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Comparison of cortical network effects of high-definition and N

conventional tDCS during visuomotor processing

tDCS is a non-invasive brain stimulation approach in which low
level currents are applied across the scalp to influence underlying
brain function [1—3]. The Serial Reaction Time Task (SRTT) is
commonly used to investigate neural mechanisms underlying
motor-learning [4]. In the SRTT, subjects make a series of button
presses based upon visual location cues. When the sequence is
random, mean RT remains relatively stable over time. However,
when the sequence is repetitive and fixed, individuals show a pro-
gressive motor learning reflected in a reduction in reaction time
(RT) across trials even if they are not told of the sequence in
advance. The rate of motor learning may be modulated by tDCS
applied to the visuomotor learning circuit consisting of dorsal-
stream visual cortex and motor/premotor regions of frontal cortex
[5,6].

We recently [7] demonstrated that RT distributions during the
fixed version of the SRTT are bimodal, with intermixed fast, “proac-
tive” and slow, “reactive” trials, and that tDCS functions primarily
by altering the ratio between trials reflecting enhanced motor
learning. Further, we have demonstrated that the different trial
types are associated with differential connectivity patterns within
the visuomotor network. Finally, we demonstrated that the shift
in connectivity pattern explained the shift in RT distribution. Spe-
cifically, cathodal stimulation of dorsal-stream visual cortex, with
cathode at POz and anode at Cz according to the 10—20 EEG system,
brought about a change in connectivity between motor and visual
cortices accompanied by improved task performance.

Traditional tDCS uses relatively large (3 x 3 cm) pads placed
over specific scalp regions, which leads to relatively coarse target-
ing of the electrical field within underlying brain regions. More
recently, high-definition (HD-tDCS) approaches have been devel-
oped to better focus the energy to key underlying brain regions
[8]. Here we investigate the relative effectiveness of HD-vs. conven-
tional tDCS [9] in improving motor learning when applied to the vi-
sual node of the visuomotor network, along with the relative effects
on underlying brain connectivity patterns. We predicted increased
efficacy of HD-vs. conventional tDCS, reflecting its greater focality
within target regions.

This study involved 10 healthy participants (3 females, 7 males),
mean age 41.7 + 9.6. All subjects provided written informed con-
sent, and the procedures were approved by the Nathan Kline Insti-
tute Review Board. All participants reported normal vision. All were
right-handed.

Cathodal (2 mA) or sham tDCS over visual cortex was adminis-
tered using the Soterix Medical HD-tDCS 4 x 1 stimulator while
subjects performed repeat trial blocks (“runs”) of the SRTT using
a previously described paradigm. Simultaneous EEG was recorded
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using an AC-coupled BrainVision recording system. Participants
received four tDCS conditions on separate days in random order:
HD-active, HD-sham, conventional-active, and conventional-sham
(see Figs. A, B). Separate analyses were performed for random
and fixed conditions using 2 x 2 mixed-model regression with fac-
tors of run-number, active/sham and HD/conventional stimulation
as described previously [7].

Mean RT Results: No significant tDCS effects were observed dur-
ing the “random” sequences as reflected in a non-significant effect
of run (Fy140 = 0.76, p = .39). During “fixed” sequences, significant
main effects of run-number (F; 731 = 18.3, p < .0001), active/sham
stimulation (Fq 781 = 18.3, p < .0001), and tDCS type (HD/conven-
tional, F1731 = 18.8, p < .0001), the 2-way interactions between
active/sham X run# (Fi781 = 4.13, p = .043), tDCS type X run#
(F1,781 = 12.1, p = .001) and active/sham X type (Fy731 = 5.74,
p = .018) as well as the 3-way interaction between factors
(F1,781 = 5.85, p = .016) were observed. Across all runs, active stim-
ulation was significantly superior to sham (Fq 781 = 27.9, p < .0001)
and HD was significantly superior to conventional (F;7g1 = 7.29,
p = .007) (Fig. 1C, D).

