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High-Definition Transcranial Direct Current Stimulation (HD-tDCS) is focal and improves higher mental functions. Due to the lack of
published evidence, we conducted this review on the effect of HD-tDCS on cognitive functions in healthy and diseased individuals.
We performed an electronic-data and gray-literature search to obtain the relevant studies for the review. The two distinct literature
searches obtained a total of 468 studies. Out of these, a total of 12 studies were conducted on higher mental functions, and of these,
two were on disordered consciousness, five were on memory, two were on speech, two were on cognition, and one was on execution.
We submitted nine studies with control group to methodological quality assessment using the PEDro Scale. Remaining three studies
underwent quality assessment by Quality Assessment Tool for Before-After (Pre-Post) Studies with No Control Group. We found that
anodal HD-tDCS stimulation is significantly effective in treating disordered consciousness and improving memory, speech, cognition,
and execution.
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Introduction

Transcranial Direct Current Stimulation (tDCS) is a form of non-
invasive brain stimulation. This method of neuromodulation has
become very well known in the past two decades. The application
of tDCS involves the non-invasive, non-focal stimulation of the
brain by using constant direct currents. This causes the depolar-
ization or hyperpolarization of the brain through the application
of an anode and a cathode, respectively. (Lefaucheur et al. 2017). In
the past decade, many studies applied tDCS to modify the motor,
perceptive and cognitive process as well as treated many neuro-
logical and psychiatric disorders. (Pisoni et al. 2018). Even though
the conventional tDCS effectively ensures brain modulation, the
use of large electrodes and the spacing of electrodes over the scalp
create unnecessary stimulation of the surrounding and intercon-
nected structures. It is unclear whether the reported effects are
due to the stimulation of targeted regions or adjacent or distal
structures. Therefore, the effects of tDCS stimulation are diffuse
in nature, or non-focal. (Nikolin et al. 2015) Keeping this disad-
vantage of traditional tDCS in mind, some researchers further
refined the conventional tDCS and introduced High-Definition
tDCS (HD-tDCS) with 4 X 1 small electrode (Kuo et al. 2013). The
HD-tDCS is a more focal application of direct current to a distinct
brain region using five one-by-one-centimeter ring electrodes. Out
of these five electrodes, the central electrode is active, and the
surrounding four electrodes are reference electrodes. The density
of the cortical field and focal-region stimulation can be adjusted
by altering the diameters of the ring electrodes (Wong et al. 2019).
By using HD-tDCS, we can focally either stimulate or inhibit the
brain structures using anodes or cathodes (Kuo et al. 2013). When
compared to tDCS, HD-tDCS offers better long-lasting treatment
effects due to its more precise cortical field and tolerability (Wong
et al. 2019).

Cognitive function is an umbrella term that describes the men-
tal procedures engaged in procuring information, manipulating
knowledge, and interpreting. Cognition includes many intellec-
tual functions and processes, such as memory, attention, percep-
tion, decision-making, learning, intelligence, judgment and evalu-
ation, reasoning and computation, problem solving and language
abilities (Zhang 2019). A prominent feature of human cognition
is the performance goal-directed behavior while attending to rel-
evant information and, at the same time, suppressing irrelevant
information. These adaptive processes are collectively referred to
as cognitive control. This control over cognition in the context of
competing demands can be explained by the cognitive-conflict
theory, which states that the anterior cingulate gyrus detects
cognitive conflicts and activates the dorsolateral prefrontal cor-
tex, which, in turn, automatically triggers the control process
(Gbadeyan et al. 2016).

Two recent studies showed the fascinating effects of HD-tDCS
on cognitive functions. These studies applied dorsolateral pre-
frontal cortex stimulation using HD-tDCS on 120 healthy adults
and 36 older individuals. Both these studies proved the positive
effects of HD-tDCS on the improvement of cognitive function in
healthy adults and older individuals and opened a gateway to
enhance cognitive functions (Gbadeyan et al. 2016; 2019). Further-
more, some researchers studied the effectiveness of HD-tDCS on
memory, attention, and executive functions and showed improve-
ments in these cognitive functions (Wagner et al. 2015; Lu et al.
2021; Wang et al. 2019; Liu et al. 2020).

