cravings, but there was very low certainty that the true effect is close to the estimates

from meta-analyses

1 comparison among mixed samples of healthy and neuropsychiatric individuals indicated no benefit of tDCS

for food cravings

Emotional and
implicit bias

1 comparison among healthy individuals indicated a significant benefit of a-tDCS for emotional bias and
implicit bias, but there was low certainty that the true effect is close to the estimate from the meta-analysis

6 comparisons among healthy individuals indicated no benefit of a-tDCS or c-tDCS for emotional bias

Honesty
Rumination
Impulsivity

Risk taking

1 comparison among healthy individuals indicated no benefit of a-tDCS for honesty
1 comparison among healthy individuals indicated no benefit of a-tDCS for rumination
1 comparison among healthy individuals indicated no benefit of a-tDCS for impulsivity

1 comparison among healthy individuals indicated significant benefit of a-tDCS for risk taking, but there was

very low certainty that the true effect is close to the estimate from the meta-analysis
2 comparisons among healthy individuals indicated no benefit of either a-tDCS or c-tDCS for risk taking

publication bias (publication bias was not assessed) for four
comparisons.

For response inhibition, the comparison among neuropsy-
chiatric individuals targeted the DLPFC and IFG and included
offline and online designs. The number of trials and individ-
uals included were 34 and 1404, respectively; only individuals
with attention-deficit hyperactivity disorder were included. This
comparison reported a small significant effect favoring a-tDCS
(ES=0.23, 95% CI [0.07-0.40], P=0.0065), and GRADE assessment
of quality of evidence indicated very low certainty that the true
effect is close to this estimate as quality of evidence was rated
down to ‘moderate’ due to serious RoB (there was evidence
of significant unclear RoB in blinding outcome assessment), to
‘low’ due to serious inconsistency (effect size estimates from
individual studies varied considerably) and to ‘very low’ due to
the strong suggestion of publication bias (publication bias was
not assessed).

Memory/attention/executive functioning. One meta-analysis
(Dedoncker et al., 2016a, b) resulting in six comparisons, two
among healthy, two among neuropsychiatric and two among
both healthy and neuropsychiatric individuals, evaluated the
effects of prefrontal a-tDCS on memory/attention/executive

functioning. AMSTAR-2 quality assessment indicated that this
review was of low quality.

Among healthy individuals, both comparisons targeted the
DLPFC and included offline and online designs. The mean
number of trials and individuals included were 116.5 (range
102-131) and 3942.5 (range 3470-4415), respectively. One of the
two comparisons reported a small significant effect favoring
a-tDCS (ES=— 0.10, 95% CI [~0.16, —0.04], P <0.01), and GRADE
assessment of quality of evidence indicated moderate certainty
that the true effect is close to this estimate as quality of
evidence was rated down to ‘moderate’ due to serious RoB
(only 6/61 studies included in the Dedoncker et al., 2016a, b
meta-analysis had a low risk of allocation concealment bias).
The remaining comparison reported a non-significant effect,
and GRADE assessment of quality of evidence also indicated
moderate certainty that the true effect is close to this estimate
as quality of evidence was rated down to ‘moderate’ due to
serious RoB (only 6/61 studies included in the Dedoncker et al.,
2016a, b meta-analysis had a low risk of allocation concealment
bias).

Among neuropsychiatric individuals, both comparisons
targeted the DLPFC and included offline and online designs.



The mean number of trials and individuals included were 26
(range 22-30) and 802 (range 660-944), respectively. One of these
comparisons reported a small significant effect favoring a-tDCS
(ES=0.22, 95% CI [0.04, 0.40], P <0.05), but GRADE assessment
of quality of evidence indicated very low certainty that the
true effect is close to this estimate as quality of evidence
was rated down to ‘moderate’ due to serious RoB (only 6/61
studies included in the Dedoncker et al., 2016a, b meta-analysis
had a low risk of allocation concealment bias), to ‘low’ due to
serious indirectness (data included were from a sample with
diverse neuropsychiatric individuals) and to ‘very low’ due to
serious inconsistency (I?=42.5%). The remaining comparison
reported a non-significant effect, and GRADE assessment of
quality of evidence indicated low certainty that the true effect
is close to its estimate as quality of evidence was rated down
to ‘moderate’ due to serious RoB (only 6/61 studies included
in the Dedoncker et al.,, 2016a, b meta-analysis had a low risk
of allocation concealment bias) and to ‘low’ due to serious
indirectness (data included were from a sample with diverse
neuropsychiatric individuals).

