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Abstract

The aim of this paper is to provide a brief overview of the use
of one of the most utilized noninvasive brain stimulation
technique, namely, transcranial direct current stimulation
(tDCS), in studying cognitive functions. | focus on the
behavioral effects of tDCS applied over central nodes of the
frontoparietal network — the dorsolateral prefrontal cortex and
posterior parietal cortex on associative memory, executive
functions, and higher cognitive functions. The effectiveness
of tDCS is discussed in the context of inconsistent findings
often reported in the literature. Finally, | outline the
limitations of the technique and further directions in the field
of noninvasive brain stimulation.
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Noninvasive Brain Stimulation

Noninvasive brain stimulation (NIBS) is an innovative
approach in neuroscience that allows for causal
investigation of sensorimotor, cognitive, and affective brain
functions and, ultimately, clinical treatment of a wide
spectrum of neuropsychiatric conditions. The term refers to
a set of technologies and techniques aimed at transcranial
noninvasive modulation of neural excitability and activity of
specific brain areas and inter-connected large-scale brain
networks (Boes et al., 2018). The ability to directly affect
brain activity enables causal inference about the neural
underpinnings of cognitive functions. This makes NIBS a
valuable tool for understanding cognitive functions on the
neural level.

Transcranial Electric Stimulation

Here, | will focus on NIBS techniques that use an electric
field to modulate brain activity — transcranial electric
stimulation (tES). tES is an umbrella term for several brain
stimulation methods that use low-intensity electrical
currents (1-2 mA) to modulate brain activity. The most
commonly used one is transcranial direct current stimulation
(tDCS), which modulates neuronal excitability using anodal
(positive) or cathodal (negative) stimulation and achieves its
effects through depolarization or hyperpolarization of the
resting membrane potential (Nitsche et al., 2008).

In cognitive experiments, tDCS can be applied in the so-
called online or offline protocol, that is, during or after the
cognitive task (see Bjekic et al., 2021 for typical tDCS setup
and protocol). While the tDCS effects during stimulation are
assumed to rely on increased or decreased neuronal
likelihood to fire action potentials through depolarization or
hyperpolarization of neuronal membranes, the after-effects
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are thought to be similar to long-term potentiation (LTP)
and depression (LTD) and depend upon modulation of
synaptic plasticity of glutamatergic and GABAergic
interneurons, but acetylcholine, serotonin, and dopamine
systems as well (Stagg & Nitsche, 2011).

Transcranial Direct Currents Stimulation and
Cognitive Functions

tDCS showed promise for noninvasive neuromodulation
of a variety of cognitive functions. When studying cognitive
functions, the brain regions of interest are usually the
dorsolateral prefrontal cortex (DLPFC) and posterior
parietal cortex (PPC) as central stimulation-available nodes
of the widely distributed frontoparietal neural network. Here
I will provide a brief overview of the state-of-the-art in the
field, with particular attention to the behavioral effects of
tDCS applied over different brain loci within the
frontoparietal network on associative memory, executive
functions, and higher cognitive functions. I will focus on the
effects of anodal tDCS, findings on healthy participants, and
studies that used well-defined measures of cognitive
functions.

Associative memory

Associative memory (AM) is an essential aspect of
episodic memory, and the binding of previously unrelated
pieces of information represents the core feature of AM.
Since the hippocampus, as the central structure, underlying
AM is not directly accessible for tES, choosing the right
cortical target and showing function-specific effects can
give insight into hippocampus-cortical pathways that
underline AM. In contrast to the prefrontal tDCS effects,
which resulted in mixed findings (Galli et al., 2019),
positive function-specific effects of anodal tDCS on AM
were recorded for the parietal cortex (Bjeki¢, Coli¢, et al.,
2019; Bjeki¢, Vuli¢, et al, 2019; Vuli¢ et al., 2021).
Furthermore, some findings suggest that AM enhancement
induced in a single session of anodal tDCS shows a
tendency to persist for up to 5 days (Bjeki¢, Vulié, et al.,
2019). These findings highlight the role of parietal cortices
in AM.

