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a b s t r a c t

Background: Transcranial direct current stimulation (tDCS) is a brain stimulation technique used to
examine causal relationships between brain regions and cognitive functions. The effects from tDCS are
complex, and the extent to which stimulation reliably affects different cognitive domains is not fully
understood and continues to be debated.
Objective/hypothesis: To conduct a meta-analysis of studies examining the effects of single-session anodal
tDCS on language.
Methods: The meta-analysis examined the behavioral results from eleven experiments of single-session
anodal tDCS and language processing in healthy adults. The means and standard deviations of the
outcome measures were extracted from each experiment and entered into the meta-analyses. In the first
analysis, we examined the effects of single-session tDCS across all language studies. Next, a series of
sub-analyses examined the effects of tDCS on specific tasks and stimulation protocols.
Results: There was a significant effect from anodal single-session tDCS in healthy adults compared to
sham (P ¼ 0.001) across all language measures. Next, we found significant effects on specific stimulation
protocols (e.g., offline measures, P ¼ 0.002), as well as specific tasks and electrode montages (e.g., verbal
fluency measures and left prefrontal cortex, P ¼ 0.035).
Conclusions: The results indicate that single-session tDCS produces significant and reliable effects on
language measures in healthy adults.

� 2015 Elsevier Inc. All rights reserved.

Introduction

Transcranial direct current stimulation (tDCS) is a relatively
new technique in neuroscience research and its use has rapidly
grown over the last decade [1e4]. In healthy adults, tDCS offers a
tool for testing causal relationships between brain regions and
their underlying cognitive functions (e.g., motor control, working
memory, language) [5e8]. This technique has also been tested in
clinical populations for a wide variety of uses, ranging from psy-
chiatric conditions to neurological disorders caused by stroke and
neurodegenerative diseases [9e15]. Based on research in animals
and humans, it is generally thought that applying anodal tDCS to a
brain area leads to increased neural excitability in that region,

while cathodal stimulation leads to decreased neural excitability
[1,2,16e21]. However the effects from tDCS are complex and
appear to be affected by a number of stimulation parameters,
including intensity and duration [1,2,22,23], the types of cognitive
processes engaged during stimulation [24,25], stimulation polar-
ity [1,19e22,26,27], the underlying levels of cortical neurochemi-
cals [28,29], and genetics [30]. Research examining the extent and
reliability of tDCS effects is ongoing, and it remains an important
challenge to determine the parameters under which tDCS can
affect cognition and neurophysiology.

The use of tDCS is widespread in basic research and in clinical
settings. Hundreds of researchers use the technique, and there have
been over a thousand publications involving tDCS in the last
decade. However, a recent meta-analysis examined the reliability of
single-session tDCS on cognition and reported null findings for the
effects of tDCS across a variety of cognitive domains [31]. Given the
widespread use of direct current stimulation and the broad claims
that have been made based on these recent null findings, it is
important that the results from this meta-analysis are able to be
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validated. If single-session tDCS has no effect on cognition, this
finding would have far-reaching implications for the field and for
the future of this technique.

A detailed examination of the meta-analysis by Horvath and
colleagues has raised a number of problematic issues in the
methodological approach, as reviewed by a number of re-
searchers [32e34]. It therefore remains unclear whether there is
truly no effect of single-session tDCS on cognition. The goal of
the analyses presented in this paper was to examine this ques-
tion in the cognitive domain of language. To do this, we analyzed
all of the behavioral data from the tDCS papers included in the
previous review of language studies [31]. Our meta-analysis was
structured into two levels. The first level consisted of a main
meta-analysis that examined data from across all language
studies using the same behavioral measure (e.g., accuracy
measures), but that differed in task (e.g., verbal fluency or novel
language learning) and the time-point of data collection (e.g.,
online or offline). This allowed us to generalize across studies in
order to achieve maximum power to detect whether effects on
language processes were present. The second level of our
investigation consisted of sub-analyses that entailed more
narrowly focused examinations of the effects from tDCS for in-
dividual tasks (e.g., verbal fluency), electrode montages (e.g., left
PFC), and stimulation conditions (e.g., offline). This allowed us to
examine more specific effects relating to particular tasks and
stimulation conditions. The findings from this meta-analysis
reveal significant effects across many behavioral measures in
the language studies and provide important implications for
future research using tDCS.