Although there is some evidence that HD-tDCS can be used
to change cognitive functions such as attention, memory, and
executive functions, conclusive collective evidence is lacking, and
individual research conclusions are ambiguous. Due to this lim-
itation, we aimed to thoroughly review the effect of HD-tDCS on
cognitive functions among normal and diseased individuals.
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Materials and methods
We registered protocol of this review on the international plat-
form of registered systematic reviews and meta-analysis pro-
tocols (INPLASY). The registered protocol number is INPLASY
202120049 10.37766/inplasy2021.2.0049.

Eligibility criteria
Studies with randomized parallel group and cross-over design
and pilot trials published from the year 2000 to 2021, studies
published in English language, and full-text articles were con-
sidered for the review. Studies that focused anodal HD-tDCS and
cathodal HD-tDCS as treatment interventions and studies with
the primary measurements of interest were consciousness, mem-
ory, cognition, speech, and execution, which were considered as
inclusion criteria for this review. On the other hand, studies with
tDCS as a treatment intervention focused on measurements of
aspects other than cognitive function, such as emotions, pain, and
sensory-motor performance; these were considered as exclusion
criteria for this review.

Search strategy
For the full-text articles, we searched electronic databases such
as Campbell Library, Data Base of Promoting Health Effectiveness
(DoPHER), EBSCO, PEDRo, Pubmed, PROSPERO, PSycINFO, MEDLINE
(Ovid), Science Direct, and SCOPUS. We used HDtDCS, cognition,
memory, attention, executive functions, speech, and conscious-
ness as the medical subject heading (MeSH) terms for the search
keywords in the above databases to obtain the relevant articles.
We also searched additional electronic databases, such as Google
Scholar, for full-text articles. Moreover, we collected relevant arti-
cles by exploring the gray literature, such as physically checking
reference lists from the retrieved full-text articles.

The reviewer team of two researchers, who were blinded
to publishers, journals, and authors, made their judgment by
assessing the title, year, and abstract of each relevant paper. The
abstracts that lacked discrepancies after discussion were finalized
and included: two members of the team again reviewed the full-
text articles of included abstracts. In addition, the team included
studies that focused on HD-tDCS as a treatment intervention and
compared HD-tDCS with conventional tDCS or sham HD-tDCS.
Studies focused on outcomes such as consciousness, memory,
cognition, speech, and execution were included in the study.
Studies focused on primary outcomes with secondary outcomes,
such as adverse effects, were also included in the review.

Methodological quality assessment
Among the included studies, nine studies underwent an assess-
ment of methodological quality by the two review team mem-
bers using a Physiotherapy Evidence Database Scale. This scale
was developed based on Delphi Consensus Technique. The total
scores ranged from 0 to 10. Remaining three studies underwent
quality assessment by the Quality Assessment Tool for Before-
After (Pre-Post) Studies with No Control Group. The total scores
ranged from 0 to 12. We considered quality rating of the studies if
the percentage of score < 50% as poor, 50–75% as fair, and > 75%
as good quality. Disagreements between the two reviewers were
solved through the opinion of a third reviewer. Remaining three
studies underwent quality assessment by the Quality Assessment
Tool for Before-After (Pre-Post) Studies with No Control Group.

Data extraction and management
We developed a valid data-extraction form. The two reviewers
extracted the data independently by using this form from the
included studies. Finally, the obtained data were synthesized, and
their findings are mentioned in the results section.

Results
Search results
Our search discovered a total of 468 studies; consequently, we
removed 354 studies, as they were duplicates. Out of the remain-
ing 114 studies, we further excluded 58 studies as they were
irrelevant to the review. A total of 56 records were assessed for
eligibility. In total, 44 articles were excluded from these 56 as they
focused on the following: HD-tDCS intervention in tinnitus (four),
psychiatric disorders (nine), epilepsy (two), fibromyalgia and pain
(six), optokinetic nystagmus (one), and neurophysiological studies
(six); the effect of HD-tDCS on sensorimotor performance (nine)
and on emotions (three). In addition, four of the articles were
not full text. After rejecting these 44 studies, we finally included
12 full-text articles in this review. We present the details of the
included studies in Fig. 1. Out of the twelve studies on higher
mental functions, two were on disordered consciousness, five
were on memory, two were on speech, two were on cognition, and
one was on execution.

