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Whereas the invasiveness of implanted neuromodulation
approaches (such as Deep Brain Stimulation) is justified by the
need to selectively activate structures deep in the brain, non-inva-
sive brain stimulation (NIBS) approaches have generally targeted
superficial cortical regions. Indeed, one of the central challenges
in NIBS research is how to achieve stimulation of deep brain
regions when desired. The electromagnetic fields applied during
Transcranial Magnetic Stimulation (TMS) and Transcranial Electri-
cal Stimulation (TES) fall off in both intensity and focality with
increasing depth. The superficial cortex has many regions directly
implicated in cognition and behavior, as well as participating in
brain wide networks (e.g. circuit therapeutics; Faber et al., 2012;
Vaseghi et al., 2015; Cabib et al., 2016; Ironside et al., 2019). Nev-
ertheless, some brain regions strongly implicated in neurological
and psychiatric disorders are subcortical, for example the subtha-
lamic nucleus in Parkinson’s (Rodriguez-Oroz et al., 2000;
Gunalan et al., 2018) or subcallosal cingulate for treatment-resis-
tant depression (Lujan et al., 2013; Holtzheimer et al., 2017). Con-
sequently, the ability to effectively stimulate deep brain regions
with NIBS would open new avenues for treating brain disorders
and cognitive and behavioral manipulation (Dmochowski and
Bikson, 2017). In this issue of Clinical Neurophysiology, Gomez-
Tames et al. (2020) consider how one NIBS technique, Transcranial
Direct Current Stimulation (tDCS, a popular variant of TES where
the waveform is constant; (Bikson et al., 2019), may produce reli-
able “hot spots” in deep brain regions.

Generally, approaches to stimulate deep regions with NIBS
either (1) activate deep structures along with superficial cortex
or (2) attempt to selectively stimulate deep targets, sparing super-
ficial regions. Approaches for selective targeting include deep
High-Definition tES (HD-tES, (Huang and Parra, 2019)), interferen-
tial stimulation (Grossman et al., 2017; Rampersad et al., 2019) and
ultrasonic neuromodulation (Legon et al., 2018; di Biase et al.,
2019; Wang et al., 2019). Approaches to stimulating deep targets
alongside superficial regions include “deep” TMS (Salvador et al.,
2007; Gomez et al., 2018) and intensity-optimized HD-tDCS that
is based on individual MRIs of intact (Dmochowski et al., 2011)
or injured brains (Dmochowski et al., 2013). Alongside these cus-
tomized approaches, conventional tDCS has been shown with
modeling (Datta et al., 2009; DaSilva et al., 2012) and intra-cranial
recordings (Opitz et al., 2016; Huang et al., 2017; Chhatbar et al.,
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2018) to generate significant current in deeper regions, with super-
ficial cortical regions also activated. Note that, unlike TMS or ultra-
sonic neuromodulation, the electrical stimulation dose is
inherently bipolar, and the current applied at the anode must
return through the cathode. Provided that the two electrodes are
sufficiently separated, this dictates that at least some of the applied
current will travel broadly through the deeper areas in the brain
(Datta et al., 2008; Faria et al., 2011; Dmochowski et al., 2012).
However, these areas of increased current flow have generally been
viewed as idiosyncratic in location, due to the inter-individual vari-
ability in head anatomy that determines the precise distribution of
electric field generated during TES. For example, the highly-con-
ductive ventricles may act as current “conduits” to adjacent brain
regions creating deep current “hot spots”, but it is not clear
whether this is a phenomenon that can be exploited at the level
of a population (i.e., without a detailed anatomical head model of
the subject; (Dmochowski et al., 2011; Huang et al., 2018).