Among both healthy and neuropsychiatric individuals,
both comparisons targeted the DLPFC and included both
offline and online designs. The mean number of trials and
individuals included were 144.5 (range 124-165) and 4744.5
(range 4130-5359), respectively. The two comparisons reported
small significant effects favoring a-tDCS (ES=0.18, 95% CI [0.03,
0.18], P <0.01; ES=— 0.11, 95% CI [-0.17, —0.05], P <0.01), and
GRADE assessment of quality of evidence indicated very low and
low certainty that the true effect is close to these estimates as
quality of evidence was rated down to ‘moderate’ due to serious
RoB (only 6/61 studies included in the Dedoncker et al., 2016a, b
meta-analysis had a low risk of allocation concealment bias) and
to ‘low’ due to serious indirectness for both comparisons (data
included were from a sample with diverse neuropsychiatric
individuals); quality of evidence was rated down further to ‘very
low’ due to serious inconsistency (I? = 52.5%) for one comparison.

Language. Two meta-analyses (Horvath et al., 2015; Price
et al.,, 2015) resulting in five comparisons, all among healthy
individuals, evaluated the effects of prefrontal a-tDCS on
language. AMSTAR-2 quality assessment indicated that these
reviews were of critically low quality. All five comparisons
targeted the IPFC/DLPFC; three included only offline designs,
whereas the remaining two included only online designs.

For the 3 offline comparisons, the mean number of studies
and individuals included were 4 (range 3-7) and 115.3 (range
58-208). Only one comparison yielded a small-to-moderate sig-
nificant effect favoring a-tDCS (ES=0.48, 95% CI [0.35, 0.92], P
not reported), but GRADE assessment of quality of evidence
indicated very low certainty that the true effect is close to this
estimate as quality of evidence was rated down to ‘moderate’
due to serious imprecision (small number of studies [N=3] and
individuals [n=80] included), to ‘low’ due to strong suggestion
of publication bias (publication bias was not assessed) and to
‘very low’ due to serious inconsistency (heterogeneity was not
assessed statistically). The remaining two offline comparisons
did not yield significant effects, and GRADE assessment of qual-
ity of evidence indicated very low certainty that the true effect is
close to these estimates as quality of evidence was rated down
due to serious imprecision (small number of studies [N=2,7] and
individuals [n=58, 208] included), to ‘low’ due to strong sugges-
tion of publication bias (publication bias was not assessed) and
to ‘very low’ due to serious inconsistency (heterogeneity was not
assessed statistically) for both comparisons.

For the two online comparisons, the mean number of studies
and individuals included were 3 (range 3-3) and 100 (range
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100-100). None of the two comparisons yielded significant
findings, and GRADE assessment of quality of evidence
indicated very low certainty that the true effect is close to
these estimates as quality of evidence was rated down due to
significant imprecision (small number of studies and individuals
included), to ‘low’ due to strong suggestion of publication
bias (publication bias was not assessed) and to ‘very low’ due
to significant inconsistency (heterogeneity was not assessed
statistically).

Aggression. One meta-analysis (Bell and DeWall, 2018) result-
ing in one comparison among healthy individuals evaluated the
effects of prefrontal a-tDCS on aggression. AMSTAR-2 quality
assessment indicated that this review was of critically low qual-
ity. The comparison evaluated a-tDCS, targeted the DLPFC and
included both an offline and an online design. The number of
studies and individuals included was 6 and 339, respectively.
The comparison yielded a non-significant finding, and GRADE
assessment of quality of evidence indicated very low certainty
that the true effect is close to this estimate as quality of evidence
was rated down to ‘moderate’ due to serious RoB (RoB was not
assessed), to ‘low’ due to serious imprecision (relatively small
number of studies and individuals included) and to ‘very low’
due to serious inconsistency (effect size estimates from individ-
ual studies varied considerably with relatively little overlap of
CIs).