Single-trial RT Results: Across all random conditions, data fit best
to a 1-Gaussian distribution (R? = 0.999) with mean RT across con-
ditions of 2.676 +.001 log-ms (474.2 ms) (Fig. 1E). By contrast, in the
fixed condition, a 2-Gaussian solution was statistically superior
(F323 = 220.9, p < .0001, R? = 0.989), with mean RT of the fast
and slow trials of 2.305 +.009 and 2.635 +.006 log-ms (201.8 and
431.5 ms), respectively.

When analyses were conducted across conditions, the ratio of
fast to slow trials was significantly higher (F1,50 = 40.3,
p <.0001) in the HD (62.5 +.01) than conventional (49.6 +.02) con-
dition, consistent with mean RT results. Furthermore, when a cut-
off value of 2.47 log-ms (295 ms) was used to differentiate fast vs.
slow responses, the 3-way run X active/passive X type (HD/
conventional) interaction (F; 797 = 13.2, p < .0001) was also signif-
icant (Fig. F).

Electrophysiological Results: As reported previously [7], under
sham condition significant coherence is observed across Motor,
SMA, Visual cortical regions revealing a functional network
engaged in SRTT task performance (Figure, Panel G left). Conven-
tional visual-cathodal tDCS significantly modulated coherence
across the visual-motor nodes of this network compared to sham
(Figure, Panel G middle). HD-tDCS however not only modulated
the coherence across the visual-motor nodes but also across
visual-SMA and motor-SMA regions compared to sham. Moreover,
when comparing HD-tDCS vs. conventional, HD-tDCS brought
about a significantly higher coherence between the motor-SMA

1935-861X/© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.brs.2020.11.004&domain=pdf
www.sciencedirect.com/science/journal/1935861X
http://www.journals.elsevier.com/brain-stimulation
https://doi.org/10.1016/j.brs.2020.11.004
https://doi.org/10.1016/j.brs.2020.11.004
https://doi.org/10.1016/j.brs.2020.11.004
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Sehatpour, C. Dondé, D. Adair et al. Brain Stimulation 14 (2021) 33—35

A Cc D _
[7) (%]
£ 28 random random £ 28
_ _random random
g . -4 ~ g TN
= v T !
€ g > g 26
2 % g =
- < §
=] =] 1 ’
S G 24 I 72 111vate 19
Q Q - 1 "
: ;
¥— Conventional
22
0.0 = s (.5 1.3 5 7 9 11 131517 19 21 23 1.3 5 7 9 11 1315 17 19 21 23
B Field Strength (V/m) E Run# Run#
40 20 - - 20
7] Random Conventional Conventional HD HD
3 30 { (comb) 15 { sham active 15 { sham active
c
8 = 10 10
» /)
D 1 5
4 . H
X o 0+ . 0 -
10 15 20 25 30 10 15 20 25 3010 15 20 25 30 10 15 20 25 3010 15 20 25 30
Reaction time (log ms)

F PMC/SMA - s PMC/SMA .
(] 80 2 = o 73+
% = Conventional
C @O |/ === HD
[=]

@
o 40
k7]
o 20
[T
® ol
Sham Active Sham Active Sham Visual Visual-Cathodal Visual Visual HD-Cathodal Visual

Fig. 1. A. Occipital and sagittal views of electric field (EF) intensity map under conventional tDCS condition computed [10,11] using Soterix HD-Targets software. The conventional
tDCS conditions used a pair of surface 3 x 3 cm rubber electrodes each fitted in a snug sponge sleeve, the anode (2mA) was placed over the vertex (Cz) and the cathode (-2mA) over
the scalp area (POz) according to the 10—20 EEG system.

B. Occipital and sagittal views of EF intensity under HD-tDCS condition, indicating greater intensity and more focal EF distribution compared to conventional tDCS. The HD-tDCS
conditions used one cathode electrode centred over POz (-2mA) and four anode (0.5mA each) electrodes arranged symmetrically around the cathode (CP1, CP2, PO3, PO4). The HD
electrodes were placed in specially designed holders filled with conductive gel.

C. Log-RT by run during sham stimulation showing two SRTT blocks each consisting of 12 runs. Random runs [1,10] are indicated; all other runs used fixed sequences.

D. RT by run during active stimulation.

E. Single-trial response distribution during indicated conditions. Given absence of tDCS and learning effects, the distribution was collapsed across conditions for the random se-
quences. Dashed curves indicate fast trial distributions; Solid curves represent slow trial distributions.