The tES also allows for exploring the functional
significance of brain rhythms in cognitive functions.
Namely, the role of theta oscillations (4-8 Hz) has been long
implied as the “glue that binds memories” (Herweg et al.,
2020). Some studies suggested that oscillatory protocols
such as transcranial alternating current stimulation (tACS)
could be superior to tDCS in the modulation of the AM,
especially when stimulation is applied in theta-band
frequency (Klink et al., 2020; Lang et al., 2019). Still, some
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findings (Zivanovi¢ et al., 2022) point to the comparable
online effects of tDCS and oscillatory protocols applied at
individual theta frequency (Bjeki¢, Paunovic, et al., 2022;
Bjeki¢, Zivanovié, et al., 2022) on overall AM accuracy.
However, the observed effects are found to vary depending
on the memory demand. Namely, it was shown that tDCS is
more beneficial for AM when the memory demand is
relatively  low, while theta-oscillating stimulation
predominantly facilitates AM when the memory demand is
high and more efficient encoding and/ or longer retention is
needed (Zivanovi¢ et al., 2022). These findings suggest that
the facilitation of lower-level memory processes may be
achieved through increasing excitability of the neural
circuits at the place of application, while binding processes
can be facilitated through entrainment of theta activity in the
cortico-hippocampal network (Zivanovié et al., 2022).

Executive functions

Executive functions (EF) are thought to mainly rely on
the prefrontal cortex — dorsolateral prefrontal cortex
(DLPFC) in particular. Thus, previous studies aiming to
modulate updating of information in working memory
(WM) primarily focused on DLPFC. They showed WM
enhancement following single-session of anodal tDCS over
both left (e.g., Fregni et al., 2005; Zaehle et al., 2011) and
right DLPFC (e.g., Stankovi¢ et al., 2021; Zivanovi¢ et al.,
2021). However, a number of studies using DLPFC areas as
stimulation loci did not find tDCS effects on WM (e.g., Hill
et al., 2017, 2018). A meta-analysis (Hill et al., 2016) found
evidence for the effects of anodal tDCS over DLPFC for
offline but not online protocols. In another meta-analysis, it
was shown that anodal unilateral tDCS produced significant
effects on updating tasks (Imburgio & Orr, 2018).

Neuroimaging studies show that the neural underpinnings
of WM extend beyond the anterior brain areas and include
PPC as one of the main neural nodes underlying WM
(Owen et al., 2005). In line with that, we showed that PPC
could be an effective cortical target for the tDCS-induced
modulation of WM (Zivanovi¢ et al., 2021).

Several brain areas critically involved in inhibitory
control emerged as promising stimulation targets for this
EF, namely, DLPFC, pre-supplementary motor area (pre-
SMA), inferior frontal gyrus (IFG), anterior cingulate cortex
(ACC), and orbitofrontal cortex (OFC). Some findings show
that tDCS over left DLPFC effectively enhances inhibitory
control (e.g., Jeon & Han, 2012); still, some studies did not
find such effects (Baumert et al., 2020; Zivanovié¢, 2019).
Meta-analytic evidence suggests that the stimulation of the
right DLPFC does not affect inhibition; however, it shows
the significant effects of tDCS over right IFG on response
inhibition (Schroeder et al., 2020). Similarly, studies found
evidence of the beneficial effects of tDCS over pre-SMA on
response inhibition (e.g., Hsu et al., 2011; Yu et al., 2015).
Moreover, some studies found that tDCS over ACC (To et
al., 2018), as well as OFC (Ouellet et al., 2015), are efficient
in modulating inhibitory control.
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Similarly, as for WM, parietal brain areas were far less
examined as potential cortical targets for modulating
inhibition, despite converging evidence on their
involvement in inhibitory control (Alvarez & Emory, 2006).
For example, one of our studies found that stimulation over
the right PPC has a facilitatory effect on inhibition of spatial
information, while the same stimulation applied over the left
PPC has no effect on inhibitory control (Zivanovi¢, 2019).