Overeating. One meta-analysis (Bell and DeWall, 2018) result-
ing in one comparison among healthy individuals evaluated the
effects of prefrontal a-tDCS on overeating. AMSTAR-2 quality
assessment indicated that this review was of critically low
quality. The comparison targeted the DLPFC and included both
offline and online designs. The number of trials and individuals
included were 6 and 339, respectively. This comparison reported
a small treatment effect favoring a-tDCS (ES=-0.25, 95% CI
[-0.49, —0.01], P=0.03), and GRADE assessment of quality of
evidence indicated very low certainty that the true effect is
close to this estimate, as quality of evidence was rated down
to ‘moderate’ due to serious RoB (RoB was not assessed),
to ‘low’ due to serious imprecision (relatively small number
of trials and individuals included) and to ‘very low’ due to
strong suggestion of publication (funnel plot asymmetry was
identified).

Emotional and implicit bias. Two meta-analyses (Horvath et al.,
2015; Bell and DeWall, 2018) resulting in five comparisons among
healthy individuals evaluated the effects of prefrontal a-tDCS on
emotional and implicit bias; AMSTAR-2 quality assessment indi-
cated that these reviews were of critically low quality. All com-
parisons targeted the DLPFC; four only included an online design
and one included both an offline and an online design. Four
of them only evaluated emotional bias, whereas one of them
included both emotional and implicit bias measures. The mean
number of studies and individuals included were 3.2 (range
2-7) and 169 (range 88-447), respectively. One of the comparisons,
the one which included mixed outcomes, reported a small sig-
nificant effect favoring a-tDCS (ES=—0.25, 95% CI [-0.48, —0.03],
P=0.02). GRADE assessment of quality of evidence indicated low
certainty that the true effect is close to this estimate; quality
of evidence was rated down to ‘moderate’ due to serious RoB
(RoB was not assessed) and to ‘low’ due to serious impreci-
sion (relatively small number of trials [N=7] and individuals
[n=447]included). The remaining four comparisons yielded non-
significant findings, and GRADE assessment of quality of evi-
dence indicated very low certainty that the true effect is close
to these estimates as quality of evidence was rated down to
‘moderate’ due to serious inconsistency (heterogeneity was not
assessed statistically), to ‘low’ due to serious RoB (RoB was
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not assessed) and to ‘very low’ due to strong suggestion of
publication bias (publication bias was not assessed).

Honesty. One meta-analysis (Bell and DeWall, 2018) result-
ing in one comparison among healthy individuals evaluated
the effects of prefrontal a-tDCS on honesty. AMSTAR-2 quality
assessment indicated that this review was of critically low qual-
ity. The comparison evaluated a-tDCS, targeted the DLPFC and
included both an online and an offline design. The number of
studies and individuals included were 4 and 322, respectively.
The comparison yielded a non-significant finding, and GRADE
assessment of quality of evidence indicated low certainty that
the true effect is close to this estimate as quality of evidence was
rated down to ‘moderate’ due to serious imprecision (relatively
small number of trials and individuals included) and to ‘low’ due
to serious RoB (RoB was not assessed).

Rumination. One meta-analysis (Horvath et al., 2015) resulting
in one comparison among healthy individuals evaluated the
effects of prefrontal a-tDCS on rumination. AMSTAR-2 quality
assessment indicated that this review was of critically low qual-
ity. The comparison targeted the DLPFC and included only online
designs. The number of studies and individuals included were 2
and 126, respectively. The comparison yielded a non-significant
finding, and GRADE assessment of quality of evidence indicated
very low certainty that the true effect is close to this estimate as
quality of evidence was rated down to ‘moderate’ due to serious
inconsistency (heterogeneity was not assessed statistically), to
‘low’ due to serious RoB (RoB was not assessed) and to ‘very low’
due to strong suggestion of publication bias (publication bias was
not assessed).