Methodological quality assessment
of included RCTs
Among the included studies that focused on the effects of HD-
tDCS on memory, three were good, (Nikolin et al. 2015; Gözenman
and Berryhill 2016; Nikolin et al. 2019) and one was fair (Chua et al.
2017). One study scored fair quality rating on quality Assessment
Tool for Before-After (Pre-Post) Studies with No Control Group (Hill
et al. 2018 as represented in Table 1a). Both studies were in the
good range, showing the effect of HD-tDCS on speech; the studies
that showed the effect of HD-tDCS on cognition and execution
were also in the good range. The PEDro scoring of individual
studies on different outcomes is represented in Table 1a. Studies
that focused on consciousness one study scored fair range of
quality rating, (Guo et al. 2019) another study scored good range
(Wang et al. 2020) on quality Assessment Tool for Before-After
(Pre-Post) Studies with No Control Group that is represented in
Table 1b.

Effects of HD-tDCS on consciousness
Study design: two studies researched the effects of HD-tDCS on
consciousness; both studies used the design of a pilot trial. How-
ever, one study used a within-group repeated-measures design
(Wang et al. 2020).

Etiology: both studies included participants with disordered
consciousness due to traumatic brain injury and hemorrhage; in
one study, the etiology for disordered consciousness also included
stroke and cerebral anoxia (Wang et al. 2020).

The number of participants and their characteristics: Both
studies included 11 participants, each in a minimally conscious
or vegetative state. The duration of the states of disordered con-
sciousness ranged from three to eight months in the study by Guo
et al. (2019), but in the study conducted by Wang et al. (2020)), the
durations ranged from 40 to 320 days.

Electrode placement: Both studies involved the placement of
an anode over the precuneus area and cathodes in the radius of
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Fig. 1. Flow diagram of search strategy, screening and included studies.

3.5 cm around the anode according to the 10–20 International EEG
(Electroencephalograph) system (JN. Acharya et al. 2016).

Stimulation parameters and duration of treatment: both stud-
ies applied HD-tDCS stimulation with two mA of current for 20
min, for two sessions per day, on 14 consecutive days. Both studies
reported positive results: a statistically significant effect of HD-
tDCS on consciousness in terms of behavior measured by the
coma-recovery revised scale after 7 and 14 days of treatment. Guo
Y et al. reported a statistically significant change in the delta band
coherence in the EEG only after 7 and 14 days. However, exper-
iments by Wang et al. (2020) reported a positive effect that was
electro-physiologically measured by mismatch negativity after a

single session, seven days, and 14 days of treatment in subjects
with disordered consciousness.

Summary: the evidence from these two pilot trials suggests the
long-lasting effects of HD-tDCS treatment on improvements in
consciousness. However, the evidence is very weak, as these trials
did not include a control group, used small samples, and lacked
randomization and a balance between diagnosis and etiology.
Therefore, future studies should feature randomized clinical trials
with large sample sizes, and studies should be conducted sepa-
rately on minimally conscious and vegetative subjects to examine
the long-term effects. In addition, studies should investigate the
effect of the treatment of and mechanisms behind HD-tDCS
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Table 1a. Methodological quality of studies by PEDro scale.

PEDro scoring for studies on memory

Author Criteria 1 2 3 4 5 6 7 8 9 10 Total Classification

Nikolin al. 2015 yes 1 0 1 1 0 0 1 1 1 1 7 Good
Gözenman et al. 2016 No 1 0 1 0 0 0 1 1 1 1 6 Good
Chua et al. 2017 Yes 1 0 1 0 0 0 1 1 0 1 5 Fair
Nikolin et al. 2019 Yes 1 0 1 1 0 0 1 1 1 1 7 Good
PEDro scoring for studies on speech
Richardson et al. 2015 Yes 1 0 1 0 0 0 1 1 1 1 6 Good
Perceval et al. 2017 Yes 0 0 1 1 1 0 1 1 1 1 7 Good
PEDro scoring for studies on cognition
Gbadeyan et al. 2016 yes 1 0 1 1 1 0 1 0 1 1 7 Good
Maldonado et al. 2019 No 1 0 1 1 0 0 1 0 1 1 6 Good
PEDro scoring for studies on execution
Lu et al. 2021 Yes 1 0 1 1 0 0 1 0 1 1 6 Good

Table 1b. Methodological quality assessment of studies by quality assessment tool for before-after (pre-post studies with no control
group.