Only a few studies focused on the effects of tDCS on
cognitive performance measured by typical shifting tasks,
and the results are inconclusive. For example, one study
showed that cross-hemisphere stimulation of left/right
DLPFC can modulate switching performance (e.g., Leite et
al., 2013); however, some studies did not find that unilateral
tDCS over left or right DLPFC modulates task switching
(Zivanovi¢, 2019). In addition, we did not find that tDCS
over both left and right PPC is effective in modulating
shifting performance (Zivanovié, 2019).

Higher cognition

Both EF and complex cognition largely rely on the same
frontoparietal neural network (Jung & Haier, 2007).
Although EF can be modulated by tDCS, studies rarely
examine whether these effects translate to the more complex
functions mimicking the psychometric relationship between
EF and cognitive abilities.

In a study that simultaneously tested tDCS effects on both
EF and performance on cognitive ability measures
(Zivanovi¢, 2019), we found that tDCS significantly
modulated cognitive performance on Gf, Gv, and Gs
measures but not Gc measures. Furthermore, these findings
were in line with the higher reliance of Gf, Gv, and Gs on
EF, as evidenced by their relationships obtained on a
psychometric level. Moreover, we found that tDCS effects
on Gv and Gs measures are likely mediated by the
facilitation of wupdating of representations in WM,
suggesting a causal role of WM in these abilities. These
findings show that tDCS can be a useful tool for studying
not only EF but higher cognition too.

Limitations and Further Directions

Despite the immense potential of tDCS in studying neural
underpinnings of cognition, the current state-of-the-art is far
from conclusive. Additional evidence on the tDCS effects
across different cortical areas is needed for memory, EF,
and especially more complex cognitive functions. One of
the main challenges in aggregating the existing evidence lies
in the significant variability of stimulation parameters/
protocols, tasks, and experimental designs. Further
limitations stem from the technique itself, as its focality, the
duration of effects, and exact mechanisms in large neuronal
populations are still not fully understood. To realize the full
potential of NIBS as a tool in experimental cognitive
neuroscience, systematic variation of stimulation parameters
combined with a careful selection of outcome measures is
needed.



References
Alvarez, J. A., & Emory, E. (2006). Executive Function and
the Frontal Lobes: A Meta-Analytic Review.
Neuropsychology Review, 16(1), 17-42.

https://doi.org/10.1007/s11065-006-9002-x

Baumert, A., Buchholz, N., Zinkernagel, A., Clarke, P.,
MacLeod, C., Osinsky, R., & Schmitt, M. (2020). Causal
underpinnings of working memory and Stroop
interference control: Testing the effects of anodal and
cathodal tDCS over the left DLPFC. Cognitive, Affective,
& Behavioral Neuroscience, 20(1), 34-48.
https://doi.org/10.3758/s13415-019-00726-y

Bjeki¢, J., Coli¢, M. V., Zivanovié¢, M., Milanovié, S. D., &
Filipovi¢, S. R. (2019). Transcranial direct current
stimulation (tDCS) over parietal cortex improves
associative  memory. Neurobiology of Learning and
Memory, 157, 114-120.
https://doi.org/10.1016/j.nIm.2018.12.007

Bjeki¢, J., Paunovic, D., Zivanovi¢, M., Stankovi¢, M.,
Griskova-Bulanova, 1., & Filipovi¢, S. R. (2022).
Determining the Individual Theta Frequency for
Associative Memory Targeted Personalized Transcranial
Brain Stimulation. Journal of Personalized Medicine,
12(9), 1367. https://doi.org/10.3390/jpm12091367

Bjeki¢, J., Vulie, K., Zivanovi¢, M., Vujici¢, J.,
Ljubisavljevi¢, M., & Filipovié, S. R. (2019). The
immediate and delayed effects of single tDCS session
over posterior parietal cortex on face-word associative
memory. Behavioural Brain Research, 366, 88-95.
https://doi.org/10.1016/j.bbr.2019.03.023