Despite penetration of current to deep brain regions by conven-
tional tDCS, tDCS trials remain interpreted as reflecting cortical
stimulation (Lefaucheur et al., 2017; Ekhtiari et al., 2019), with lim-
ited exceptions (DaSilva et al., 2012; Chib et al., 2013; Clemens
et al., 2014; Hampstead et al., 2014; Fonteneau et al., 2018; Fukai
et al,, 2019; Meyer et al., 2019; Morya et al.,, 2019). One reason
for this may be the perception that even if tDCS delivers current
to both cortical and deep brain regions, only cortical regions are
consistently stimulated across subjects. Contrary to this view,
Gomez-Tames et al. (2020) employ detailed computational model-
ing of the head to demonstrate the existence of consistent, group-
level hotspots in electric field at deep brain regions such as the
caudate and amygdala. The location of these hotspots is dependent
on the tDCS montages (positions of the anode and cathode), but
within a montage, their existence appears to be relatively robust
across individuals.

The presence of reliable deep hot-spots across a population
with a fixed montage, means that individual MRI-based modeling
is not necessarily required for consistent stimulation of deep
region with tDCS; and indeed many past and ongoing trials with
tDCS may be consistently activating deep brain structures. The sig-
nificance of such a finding is that typically detailed, individualized
head models are not available for every trial participant or patient.
Despite efforts to automate individual modeling (Lee et al., 2017;
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Huang et al., 2019; Saturnino et al., 2019), obtaining high-resolu-
tion scans and segmenting head models without error remains a
challenge. Therefore, the possibility to employ standardized mon-
tages for prescribed deep brain targets is compelling for ongoing
NIBS research.

Inevitable variability in the pattern and intensity of current at
deep brain regions between subjects should be balanced against
variability in cortical regions as well (Datta et al., 2012; Laakso
et al., 2015; Gomez-Tames et al., 2019; Mikkonen et al., 2020).
Alongside cortical modulation (Radman et al., 2009; Rahman
et al., 2013), there is ample cellular-level evidence that deep brain
regions are also directly sensitive to DC stimulation (Bikson et al.,
2004; Marquez-Ruiz et al., 2012; Chakraborty et al., 2018;
Kronberg et al., 2019) and generally to weak electric fields
(Francis et al., 2003; Deans et al., 2007; Reato et al., 2010; Kato
et al., 2019).

Gomez-Tames et al. (2020) correctly conclude this work sup-
ports the notion that tDCS produced “modulation via underlying
cortical or subcortical circuits but also modulation of deep brain
regions” and these predictions of current flow across “deep brain
regions can be used to explain tDCS mechanisms or select the most
appropriate tDCS montage”. Conversely, studies aiming to impli-
cate a specific cortical target should leverage superficial 4x1 HD-
tDCS (Datta et al., 2009; Hampstead et al., 2017; Nikolin et al.,
2018; Santos et al., 2018; Lefebvre et al., 2019).

In order to achieve optimal deep stimulation targeting non-
invasively, a multi-pronged approach will likely be required
(Huang et al., 2018; Rampersad et al., 2019). At the same time, in
regard to efficacy (electric field intensity at deep targets), there
are ongoing efforts at safely increasing the allowable current
injected on the scalp (Reckow et al., 2018; Khadka et al., 2020).
The computational approach employed by Gomez-Tames et al.
(2020), while demonstrated for conventional tDCS, also applies to
these more tailored efforts, with a goal to rationally modulate
brain activity in deep brain regions without surgery.

Funding

This research was supported by the National Institutes of Health
(NIHNIMH 1R01MH111896, NIH-NIMH 1RO01MH109289; NIH-
NINDS 1RO1INS101362).

Declaration of Competing Interest

The City University of New York (CUNY) has IP on neurostimu-
lation system and methods with Marom Bikson and Jacek Dmo-
chowski as inventors. Marom Bikson has equity in Soterix
Medical and served as a consultant for Boston Scientific, Mecta,
Halo Neuroscience, X, and GSK.

References

di Biase L, Falato E, Di Lazzaro V. Transcranial Focused Ultrasound (tFUS) and
Transcranial Unfocused Ultrasound (tUS) neuromodulation: from theoretical
principles to stimulation practices. Front Neurol 2019;10:549.