F. Using a cut-off value of 2.47 log-ms (295 ms) to differentiate fast vs. slow responses, analysis by run showed highly significant increases across runs (F19,797 = 146.6, p < .0001),
as well as significant main effects of active vs. passive stimulation * (F1,797 = 206.8, p < .0001) and HD vs. conventional # (F1,797 = 2874, p < .001).

G. Left: Coherence measures during task for each source pair (mean + sem) under sham stimulation condition within the beta-frequency range (10—24Hz) in the 100-ms pre-
response window showing significant coherence ***p < .001 between each pair versus baseline. The baseline coherence measures for these pairs were: SMA-Motor:
0.03 + 0.02; SMA-Visual: 0.04 + 0.01; Motor-Visual: 0.03 + 0.02.

Middle: Coherence measures during task under conventional tDCS. Significant *p < .05 coherence difference for visual-cathodal conventional tDCS versus sham condition.
Right: Coherence measures during task under HD-tDCS. Significant *p < .05, **p < .01 coherence difference for visual-cathodal HD-tDCS versus sham and significant #p < .01
coherence difference for visual-cathodal HD-tDCS versus visual-cathodal conventional tDCS.

and lower coherence between visual-SMA regions (Figure, Panel G central “active” electrode with multiple “returns”, limiting current
right). spread. Here, we show both superior behavioral and superior

In summary, tDCS alters mean RT during motor learning primar- neurophysiological effects of HD-vs. conventional tDCS, supporting
ily by facilitating a shift from slow, “reactive” to fast, “proactive” re- its more widespread use across learning paradigms.

sponses, in which the subject can predict in advance where the

stimulus will appear. Here, we show performance improvement Funding grants

with HD-tDCS also follows the same pattern albeit more so

compared to conventional configuration. We also show HD-tDCS This work was supported by National Institute of Mental Health
modulated the coherence across all the cortical nodes engaged in grants MH49334 and MH109289 to DCJ.

SRTT with greater effectiveness compared to conventional tDCS.
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HD-tDCS shows minimal direct current spread to non-visual nodes

of the visuomotor circuit. This suggests the observed significant The City University of New York holds patents on brain stimula-
change in coherence between the motor and SMA regions result tion with Marom Bikson as inventor. MB has equity in Soterix Med-
from more efficient use of visual information, rather than local ical Inc. MB consults, received grants, assigned inventions, and/or
modulation of the interaction between these regions. serves on the SAB of Boston Scientific, GlaxoSmithKline, Mecta,

tDCS has been shown to have robust effects on brain plasticity Halo Neuroscience, X. The rest of the authors wish to confirm
across a range of paradigms. Nevertheless, effects of conventional that there are no known conflicts of interest associated with this
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approaches. HD-tDCS produces greater focality by surrounding a for this work that could have influenced its outcome.

34



P. Sehatpour, C. Dondé, D. Adair et al.
Acknowledgments

We would like to thank our participants, who generously
contributed to this work. We would also like to acknowledge the
assistance of Stephanie Rohrig and Heloise M. DeBaun in various
stages of this project.

References

[1] Weller S, Nitsche MA, Plewnia C. Enhancing cognitive control training with
transcranial direct current stimulation: a systematic parameter study. Brain
Stimul. 2020;13(5):1358—69.

Polania R, Nitsche MA, Ruff CC. Studying and modifying brain function with
non-invasive brain stimulation. Nat Neurosci 2018;21(2):174—87.

Bikson M, Brunoni AR, Charvet LE, Clark VP, Cohen LG, Deng Z-D, et al. Rigor
and reproducibility in research with transcranial electrical stimulation: an
NIMH-sponsored workshop. Brain Stimul. 2018;11(3):465—80.

Buch ER, Santarnecchi E, Antal A, Born ], Celnik PA, Classen ], et al. Effects of
tDCS on motor learning and memory formation: a consensus and critical po-
sition paper. Clin Neurophysiol : Off. J. Int. Federat. Clin. Neurophysiol.
2017;128(4):589—603.