Bjeki¢, J., Zivanovi¢, M., & Filipovié, S. R. (2021).
Transcranial Direct Current Stimulation (tDCS) for
Memory  Enhancement.  Journal of  Visualized
Experiments, 175, 62681. https://doi.org/10.3791/62681

Bjeki¢, J., Zivanovi¢, M., Paunovié, D., Vuli¢, K.,

Konstantinovi¢, U., & Filipovic, S. R. (2022).
Personalized  Frequency  Modulated  Transcranial
Electrical ~ Stimulation for  Associative  Memory
Enhancement. Brain Sciences, 12(4), 472.

https://doi.org/10.3390/brainsci12040472

Boes, A. D., Kelly, M. S., Trapp, N. T., Stern, A. P., Press,
D. Z.,, & Pascual-Leone, A. (2018). Noninvasive Brain
Stimulation: Challenges and Opportunities for a New
Clinical Specialty. The Journal of Neuropsychiatry and
Clinical Neurosciences, 30(3), 173-179.
https://doi.org/10.1176/appi.neuropsych.17110262

Fregni, F., Boggio, P. S., Nitsche, M., Bermpohl, F., Antal,
A., Feredoes, E., Marcolin, M. A., Rigonatti, S. P., Silva,
M. T. A., Paulus, W., & Pascual-Leone, A. (2005).

Anodal transcranial direct current stimulation of
prefrontal ~ cortex enhances  working  memory.
Experimental Brain  Research, 166(1), 23-30.

https://doi.org/10.1007/s00221-005-2334-6

Galli, G., Vadillo, M. A., Sirota, M., Feurra, M., &
Medvedeva, A. (2019). A systematic review and meta-
analysis of the effects of transcranial direct current
stimulation (tDCS) on episodic memory. Brain

158

Stimulation, 12(2), 231-241.
https://doi.org/10.1016/j.brs.2018.11.008

Herweg, N. A., Solomon, E. A., & Kahana, M. J. (2020).
Theta Oscillations in Human Memory. Trends in
Cognitive Sciences, 24(3), 208-227.
https://doi.org/10.1016/j.tics.2019.12.006

Hill, A. T., Fitzgerald, P. B., & Hoy, K. E. (2016). Effects
of Anodal Transcranial Direct Current Stimulation on
Working Memory: A Systematic Review and Meta-
Analysis of Findings From Healthy and Neuropsychiatric
Populations.  Brain  Stimulation, 9(2), 197-208.
https://doi.org/10.1016/j.brs.2015.10.006

Hill, A. T., Rogasch, N. C., Fitzgerald, P. B., & Hoy, K. E.
(2017). Effects of prefrontal bipolar and high-definition
transcranial direct current stimulation on cortical
reactivity and working memory in healthy adults.
Neurolmage, 152, 142-157.
https://doi.org/10.1016/j.neuroimage.2017.03.001

Hill, A. T., Rogasch, N. C., Fitzgerald, P. B., & Hoy, K. E.
(2018). Effects of single versus dual-site High-Definition
transcranial direct current stimulation (HD-tDCS) on
cortical reactivity and working memory performance in
healthy subjects. Brain Stimulation, 11(5), 1033-1043.
https://doi.org/10.1016/j.brs.2018.06.005

Hsu, T.-Y., Tseng, L.-Y., Yu, J.-X., Kuo, W.-J., Hung, D.
L., Tzeng, O. J. L., Walsh, V., Muggleton, N. G., & Juan,
C.-H. (2011). Modulating inhibitory control with direct
current stimulation of the superior medial frontal cortex.
Neurolmage, 56(4), 2249-2257.
https://doi.org/10.1016/j.neuroimage.2011.03.059

Imburgio, M. J., & Orr, J. M. (2018). Effects of prefrontal

tDCS on  executive  function:  Methodological
considerations revealed by meta-analysis.
Neuropsychologia, 117, 156-166.