Bikson M, Esmaeilpour Z, Adair D, Kronberg G, Tyler WJ, Antal A, et al. Transcranial
electrical stimulation nomenclature. Brain Stimul 2019;12:1349-66.

Bikson M, Inoue M, Akiyama H, Deans JK, Fox JE, Miyakawa H, et al. Effects of
uniform extracellular DC electric fields on excitability in rat hippocampal slices
in vitro. ] Physiol 2004;557:175-90.

Cabib C, Cipullo F, Morales M, Valls-Solé ]. Transcranial Direct Current Stimulation
(tDCS) enhances the excitability of trigemino-facial reflex circuits. Brain Stimul
2016;9:218-24.

Chakraborty D, Truong DQ, Bikson M, Kaphzan H. Neuromodulation of axon
terminals. Cereb Cortex 2018;28:2786-94.

Chhatbar PY, Kautz SA, Takacs I, Rowland NC, Revuelta GJ, George MS, et al.
Evidence of transcranial direct current stimulation-generated electric fields at
subthalamic level in human brain in vivo. Brain Stimul 2018;11:727-33.

Chib VS, Yun K, Takahashi H, Shimojo S. Noninvasive remote activation of the
ventral midbrain by transcranial direct current stimulation of prefrontal cortex.
Transl Psych 2013;3:e268.

Clemens B, Jung S, Mingoia G, Weyer D, Domahs F, Willmes K. Influence of anodal
transcranial direct current stimulation (tDCS) over the right angular gyrus on
brain activity during rest. PLoS One 2014;9:e95984.

DaSilva AF, Mendonca ME, Zaghi S, Lopes M, DosSantos MF, Spierings EL, et al. tDCS-
induced analgesia and electrical fields in pain-related neural networks in
chronic migraine. Headache 2012;52:1283-95.

Datta A, Bansal V, Diaz ], Patel ], Reato D, Bikson M. Gyri-precise head model of
transcranial direct current stimulation: improved spatial focality using a ring
electrode versus conventional rectangular pad. Brain Stimul 2009;2(201-
7):207.el.

Datta A, Elwassif M, Battaglia F, Bikson M. Transcranial current stimulation focality
using disc and ring electrode configurations: FEM analysis. ] Neural Eng
2008;5:163.

Datta A, Truong D, Minhas P, Parra LC, Bikson M. Inter-individual variation during
transcranial direct current stimulation and normalization of dose using MRI-
derived computational models. Front Psych 2012;3:91.

Deans JK, Powell AD, Jefferys JG. Sensitivity of coherent oscillations in rat
hippocampus to AC electric fields. ] Physiol 2007;583:555-65.

Dmochowski ], Bikson M. Noninvasive neuromodulation goes deep. Cell
2017;169:977-8.

Dmochowski JP, Bikson M, Parra LC. The point spread function of the human head
and its implications for transcranial current stimulation. Phys Med Biol
2012;57:6459-77.

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

Dmochowski JP, Datta A, Huang Y, Richardson ]D, Bikson M, Fridriksson ], et al.
Targeted transcranial direct current stimulation for rehabilitation after stroke.
Neuroimage 2013;75:12-9.

Ekhtiari H, Tavakoli H, Addolorato G, Baeken C, Bonci A, Campanella S, et al.
Transcranial electrical and magnetic stimulation (tES and TMS) for addiction
medicine: a consensus paper on the present state of the science and the road
ahead. Neurosci Biobehav Rev 2019;104:118-40.

Faber M, Vanneste S, Fregni F, De Ridder D. Top down prefrontal affective
modulation of tinnitus with multiple sessions of tDCS of dorsolateral
prefrontal cortex. Brain Stimul 2012;5:492-8.

Faria P, Hallett M, Miranda PC. A finite element analysis of the effect of electrode
area and inter-electrode distance on the spatial distribution of the current
density in tDCS. ] Neural Eng 2011;8:066017.