Author & year Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Quality rating

Quality assessment tool for studies on consciousness
Guo et al. 2019 Y Y Y Y N Y Y N NA Y Y NA 66.66% Fair
Wang et al. 2020 Y Y Y Y N Y Y Y NA Y Y NA 75% Good
Quality assessment tool for study on memory
Hill et al. 2018 Y Y Y Y N Y Y N Y Y N NA 66.66% Fair

in disordered consciousness through neuroimaging technology
with fMRI.

Effects of HD-tDCS on memory
Study design: of the five studies, four (Nikolin et al. 2015;
Gözenman and Berryhill 2016; Chua et al. 2017; Hill et al. 2018)
were cross-over trials. One study was based on a randomized
parallel-group design (Nikolin et al. 2015). Single blinding was
performed in only two of the studies (Nikolin et al. 2015; Nikolin
et al. 2019). All five studies included healthy participants from the
university, except two studies (Gözenman and Berryhill 2016; Hill
et al. 2018) did not mention the details of the recruitment of the
participants. Participants dropped out of only one of the studies
(Chua et al. 2017).

Sham HD-tDCS was used as a control intervention in all the
studies. The montage type used in all the studies was anodal
HD-tDCS, in which the anode is an active electrode, and the
cathodes are reference electrodes. All the studies used anodal
HD-tDCS in different regions, such as the dorsolateral prefrontal
cortex, planum temporale, left medial temporal lobe, right and left
parietal cortex, intraparietal sulcus, and dorsolateral prefrontal
cortex + parietal cortex in different sessions. The intensity of the
stimulation current was 2 mA, and it was applied for 20 min in
three studies (Nikolin et al. 2015; Chua et al. 2017) (Nikolin et al.
2019); one study (Gözenman and Berryhill 2016) used an intensity
of 1.5 mA for 20 min, and another study (Hill et al. 2018) used
the current stimulation for 1.5 mA for 15 min. During the active
stimulation, in all the studies, the authors ramped up the current
for 30 s and ramped it down for the beginning of stimulation 30 s
from the end. However, in one study (Hill et al. 2018), the current
was ramped down only 10 s from the end of the stimulation.

Effects of HD-tDCS on speech
There were two studies on the effect of HD-tDCS on speech.
Among them, one was on healthy participants (Perceval et al.

2017), and one was on stroke subjects (Richardson et al. 2015). One
study was a randomized cross-over trial, in which the controlled
intervention was conventional sponge-based tDCS (CS-tDCS)
(Richardson et al. 2015), and another was a sham-controlled
double-blinded between-subject design. The authors used sham
HD-tDCS as a controlled intervention (Perceval et al. 2017). The
current stimulation delivered in the HD-tDCS was 1 mA in each
electrode for 20 min. However, in Perceval et al. (2017), the inten-
sity was ramped up and down for 10 s during active stimulation.

Effects of HD-tDCS on cognition
Two studies focused on finding the effect of HD-tDCS on cognition.
Both featured crossed-trail designs. One was single-blind (Mal-
donado et al. 2019) and the other double-blind (Gbadeyan et al.
2016). Both studies included young, healthy participants. Sham
HD-tDCS was used as a controlled intervention in both studies.
By contrast, the studies’ treatment interventions were different;
one study incorporated anodal HD-tDCS (Gbadeyan et al. 2016)
in different brain regions such as right and left dorso lateral pre-
frontal cortex, right and left primary motor cortex represented in
Table 2, and the other used cathodal stimulation. The stimulation
parameters in one study were 1 mA for 20 min with 10 s of ramp-
up and ramp-down (Gbadeyan et al. 2016); in the other study
(Maldonado et al. 2019), a total current intensity of 2 mA was used
with 30 s of ramp-up before the actual treatment and ramp-down
after the treatment.