Impulsivity. One meta-analysis (Bell and DeWall, 2018) result-
ing in one comparison among healthy individuals evaluated the
effects of prefrontal a-tDCS on impulsivity. AMSTAR-2 quality
assessment indicated that this review was of critically low qual-
ity. The comparison evaluated a-tDCS, targeted the DLPFC and
included both an offline and an online design. The number of
studies and individuals included were 9 and 676, respectively.
The comparison yielded a non-significant finding and GRADE
assessment of quality of evidence indicated low certainty that
the true effect is close to this estimate as quality of evidence
was rated down to ‘moderate’ due to serious RoB (RoB was
not assessed) and to ‘low’ due to serious inconsistency (effect
size estimates from individual studies varying considerable with
relatively little overlap of CIs).

Risk taking. Two meta-analyses (Horvath et al., 2015; Bell
and DeWall, 2018) resulting in two comparisons, all among
healthy individuals, evaluated the effects of prefrontal a-tDCS
on risk taking. AMSTAR-2 quality assessment indicated that
these reviews were of critically low quality. Both comparisons
targeted the DLPFC, and while one only included online designs,
the other one included both offline and online designs. The
number of studies and individuals included were 8 (range 3-13)
and 376 (range 76-676), respectively. One of the comparisons
yielded a small, significant effect in favor of a-tDCS (ES=-0.36,
95% CI [—0.65, —0.07], P=0.01), but GRADE assessment of quality
of evidence indicated very low certainty that the true effect is
close to this estimate as quality of evidence was rated down to
‘moderate’ due to due to strong suggestion of publication bias
(funnel plot asymmetry was identified), to ‘low’ due to serious
RoB (RoB was not assessed) and to ‘very low’ due to serious
inconsistency (I2=65.5%). The remaining comparison yielded
non-significant findings, and GRADE assessment of quality of
evidence indicated very low certainty that the true effect is
close to this estimate as quality of evidence was rated down to
‘moderate’ due to serious inconsistency (heterogeneity was not

assessed), to ‘low’ due to serious RoB (RoB was not assessed)
and to ‘very low’ due to strong suggestion of publication bias
(publication bias was not assessed).

Cathodal tDCS

[Long-term] memory. One meta-analysis (Horvath et al., 2015)
resulting in one comparison among healthy individuals eval-
uated the effects of prefrontal c-tDCS on [long-term] memory.
AMSTAR-2 quality assessment indicated that this review was of
critically low quality. The comparison targeted the DLPFC and
only included online designs. A small number of trials (N=3)
and individuals (n=103) were included. No significant effects
were reported, and GRADE assessment of quality of evidence
indicated very low certainty that the true effect is close to this
estimate as quality of evidence was rated down to ‘moderate’
due to strong suggestion of publication bias (publication bias
was not assessed), to ‘low’ due to the serious heterogeneity
(heterogeneity was not accessed statistically) and to ‘very low’
due to serious RoB (RoB was not assessed).

Response inhibition. One meta-analysis (Salehinejad et al., 2019)
resulting in one comparison among neuropsychiatric individ-
uals evaluated the effects of prefrontal c-tDCS on response
inhibition. AMSTAR-2 quality assessment indicated that this
review was of critically low quality. The comparison targeted the
DLPFC and included both offline and online designs. A small
number of trials (N =13) and individuals (N =468) were included.
No significant effects were reported, and GRADE assessment of
quality of evidence indicated very low certainty that the true
effect is close to this estimate, as quality of evidence was rated
down to ‘moderate’ due to serious RoB (there was evidence of
significant unclear RoB in blinding outcome assessment), to ‘low’
due to serious inconsistency (effect size estimates from individ-
ual studies varied considerably with relatively little overlap of
CIs) and to ‘very low’ due to the strong suggestion of publication
bias (publication bias was not assessed).