Fonteneau C, Redoute |, Haesebaert F, Le Bars D, Costes N, Suaud-Chagny M-F, et al.
Frontal transcranial direct current stimulation induces dopamine release in the
ventral striatum in human. Cereb Cortex 2018;28:2636-46.

Francis JT, Gluckman BJ, Schiff SJ. Sensitivity of neurons to weak electric fields. ]
Neurosci 2003;23:7255-61.

Fukai M, Bunai T, Hirosawa T, Kikuchi M, Ito S, Minabe Y, et al. Endogenous
dopamine release under transcranial direct-current stimulation governs
enhanced attention: a study with positron emission tomography. Transl
Psych 2019;9:115.

Gomez L], Goetz SM, Peterchev AV. Design of transcranial magnetic stimulation
coils with optimal trade-off between depth, focality, and energy. ] Neural Eng
2018;15:046033.

Gomez-Tames |, Asai A, Mikkonen M, Laakso I, Tanaka S, Uehara S, et al. Group-level
and functional-region analysis of electric-field shape during cerebellar
transcranial direct current stimulation with different electrode montages. ]
Neural Eng 2019;16:036001.

Gomez-Tames ], Asai A, Hirata A. Significant group-level hotspots found in deep
brain regions during transcranial direct current stimulation (tDCS): a
computational analysis of electric fields. Clin Neurophysiol 2020;131:755-65.

Grossman N, Bono D, Dedic N, Kodandaramaiah SB, Rudenko A, Suk H-J, et al.
Noninvasive deep brain stimulation via temporally interfering electric fields.
Cell 2017;169. 1029-1041.e16.

Gunalan K, Howell B, McIntyre CC. Quantifying axonal responses in patient-specific
models of subthalamic deep brain stimulation. Neuroimage 2018;172:263-77.

Hampstead BM, Brown GS, Hartley JF. Transcranial direct current stimulation
modulates activation and effective connectivity during spatial navigation. Brain
Stimul 2014;7:314-24.

Hampstead BM, Sathian K, Bikson M, Stringer AY. Combined mnemonic strategy
training and high-definition transcranial direct current stimulation for memory
deficits in mild cognitive impairment. Alzheimers Dement (N Y)
2017;3:459-70.

Holtzheimer PE, Husain MM, Lisanby SH, Taylor SF, Whitworth LA, McClintock S,
et al. Subcallosal cingulate deep brain stimulation for treatment-resistant
depression: a multisite, randomised, sham-controlled trial. Lancet Psych
2017;4:839-49.

Huang Y, Datta A, Bikson M, Parra LC. Realistic volumetric-approach to simulate
transcranial electric stimulation-ROAST-a fully automated open-source
pipeline. ] Neural Eng 2019;16:056006.

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;7(Feb):6.

Huang Y, Parra LC. Can transcranial electric stimulation with multiple electrodes
reach deep targets?. Brain Stimul 2019;12:30-40.


http://refhub.elsevier.com/S1388-2457(19)31367-7/h0005
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0005
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0005
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0010
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0010
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0015
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0015
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0015
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0020
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0020
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0020
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0025
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0025
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0030
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0030
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0030
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0035
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0035
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0035
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0040
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0040
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0040
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0045
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0045
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0045
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0050
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0050
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0050
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0050
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0055
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0055
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0055
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0060
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0060
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0060
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0065
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0065
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0070
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0070
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0075
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0075
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0075
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0080
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0080
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0080
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0085
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0085
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0085
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0090
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0090
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0090
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0090
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0095
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0095
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0095
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0100
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0100
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0100
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0105
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0105
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0105
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0110
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0110
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0115
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0115
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0115
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0115
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0120
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0120
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0120
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0125
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0125
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0125
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0125
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0130
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0130
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0130
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0135
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0135
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0135
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0140
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0140
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0145
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0145
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0145
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0150
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0150
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0150
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0150
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0155
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0155
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0155
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0155
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0160
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0160
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0160
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0165
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0165
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0165
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0170
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0170

754 Editorial / Clinical Neurophysiology 131 (2020) 752-754

Huang Y, Thomas C, Datta A, Parra LC. Optimized tDCS for targeting multiple brain
regions: an integrated implementation. In: Conf Proc IEEE Eng Med Biol Soc.
2018;2018:3545-8.