Effects of HD-tDCS on execution
Only one single-blinded randomized controlled trial has shown
the effect of HD-tDCS on execution in healthy undergraduate
students. The authors used anodal HD-tDCS as a treatment inter-
vention and sham HD-tDCS as a controlled intervention. The
treatment parameters were as follows: current intensity of 1.5 mA
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for 20 min, with 30 s of ramp-up before and ramp-down after the
treatment (Lu et al. 2021).

The details of included studies in terms of their authors, year
of the studies, design of the studies, number of participants,
characteristics of the participants, electrode placements, location
of stimulation, stimulation parameters, outcomes and conclusion
of each study represented in Table 2 for disorder of consciousness,
memory, speech, cognition, and execution.

Discussion
The literature offers evidence supporting the use of non-invasive
brain-stimulation approaches to rehabilitate physical and cogni-
tive impairments caused by neurological disorders. Conventional
tDCS is a non-invasive brain stimulation that enhances cognitive
function, which is diffuse in nature. Therefore, HD-tDCS stimu-
lation evolved to be focal in nature, involving the application of
ring electrodes. We performed this review due to the ambiguity
of the evidence on the effect of HD-tDCS in improving cognitive
functions.

In this review, among the studies that were focused on the
consciousness, there was a significant improvement in the results
of the revised coma-recovery scale and the electrophysiological
measures assessed by mismatch negativity after 28 sessions of
HD-tDCS stimulation over the precuneus area over 14 consecutive
days. The findings of this review are inconsistent with the system-
atic review conducted by Aloi et al. (2021) in which tDCS was used
to rehabilitate prolonged disorders of consciousness. The brain
regions stimulated with the use of tDCS in different studies were
the left dorsolateral prefrontal cortex, cerebellum, right dorso-
lateral prefrontal cortex, posterior parietal cortex, orbitofrontal
cortex, and bilateral frontal–parietal areas. However, the most
common is the left dorsolateral prefrontal cortex. By contrast,
HD-tDCS stimulates the precuneus area of the brain, which plays
an essential function in consciousness. According to the default
network connectivity model, the precuneus area is the most
active cortical region of the brain during the conscious resting
state. HD-tDCS stimulation over the precuneus area altered the
metabolism effectively in this region, which led to improvements
in consciousness. HD-tDCS stimulation is focal and has higher
spatial accuracy, contributing to improvements in consciousness
(Aloi et al. 2021).

In our review, five studies focused on the effect of HD-tDCS
on improving memory. All five studies used anodal HD-tDCS on
different brain regions, such as the left dorsolateral prefrontal
cortex, anterior temporal lobe, intraparietal sulcus, and anterior
temporal lobe. Four studies (Nikolin et al. 2015; Gözenman and
Berryhill 2016; Chua et al. 2017; Hill et al. 2018) demonstrated the
significant effect of anodal HD-tDCS on improvements in work-
ing memory, cortical reactivity, and response times for correct
responses. All these outcomes were improved in the group focused
on HD-tDCS stimulation over left dorsolateral prefrontal cortex.
The review conducted by Siegert et al. (2021) also demonstrated
significant improvements in working memory with tDCS stimula-
tion over the left dorsolateral prefrontal cortex and the slowing of
the progress of cognitive deterioration in older people. Since the
left dorsolateral prefrontal cortex plays a leading role in cognitive
functions such, as working memory, the focalized stimulation of
the left dorsolateral prefrontal cortex with HD-tDCS could have
upregulated the activity of this region.

Two studies have shown the effect of HD-tDCS on speech func-
tion. In (Richardson et al. 2015) this study, Richardson J applied

HD-tDCS stimulation as a treatment intervention and conven-
tional tDCS as a controlled intervention on different anatomical
lesions. Both treatments were coupled with computerized anomia
treatment in eight stroke subjects for five weeks and demon-
strated improvements in naming accuracy and response time in
both stimulations. In addition, HD-tDCS stimulation improved the
change in the accuracy of trained items compared to conventional
tDCS, which is statistically non-significant. This could have been
due to the heterogeneity of the participants’ anatomical lesions
and the smaller sample size.