https://doi.org/10.1016/j.neuropsychologia.2018.04.022

Jeon, S. Y., & Han, S. J. (2012). Improvement of the
Working Memory and Naming by Transcranial Direct
Current Stimulation. Annals of Rehabilitation Medicine,
36(5), 585. https://doi.org/10.5535/arm.2012.36.5.585

Jung, R. E., & Haier, R. J. (2007). The Parieto-Frontal
Integration Theory (P-FIT) of intelligence: Converging
neuroimaging evidence. Behavioral and Brain Sciences,
30(2), 135-154.
https://doi.org/10.1017/S0140525X07001185

Klink, K., Peter, J., Wyss, P., & Kldppel, S. (2020).
Transcranial ~Electric  Current Stimulation During
Associative Memory Encoding: Comparing tACS and
tDCS Effects in Healthy Aging. Frontiers in Aging
Neuroscience, 12, 66.
https://doi.org/10.3389/fnagi.2020.00066

Lang, S., Gan, L. S., Alrazi, T., & Monchi, O. (2019). Theta
band high definition transcranial alternating current
stimulation, but not transcranial direct current stimulation,
improves associative memory performance. Scientific
Reports, 9(1), 8562. https://doi.org/10.1038/s41598-019-
44680-8



https://doi.org/10.1007/s11065-006-9002-x
https://doi.org/10.3758/s13415-019-00726-y
https://doi.org/10.1016/j.nlm.2018.12.007
https://doi.org/10.3390/jpm12091367
https://doi.org/10.1016/j.bbr.2019.03.023
https://doi.org/10.3791/62681
https://doi.org/10.3390/brainsci12040472
https://doi.org/10.1176/appi.neuropsych.17110262
https://doi.org/10.1007/s00221-005-2334-6
https://doi.org/10.1016/j.brs.2018.11.008
https://doi.org/10.1016/j.tics.2019.12.006
https://doi.org/10.1016/j.brs.2015.10.006
https://doi.org/10.1016/j.neuroimage.2017.03.001
https://doi.org/10.1016/j.brs.2018.06.005
https://doi.org/10.1016/j.neuroimage.2011.03.059
https://doi.org/10.1016/j.neuropsychologia.2018.04.022
https://doi.org/10.5535/arm.2012.36.5.585
https://doi.org/10.1017/S0140525X07001185
https://doi.org/10.3389/fnagi.2020.00066
https://doi.org/10.1038/s41598-019-44680-8
https://doi.org/10.1038/s41598-019-44680-8

Leite, J., Carvalho, S., Fregni, F., Boggio, P. S.,, &
Gongalves, O. F. (2013). The Effects of Cross-
Hemispheric Dorsolateral Prefrontal Cortex Transcranial
Direct Current Stimulation (tDCS) on Task Switching.
Brain Stimulation, 6(4), 660—667.
https://doi.org/10.1016/j.brs.2012.10.006

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori,
A., Lang, N., Antal, A., Paulus, W., Hummel, F., Boggio,
P. S., Fregni, F.,, & Pascual-Leone, A. (2008).
Transcranial direct current stimulation: State of the art
2008. Brain Stimulation, 1(3), 206-223.
https://doi.org/10.1016/j.brs.2008.06.004

Ouellet, J., McGirr, A., Van den Eynde, F., Jollant, F.,
Lepage, M., & Berlim, M. T. (2015). Enhancing decision-
making and cognitive impulse control with transcranial
direct current stimulation (tDCS) applied over the
orbitofrontal cortex (OFC): A randomized and sham-
controlled exploratory study. Journal of Psychiatric
Research, 69, 27-34.
https://doi.org/10.1016/j.jpsychires.2015.07.018

Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore,
E. (2005). N-back working memory paradigm: A meta-
analysis of normative functional neuroimaging studies.
Human Brain Mapping, 25(1), 46-59.
https://doi.org/10.1002/hbm.20131