Ironside M, Browning M, Ansari TL, Harvey CJ, Sekyi-Djan MN, Bishop SJ, et al. Effect
of prefrontal cortex stimulation on regulation of amygdala response to threat in
individuals with trait anxiety: a randomized clinical trial. JAMA Psych
2019;76:71-8.

Kato I, Innami K, Sakuma K, Miyakawa H, Inoue M, Aonishi T. Frequency-dependent
entrainment of spontaneous Ca transients in the dendritic tufts of CA1l
pyramidal cells in rat hippocampal slice preparations by weak AC electric
field. Brain Res Bull 2019;153:202-13.

Khadka N, Borges H, Paneri B, Kaufman T, Nassis E, Zannou AL, et al. Adaptive
current tDCS up to 4 mA. Brain Stimul 2020;13:69-79.

Kronberg G, Rahman A, Sharma M, Bikson M, Parra LC. Direct current stimulation
boosts hebbian plasticity in vitro. Brain Stimul 2019 Oct 18; Available from:
http://www.sciencedirect.com/science/article/pii/S1935861X19304218.

Laakso I, Tanaka S, Koyama S, De Santis V, Hirata A. Inter-subject variability in electric
fields of motor cortical tDCS Available from. Brain Stimul 2015;8:906-13. http://
www.sciencedirect.com/science/article/pii/S1935861X15009419.

Lee C, Jung Y-], Lee SJ, Im C-H. COMETS2: an advanced MATLAB toolbox for the
numerical analysis of electric fields generated by transcranial direct current
stimulation. ] Neurosci Methods 2017;277:56-62.

Lefaucheur J-P, Antal A, Ayache SS, Benninger DH, Brunelin ], Cogiamanian F, et al.
Evidence-based guidelines on the therapeutic use of transcranial direct current
stimulation (tDCS). Clin Neurophysiol 2017;128:56-92.

Lefebvre S, Jann K, Schmiesing A, Ito K, Jog M, Schweighofer N, et al. Differences in
high-definition transcranial direct current stimulation over the motor hotspot
versus the premotor cortex on motor network excitability. Sci Rep 2019;9:17605.

Legon W, Bansal P, Tyshynsky R, Ai L, Mueller JK. Transcranial focused ultrasound
neuromodulation of the human primary motor cortex Available from. Sci Rep
2018;8:10007. http://www.nature.com/articles/s41598-018-28320-1.

Lujan JL, Chaturvedi A, Choi KS, Holtzheimer PE, Gross RE, Mayberg HS, et al.
Tractography-activation models applied to subcallosal cingulate deep brain
stimulation. Brain Stimul 2013;6:737-9.

Marquez-Ruiz ], Leal-Campanario R, Sanchez-Campusano R, Molaee-Ardekani B,
Wendling F, Miranda PC, et al. Transcranial direct-current stimulation
modulates synaptic mechanisms involved in associative learning in behaving
rabbits. Proc Natl Acad Sci USA 2012;109:6710-5.

Meyer B, Mann C, Gétz M, Gerlicher A, Saase V, Yuen KSL, et al. Increased neural
activity in mesostriatal regions after prefrontal transcranial direct current
stimulation and 1-DOPA administration. ] Neurosci 2019;39:5326-35.

Mikkonen M, Laakso I, Tanaka S, Hirata A. Cost of focality in TDCS: interindividual
variability in electric fields. Brain Stimul 2020;13:117-24.