Memory/attention/executive functioning. One meta-analysis
(Dedoncker et al., 20164, b) resulting in two comparisons among
both healthy and neuropsychiatric individuals evaluated the
effects of prefrontal c-tDCS on memory/attention/executive
functioning. AMSTAR-2 quality assessment indicated that this
review was of low quality. The two comparisons included a
mean number of studies and individuals of 32 (range 28-36)
and 1062 (range 942-1182), respectively. None of them yielded
significant effects, and GRADE assessment of quality of evidence
indicated very low certainty that the true effect is close to
these estimates as quality of evidence was rated down to
‘moderate’ due to serious RoB (only 6/61 studies included in
the Dedoncker et al., 2016a, b meta-analysis had a low risk of
allocation concealment bias) and to ‘very low’ due to very serious
inconsistency (I =82.5% or I?=33.8% with effect size estimates
from individual studies varying considerable with relatively little
overlap of CIs) for both comparisons.

Emotional bias. One meta-analysis (Horvath et al., 2015) result-
ing in two comparison among healthy individuals evaluated the
effects of prefrontal c-tDCS on emotional bias. AMSTAR-2 quality
assessment indicated that this review was of critically low qual-
ity. Both comparisons targeted the DLPFC and included online
designs. The mean number of studies and individuals included
were 2 (range 2-2) and 88 (range 88-88), respectively. None of
the comparisons reported significant effects, and GRADE assess-
ment of quality of evidence indicated very low certainty that the
true effect is close to these estimates; quality of evidence was



rated down to ‘moderate’ due to serious inconsistency (hetero-
geneity was not assessed statistically), to ‘low’ due to serious RoB
(RoB was not assessed) and to ‘very low’ due to strong suggestion
of publication bias (publication bias was not assessed).

Risk taking. One meta-analysis (Horvath et al., 2015) resulting
in one comparison among healthy individuals evaluated the
effects of prefrontal c-tDCS on risk taking. AMSTAR-2 quality
assessment indicated that this review was of critically low qual-
ity. The comparison targeted the DLPFC and only included online
designs. A small number of trials (N=3) and individuals (n=126)
were included. No significant effects were reported, and GRADE
assessment of quality of evidence indicated very low certainty
that the true effect is close to this estimate as quality of evi-
dence was rated down to ‘moderate’ due to strong suggestion of
publication bias (publication bias was not assessed), to ‘low’ due
to the serious heterogeneity (heterogeneity was not accessed
statistically) and to ‘very low’ due to serious RoB (RoB was not
assessed).

tDCS

Three comparisons from two meta-analyses (Lowe et al., 2017;
Mostafavi et al.,, 2018) did not report separate effect sizes for
c-tDCS and a-tDCS, but rather analyzed results from both c-
tDCS and a-tDCS together. All of these three comparisons
evaluated the effects of prefrontal tDCS on food cravings,
targeted the DLPFC and included a mixed population of healthy
and neuropsychiatric individuals. The mean number of studies
and individuals included were 7.66 (range 4-13) and 264 (range
145-416), respectively. Two comparisons yielded moderate-
to-large significant effects (ES=— 0.54, 95% CI [-0.85, —0.24],
P <0.001; ES=-0.78,95% CI [-1.12, —0.44], P < 0.001), but GRADE
assessment of quality of evidence indicated very low certainty
that the true effect is close to these estimates as quality of
evidence was rated down to ‘moderate’ due to serious RoB (RoB
was not assessed), to ‘low’ due to serious indirectness (data
included were from a sample with diverse neuropsychiatric
individuals) and to ‘very low’ due to serious imprecision (small
number of studies [N=4] and individuals [n=145] included) for
one comparison and due to serious inconsistency (I?=71.4%)
for the other comparison. The remaining comparison yielded
non-significant findings, and GRADE assessment of quality of
evidence indicated very low certainty that the true effect is
close to this estimate as quality of evidence was rated down to
‘moderate’ due to strong suggestion of publication bias (funnel
plot asymmetry was identified) and to ‘very low’ due to the
very serious imprecision (effect size estimates with wide 95%
CI [-0.80, 0.29] and a small number of trials and individuals
included).