Hardwick RM, Rottschy C, Miall RC, Eickhoff SB. A quantitative meta-analysis
and review of motor learning in the human brain. Neuroimage 2013;67:
283-97.

Savic B, Meier B. How transcranial direct current stimulation can modulate
implicit motor sequence learning and consolidation: a brief review. Front
Hum Neurosci 2016;10:26.

Sehatpour P, Donde C, Hoptman M]J, Kreither ], Adair D, Dias E, et al. Network-
level mechanisms underlying effects of transcranial direct current stimulation
(tDCS) on visuomotor learning. Neuroimage 2020:117311.

Dmochowski JP, Datta A, Bikson M, Su Y, Parra LC. Optimized multi-electrode
stimulation increases focality and intensity at target. ] Neural Eng 2011;8(4):
046011.

Kuo H-I, Bikson M, Datta A, Minhas P, Paulus W, Kuo M-F, et al. Comparing
cortical plasticity induced by conventional and high-definition 4 x 1 ring
tDCS: a neurophysiological study. Brain Stimul. 2013;6(4):644—8.

Datta A, Zhou X, Su Y, Parra LC, Bikson M. Validation of finite element model of
transcranial electrical stimulation using scalp potentials: implications for clin-
ical dose. ] Neural Eng 2013;10(3):036018.

Huang Y, Liu AA, Lafon B, Friedman D, Dayan M, Wang X, et al. Measurements
and models of electric fields in the in vivo human brain during transcranial
electric stimulation. eLife 2017;6.

[2

3

[4

(5

(6

17

8

[9

[10]

[11]

Pejman Sehatpour”

Division of Experimental Therapeutics, College of Physicians and
Surgeons, Columbia University/New York State Psychiatric Institute,
New York, NY, USA

35

Brain Stimulation 14 (2021) 33—35

Schizophrenia Division, Nathan Kline Institute for Psychiatric
Research, Orangeburg, NY, USA

Clément Dondé
Université Grenoble Alpes, Inserm U1216, Grenoble Institut des
Neurosciences, CHU Grenoble-Alpes, F-38000, Grenoble, France

Devin Adair
Department of Biomedical Engineering, The City College of New York,
CUNY, NY, USA

Johanna Kreither

PIA Ciencias Cognitivas, Centro de Investigacion en Ciencias
Cognitivas, Centro de Psicologia Aplicada, Facultad de Psicologia,
Universidad de, Talca, Chile

Javier Lopez-Calderon
Facultad de Ingenieria, Universidad Auténoma de Chile, Talca, Chile

Michael Avissar

Division of Experimental Therapeutics, College of Physicians and
Surgeons, Columbia University/New York State Psychiatric Institute,
New York, NY, USA

Marom Bikson
Department of Biomedical Engineering, The City College of New York,
CUNY, NY, USA

Daniel C. Javitt

Division of Experimental Therapeutics, College of Physicians and
Surgeons, Columbia University/New York State Psychiatric Institute,
New York, NY, USA

Schizophrenia Division, Nathan Kline Institute for Psychiatric
Research, Orangeburg, NY, USA

* Corresponding author. Division of Experimental Therapeutics
Department of Psychiatry Columbia University Medical Center,
1051 Riverside Drive, New York, NY, 10032, USA.

E-mail address: ps2723@cumc.columbia.edu (P. Sehatpour).

1 October 2020
Available online 9 November 2020


http://refhub.elsevier.com/S1935-861X(20)30287-4/sref1
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref1
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref1
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref1
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref2
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref2
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref2
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref3
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref3
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref3
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref3
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref4
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref4
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref4
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref4
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref4
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref5
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref5
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref5
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref5
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref6
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref6
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref6
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref7
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref7
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref7
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref8
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref8
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref8
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref9
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref9
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref9
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref9
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref9
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref10
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref10
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref10
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref11
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref11
http://refhub.elsevier.com/S1935-861X(20)30287-4/sref11
mailto:mailtoHBostockuclacuk

	Comparison of cortical network effects of high-definition and conventional tDCS during visuomotor processing
	Funding grants
	Declaration of competing interest
	Acknowledgments
	References