Schroeder, P. A., Schwippel, T., Wolz, 1., & Svaldi, J.
(2020). Meta-analysis of the effects of transcranial direct
current  stimulation on inhibitory control. Brain
Stimulation, 13(5), 1159-1167.
https://doi.org/10.1016/j.brs.2020.05.006

Stagg, C. J., & Nitsche, M. A. (2011). Physiological Basis
of Transcranial Direct Current Stimulation. The
Neuroscientist, 17(2), 37-53.
https://doi.org/10.1177/1073858410386614

Stankovi¢, M., Zivanovié¢, M., Bjeki¢, J., & Filipovi¢, S. R.
(2021). Blinding in tDCS Studies: Correct End-of-Study
Guess Does Not Moderate the Effects on Associative and
Working Memory. Brain Sciences, 12(1), 58.
https://doi.org/10.3390/brainsci12010058

To, W. T., Eroh, J., Hart, J.,, & Vanneste, S. (2018).
Exploring the effects of anodal and cathodal high
definition transcranial direct current stimulation targeting
the dorsal anterior cingulate cortex. Scientific Reports,
8(1), 4454. https://doi.org/10.1038/s41598-018-22730-x

Vuli¢, K., Bjeki¢, J., Paunovié, D., Jovanovi¢, M.,
Milanovié, S., & Filipovié, S. R. (2021). Theta-modulated
oscillatory transcranial direct current stimulation over
posterior parietal cortex improves associative memory.
Scientific Reports, 11(2), 3013.
https://doi.org/10.1038/s41598-021-82577-7

Yu, J., Tseng, P., Hung, D. L., Wu, S.-W., & Juan, C.-H.
(2015). Brain stimulation improves cognitive control by
modulating medial-frontal activity and preSMA-vmPFC
functional connectivity: Brain Stimulation Improves
Cognitive Control. Human Brain Mapping, 36(10), 4004—
4015. https://doi.org/10.1002/hbm.22893

159

Zaehle, T., Sandmann, P., Thorne, J. D., Jancke, L., &
Herrmann, C. S. (2011). Transcranial direct current
stimulation of the prefrontal cortex modulates working
memory performance: Combined behavioural and
electrophysiological evidence. BMC Neuroscience, 12(1),
2. https://doi.org/10.1186/1471-2202-12-2

Zivanovi¢, M.  (2019).  Efekti  transkranijalne
neuromodulacije fronto-parijetaine funkcionalne mreze
na vise kognitivne funkcije (The effects of transcranial
neuromodulation of fronto-parietal functional network on
higher cognitive functions). [Doctoral dissertation,
Faculty of Philosophy, University of Belgrade].

Zivanovié, M., Bjeki¢, J., Konstantinovi¢, U., & Filipovié,
S. R. (2022). Effects of online parietal transcranial
electric stimulation on associative memory: A direct
comparison between tDCS, theta tACS, and theta-
oscillatory tDCS. Scientific Reports, 12(1), 14091.
https://doi.org/10.1038/s41598-022-18376-5

Zivanovié, M., Paunovié, D., Konstantinovi¢, U., Vuli¢, K.,
Bjekié, J., & Filipovié, S. R. (2021). The effects of offline
and online prefrontal vs parietal transcranial direct current
stimulation (tDCS) on verbal and spatial working
memory. Neurobiology of Learning and Memory, 179,
107398. https://doi.org/10.1016/j.nIm.2021.107398



https://doi.org/10.1016/j.brs.2012.10.006
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1016/j.jpsychires.2015.07.018
https://doi.org/10.1002/hbm.20131
https://doi.org/10.1016/j.brs.2020.05.006
https://doi.org/10.1177/1073858410386614
https://doi.org/10.3390/brainsci12010058
https://doi.org/10.1038/s41598-018-22730-x
https://doi.org/10.1038/s41598-021-82577-7
https://doi.org/10.1002/hbm.22893
https://doi.org/10.1186/1471-2202-12-2
https://doi.org/10.1038/s41598-022-18376-5
https://doi.org/10.1016/j.nlm.2021.107398