Another study that also focused on speech conducted by Perce-
val et al. (2017) on 50 healthy adults by applying HD-tDCS stimula-
tion with an active electrode over the left tempero-parietal cortex
for a single session and demonstrated statistically significant
improvements in the speed and accuracy of the participants’
retrieval of the correct word–picture association during the recog-
nition phase. However, due to the presence of a smaller number
of studies in this area and two heterogeneity studies, we could
not compare it with the review of the effects of tDCS on primary
progressive aphasia.

In this review, two studies have shown the effect of HD-tDCS
on cognitive performance in healthy participants with a sin-
gle session. Gbadyean et al. applied anodal HD-tDCS over the
four groups’ bilateral dorsolateral prefrontal cortices and pri-
mary motor cortices. They demonstrated statistically significant
improvements in the response times on the visual flanker test,
which evaluates the cognitive adaptation in the stimulation with
the dorsolateral prefrontal cortex group (Gbadeyan et al. 2016).
This could be attributed that primary motor cortex is source
for motor commands and DLPFC is involved in cognitive control
processing. The above explanation is the reason for significant
improvements in the outcomes in the DLPFC stimulation group.
Maldonado et al. applied cathodal HD-tDCS over the posterior
cerebellum and stated that there was no significant improvement
in the reaction time, accuracy, or Stroop effect on cognitive-
paradigm tests (Maldonado et al. 2019). This could be due to
that bilateral posterior cerebellum involved in cognition process-
ing. The authors applied stimulation over right lateral posterior
cerebellum, if they could have applied stimulation over posterior
cerebellum bilaterally with cathodal HD-tDCS, there would have
been the significant improvement in the outcome of cognitive-
paradigm test.

In our review, one study conducted by Lu H et al. applied
repeated anodal HD-tDCS over the dorsolateral prefrontal cortex
and stated that there was a significant improvement in the
cognitive flexibility component. Additionally, the Stroop effect
caused hemodynamic changes, according to functional near-
infrared spectroscopy. Cognitive flexibility is the core component
of executive function, which is enhanced by the altered activation
of the dorsolateral prefrontal cortex and the neuroplastic
modulations that occur due to repeated HD-tDCS stimulation
(Lu et al. 2021).

In the studies of the effects of HD-tDCS on disordered con-
sciousness, only pilot trials were conducted. These trails featured
small sample sizes and included participants with mixed types
of disordered consciousness. Recommendations for future studies
include larger sample sizes, randomized controlled trials, and
homogeneity in the distribution of participants with disordered
consciousness. All the studies of the effects of HD-tDCS effect
on memory recruited healthy participants, and most were cross-
over trials. Recommendations for future studies include the use of
randomized controlled trials that consider a patient population
with dementia to develop effective stimulation protocols and
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determine the effective method of stimulation of anatomical sites
through which to improve memory in this patient population.
The studies of the effects of HD-tDCS effect on speech are fewer
in number. These studies recruited stroke subjects with smaller
sample sizes, with different stimulation sites due to the pres-
ence of various lesions. In the future, more studies need to be
conducted with larger sample sizes. In addition, there is a lack
of studies on the effect of HD-tDCS on cognition and execution
in the patient population. Recommendations for future studies
include the performance of studies on patients with cognitive
impairments to determine effective stimulation protocols. Finally,
there is a lack of studies using neurophysiological outcomes such
as functional MRI = and PET scans to determine the neural plastic
changes in stimulated brain regions.

A limitation of this review is that we combined randomized
studies with within-subject designs and between-subject study
designs. This review focused on many cognitive functions; it is
better to focus on single cognitive function. Furthermore, we
combined studies with single sessions of treatment with studies
applying multiple sessions of treatment, as well as studies with
different treatment parameters.

Conclusion
We conclude that there is moderate level of evidence for improv-
ing higher cognitive functions such as consciousness, memory,
speech, cognition, and executive functions, can be achieved with
anodal HD-tDCS stimulation.
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