Discussion

This study provides a critical assessment of the available evi-
dence regarding the effects of prefrontal tDCS on cognition.
We identified previously published meta-analyses on the topic
through a systematic literature search and rated the quality
of included meta-analyses as well as of each included com-
parison evaluating the effects of prefrontal a-tDCS, c-tDCS or
tDCS on several cognitive domains among either healthy or
neuropsychiatric individuals. Our UR included 11 meta-analyses
which were of either low (n=2) or critically low (n=9) quality.
Our UR also included 55 comparisons, of which 41 (~75%) were
exclusively among healthy individuals; therefore, only 25% of
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the included comparisons also involved individuals with dif-
ferent neuropsychiatric disorders, which were frequently col-
lapsed together without abiding by diagnostic boundaries. Of
the 55 available comparisons between active tDCS and sham
tDCS, only 16 reported significant findings. Table 4 highlights
the main findings for each cognitive domain reported in this
UR. Among healthy individuals, a significant effect favoring a-
tDCS was reported for working memory (ES=0.56, 0.29, 0.17,
0.15 [accuracy], —0.15 [reaction time]), memory/attention/exec-
utive functioning (ES=-0.10), language (ES=0.48), overeating
(ES=-0.25), emotional and implicit bias (ES=-0.25) and risk
taking (ES=-0.36). Among neuropsychiatric individuals, a sig-
nificant effect favoring a-tDCS was reported for response inhi-
bition (ES=0.26) and memory/attention/executive functioning
(ES=0.22). Among both healthy and neuropsychiatric individu-
als, a significant effect favoring tDCS was reported for mem-
ory/attention/executive functioning (ES=0.18 [accuracy], —0.11
[reaction time]) and food cravings (ES=-0.54, —0.78). However,
of these 16 significant effects, GRADE assessment of quality of
evidence indicated that only 3 of them had moderate quality,
while the remaining 13 had either low (n=4) or very low (n=9)
quality. Of the 39 non-significant effects, GRADE assessment of
quality of evidence indicated that only 1 of them had moderate
quality, while the remaining 38 had either low (n=7) or very low
(n=31) quality. When taken together, these findings highlight
that, although several meta-analyses evaluating the effects of
prefrontal tDCS on cognition have been carried out, they do not
provide any definitive conclusion due to the low certainty of
evidence.

In our UR, most of the included meta-analyses were rated as
of low or critically low quality according to AMSTAR-2 method-
ology. Some of the identified weaknesses of the included meta-
analyses were likely the result of continuing changes in the
best practices for reporting meta-analysis. For instance, PRISMA
(Moher et al., 2009) guidelines and the first international registry
for systematic reviews (PROSPERO) (Page et al., 2018) were made
available only in 2009 and 2011, respectively. It is reasonable to
suppose that these innovations take some time to be imple-
mented; in this context, the lack of a priori publication of a
protocol might be, to some extent, understandable for the meta-
analyses, especially the oldest ones. Editorial policies might
also contribute to explain why lists of excluded studies were
not frequently reported given most journals usually determine
word limits that might be considered relatively stringent for
meta-analyses. Nevertheless, other weaknesses likely cannot be
better explained by external factors. Among these, perhaps most
importantly, is the fact that few meta-analyses evaluated the
RoB of the trials included in their analyses. RoB assessments
are necessary to evaluate the internal validity of randomized
trials, i.e. whether it answers the proposed research question
‘correctly’. Without a proper assessment of RoB, meta-analyses
have limited capability to draw accurate conclusions from their
findings.