Methods

Individual study selection and analysis

Our goal was to analyze behavioral data from language studies
that had applied tDCS in healthy adults. Previously, Horvath and
colleagues [31] had analyzed data from these studies and found
no effect from stimulation. However, a number of investigators
revealed substantial weaknesses in these analyses, stemming from
the use of inconsistent data-selection criteria and the lack of
methodological details explaining these decisions [32e34]. To
address these issues, we provide a detailed outline of how data
were selected for our study and for the corresponding analyses
performed by Horvath and colleagues (Table 1).

Because tDCS is a relatively recent technique, it is difficult to find
a large number of studies using the same electrodemontages, tasks,
and stimuli. However small sample sizes in meta-analyses severely
limit the power and reliability of summary statistics. To address
this, we structured the meta-analysis to first perform a large-
sample main analysis across the data from all of the language pa-
pers, followed by smaller sub-analyses that aimed to address more
specific questions about particular tasks and stimulation protocols.

We examined eleven language experiments from nine manu-
scripts that reported the effects of anodal stimulation relative to
sham stimulation [35e43] (two manuscripts reported two separate
experiments on independent groups of subjects). The manuscripts
were read in detail by two independent reviewers, and the data for
the mean and variance for each behavioral measure were recorded
from each experiment. In some cases, the mean and/or variance
were not reported in the manuscript but included as images in the
figures of themanuscripts. In these cases, the images were exported
and the size of each measure and/or error bar was assessed using a
metric overlay in Adobe Illustrator. In the analysis performed by
Horvath and colleagues [31], there were cases in which multiple
measures were selected from a single experiment but counted as

independent data in the meta-analysis. This produces dependent
data samples (i.e., multiple measures from a single group of sub-
jects), which violates the assumption that the data represent
independent experiments. For experiments that reported multiple
measures of the same type of task (e.g., two post-stimulation
measures of verbal fluency, obtained close in time after the offset
of stimulation), we used an averaged score of these measures in the
meta-analysis, rather than counting each measure as an indepen-
dent data set. For studies that reported the effects of multiple
montages, the electrodemontage that was themost consistent with
the other studies in the analysis was selected. The datawere labeled
according to whether the effect represented a measure taken
during stimulation (i.e., online) or after the end of stimulation (i.e.,
offline).

Using the data from each paper, we calculated standardized
mean difference (SMD) effect sizes as follows [44,45]:

SMD ¼ ðX1 � X2Þ
.�

SDpooled

�

Where X1 is the mean of the behavioral measurement from the
anode condition, X2is the mean of the behavioral measurement
from the sham condition, and SDpooled is the pooled standard de-
viation from both the anode and sham conditions

A common rule of thumb for interpreting SMD effect sizes is
that a value of w0.2 indicates a small effect, a value of w0.5 in-
dicates a medium effect and a value of w0.8 or higher indicates a
large effect [46].

Many published tDCS studies include small sample sizes (as low
as 10 subjects in the studies examined here). Small sample sizes can
produce a positive bias in meta-analyses. We therefore performed a
correction to adjust for small sample sizes [45]. This provides a
more conservative estimate of the effect size for each experiment
(i.e., results in a slight reduction of SMD). The correction was per-
formed using the formula:

SMDadjusted ¼ d� Jðn1 þ n2 � 2Þ

JðnÞ ¼ Gðn=2Þ
.�� ffiffiffiffiffiffiffiffi

n=2
p �

Gððn� 1Þ=2Þ
�

Where G is the gamma function, n1 is sample size for anodal group,
n2 is sample size for sham group, and SMDadjusted ¼ the standard-
ized mean difference corrected for small sample size.

For one experiment [35], the t-statistic was provided without
the individual condition means and standard deviations. Using the
t-statistic, the standardized mean difference could be calculated
with the following relationship:

SMD ¼ t�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððn1 þ n2Þ=ðn1 � n2ÞÞ

p

Where n1 is the sample size for anodal group, n2 is sample size for
sham group, and t is t-statistic.

Meta-analysis

There were two levels to this meta-analysis. The first level of
analyses examined all language studies with comparable
behavioral measures (e.g., accuracy), in order to identify whether
single-session tDCS has a general effect on language-related be-
haviors. This approach benefited from having a larger number of
studies [47,48], but provided less specificity with respect to the
type of behavior examined. The second level of analyses aimed to
identify more specific effects from tDCS. This approach had lower
power but had the benefit that it included specificity with regard
to the type of language task performed and the location of elec-
trode placement.
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