Additionally, although we have considered meta-analyses
statistics as adequate for the 11 included studies, it should
be noted that some meta-analyses frequently included, in
the same model, data from two different experiments carried
out with the same participants, which might be troubling
as these data are likely not independent from one another
(Peters and Mengersen, 2008). For instance, Hoy et al.,, (2013)
developed a crossover trial to evaluate the effects of a-tDCS
on working memory as measured by 10-minute blocks of n-
back, 5 min each of 2-back and 3-back. In this trial, participants
underwent 20-min a-tDCS sessions, either 1 mA, 2 mA or
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sham, 1 week apart from one another to avoid carryover
effects. Participants also underwent the 10-min blocks of n-back
immediately, 20 and 40 min after stimulation, totaling six trials
of n-back, three 2-back and three 3-back, per week of stimulation.
Although it seems reasonable to consider data from this trial as
non-independent, particularly data from the same stimulation
strength, which were all collected within 1 hour after the a-
tDCS session, the meta-analysis by Hill et al. (2016) included
data of each stimulation strength from Hoy et al. (2013) as six
independent trials. Similarly, Dedoncker et al. (2016a, b) included
data of each stimulation strength from Hoy et al. (2013) as three
independent trials, as it did not consider differences in 2-back
and 3-back. Although the 1-week difference between active
and sham tDCS might be enough to avoid carryover effects,
it likely is not an adequate time period to consider their data as
independent.

Additionally, methodological issues with the trials included
in the meta-analyses also have to be taken in consideration.
For instance, some of the meta-analyses in our UR (Dedoncker
et al., 20164, b; Hill et al., 2016) included mostly crossover single-
session within-subject design trials in which active and sham
tDCS were administered to the same individual separated by a
period of time. This approach has several advantages, such as
the relatively smaller cost and number of individuals required
to complete the study. Yet, there are also important caveats to
consider; importantly, the order of administration of active and
sham tDCS can likely influence the outcomes of the study if an
appropriate washout is not carefully respected. Although a large
number of trials employed a large washout period, others have
employed smaller periods ,e.g. 30 minutes, Gladwin et al., 2012)
which could have had carryover effects.

Besides, many trials from meta-analyses in our UR frequently
did not acknowledge how investigators involved with recruit-
ment of subjects and treatment administration were blinded to
the order of treatments of each subject. In fact, some trials even
acknowledged employing a single-blind design, in which only
the subjects who were receiving the treatment were unaware
of the order of treatment administration. A recent report rein-
forced the need to improve blinding procedures in tDCS research,
particularly when employing a single-session design (Bikson
et al.,, 2018). Double-blinding in tDCS studies can be achieved
by using specific tDCS research devices in which active/sham
stimulation is delivered according to a 6-digit code inputted in
a keypad, guaranteeing that neither subjects nor researchers
are aware of the allocation group. This method was employed
in recent tDCS trials (Brunoni et al., 2017; Sampaio-Junior et al.,
2018). Although this would be the preferable method, in some
scenarios specific research-tailored tDCS devices are not avail-
able. In such contexts, it is advisable that tDCS operators are
instructed to not interact further with the subjects and critically
not when assessing study outcomes. Such approach has also
been employed successfully in previous tDCS studies (Brunoni
et al., 2013).

Additionally, sample sizes included in each individual trial
were usually critically small, limiting the statistical power of
comparison, and active and sham tDCS methodology varied
considerably. Variation in the position and size of electrodes
might influence how much current passes through different
brain regions (Chase et al., 2019); the use of different sham
parameters for stimulation likely adds more variability and
makes it increasingly difficult to compare results across
different trials (Fonteneau et al, 2019). Recently, several
guidelines establishing adequate procedures for tDCS research
have been published (Brunoni et al., 2011; Woods et al., 2016).

The understanding of the effects of prefrontal tDCS on
cognition is likely going to improve when trials adopt these
procedures.

Future trials designed to evaluate the cognitive effects of
prefrontal tDCS could also benefit from including a bigger num-
ber of individuals with neuropsychiatric disorders besides only
healthy volunteers. In this UR, most of the comparisons eval-
uated (~75%) were generated with data from trials which only
included healthy volunteers; given healthy individuals are more
likely to have normal cognitive functioning, studies which only
included such participants might have been unable to detect a
treatment effect in favor of tDCS due to the fact that there was
a small room for improvement in cognitive functioning among
healthy volunteers. Cognitive impairment is widely recognized
in several neuropsychiatric disorders such as depression, bipolar
disorder and schizophrenia (Millan et al., 2012; Bortolato et al.,
2015; Bortolato et al, 2016), and it is likely that by giving
preference to such populations, future studies would be better
equipped to detect treatment effects of tDCS regarding cognitive
functioning, although it should be noted that effect sizes were
mostly similar between comparisons performed among healthy
and neuropsychiatric individuals, as well as among mixed
samples.

Future meta-analysis evaluating the cognitive effects of
prefrontal tDCS could also benefit from establishing separate
comparison for individuals with different neuropsychiatric
disorders. By collapsing individuals with different neuropsy-
chiatric conditions in the same group, such approach includes
subjects with distinct conditions which might limit the external
validity of the findings identified in the meta-analysis. Although
transdiagnostic approaches are useful under the Research
Domain Criteria (RDoC) framework (Insel et al., 2010) that
sustains that dysfunctions in cognitive domains occurring in
psychiatric disorders should be investigated together in order to
develop interventions specifically tailored for such dysfunctions,
and not to the disorders per se, at the current moment it would
likely be more clinically informative to have separate effect sizes
for each neuropsychiatric disorder.

Our UR has several important strengths. A comprehensive
search for eligible references was carried out. Considerable
efforts were made to collect as much data as possible, and emails
were sent to several authors asking for additional information.
We were also able to include the vast majority—if not all—
cognitive outcomes evaluated in prefrontal tDCS trials. Yet,
this UR also has some limitations. We did not include reviews
which did not report a separate comparison between active
tDCS and sham tDCS, which might have limited—although
to a little extent—the outcomes included. We did not carry
out a quantitative analysis. We applied the GRADE criteria to
meta-analyses without considering the information reported
in individual trials; different results could have been obtained
if we had done a careful examination of each trial included
in each comparison from each meta-analysis, e.g. we could
have assessed RoB instead of immediately downgrading for
serious RoB if authors did not report RoB in their meta-
analyses. However, we chose to apply the quality assessment
criteria at the meta-analysis level as meta-analysis constitute
one of the highest levels of evidence and are frequently
employed by researchers and clinicians as a guide to future
research/intervention; by highlighting the issues with available
evidence from meta-analyses in this field, we clearly indicate
there is actually an evidence of absence, and no definitive
conclusions regarding whether a-tDCS, c-tDCS or tDCS are
either effective or ineffective in improving cognitive functioning



can be made. Additionally, we did not examine unpublished
meta-analyses, which could have added new information to our
findings. However, in contrast with pre-registration of clinical
trials, pre-registration of systematic reviews and meta-analyses
is still on its infancy and, in most journals, optional; therefore,
there is no standard procedure for checking for unpublished
meta-analyses yet. Lastly, since most meta-analyses did not
perform sensitivity analyses on the range of parameters that
possibly influence the effects of tDCS such as single vs multi-
session, online vs offline stimulation and others, we could not
report separate findings in our UR, and future research should
look further into this when data are available.

In conclusion, although a significant volume of trials and
meta-analyses have been performed to provide an assessment
of the effects of prefrontal tDCS on cognition, poor quality
of trials and meta-analyses does not allow to take definitive
conclusion as to whether tDCS is effective in improving cognitive
function among healthy and neuropsychiatric individuals.
At the moment, trials employing better methodology are
warranted. Researchers aiming at developing future trials to
evaluate the effects of tDCS on cognition should abide by the
increasing recommendations from guidelines to enable the
reproducibility of their experiments and the comparison of
their findings with those from other researchers. Researchers
aiming at synthetizing data of the cognitive effects of tDCS on
cognition should also abide by the recommendations currently
available in guiding formularies such as the PRISMA statement
to ensure transparency and to provide more reliable estimates of
effect.
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