Morya E, Monte-Silva K, Bikson M, Esmaeilpour Z, Biazoli CE, Fonseca A, et al.
Beyond the target area: an integrative view of tDCS-induced motor cortex
modulation in patients and athletes. ] Neuroeng Rehabil 2019;16:141.

Nikolin S, Lauf S, Loo CK, Martin D. Effects of high-definition transcranial direct
current stimulation (HD-tDCS) of the intraparietal sulcus and dorsolateral
prefrontal cortex on working memory and divided attention. Front Integr
Neurosci 2018;12:64.

Opitz A, Falchier A, Yan C-G, Yeagle EM, Linn GS, Megevand P, et al. Spatiotemporal
structure of intracranial electric fields induced by transcranial electric
stimulation in humans and nonhuman primates. Sci Rep 2016;6:31236.

Radman T, Ramos RL, Brumberg JC, Bikson M. Role of cortical cell type and
morphology in subthreshold and suprathreshold uniform electric field
stimulation in vitro. Brain Stimul 2009;2:215-28. 228 e1-3.

Rahman A, Reato D, Arlotti M, Gasca F, Datta A, Parra LC, et al. Cellular effects of
acute direct current stimulation: somatic and synaptic terminal effects. ]
Physiol (Lond) 2013;591:2563-78.

Rampersad S, Roig-Solvas B, Yarossi M, Kulkarni PP, Santarnecchi E, Dorval AD, et al.
Prospects for transcranial temporal interference stimulation in humans: a
computational study. Neuroimage 2019;202:116124.

Reato D, Rahman A, Bikson M, Parra LC. Low-intensity electrical stimulation affects
network dynamics by modulating population rate and spike timing. ] Neurosci
2010;30:15067-79.

Reckow ], Rahman-Filipiak A, Garcia S, Schlaefflin S, Calhoun O, DaSilva AF, et al.
Tolerability and blinding of 4x1 high-definition transcranial direct current
stimulation (HD-tDCS) at two and three milliamps. Brain Stimul
2018;11:991-7.

Rodriguez-Oroz MC, Gorospe A, Guridi J, Ramos E, Linazasoro G, Rodriguez-Palmero
M, et al. Bilateral deep brain stimulation of the subthalamic nucleus in
Parkinson’s disease. Neurology 2000;55(12 Suppl 6):5S45-51.

Salvador R, Miranda PC, Roth Y, Zangen A. High-permeability core coils for
transcranial magnetic stimulation of deep brain regions. In: Conf Proc IEEE Eng
Med Biol Soc. 2007;2007:6653-6.

Santos TEG, Favoretto DB, Toostani IG, Nascimento DC, Rimoli BP, Bergonzoni E,
et al. Manipulation of human verticality using high-definition transcranial
direct current stimulation. Front Neurol 2018;9:825.

Saturnino GB, Puonti O, Nielsen JD, Antonenko D, Madsen KH, Thielscher A. SimNIBS
2.1: a comprehensive pipeline for individualized electric field modelling for
transcranial brain stimulation. In: Makarov S, Horner M, Noetscher G, editors.
Brain and human body modeling: computational human modeling at EMBC
2018 [Internet]. Cham (CH): Springer; 2019 [cited 2019 Dec 10]. Available from:
http://www.ncbi.nlm.nih.gov/books/NBK549569/.

Vaseghi B, Zoghi M, Jaberzadeh S. How does anodal transcranial direct current
stimulation of the pain neuromatrix affect brain excitability and pain
perception? A randomised, double-blind, sham-control study. PLoS One
2015;10:e0118340.

Wang P, Zhang J, Yu ], Smith C, Feng W. Brain modulatory effects by low-intensity
transcranial ultrasound stimulation (TUS): a systematic review on both animal
and human studies. Front Neurosci 2019;13:696.

Marom Bikson *

Jacek Dmochowski

Department of Biomedical Engineering, The City College of New York,
New York, NY, United States

* Corresponding author.

E-mail address: Bikson@ccny.cuny.edu (M. Bikson)

Accepted 14 December 2019

Available online 26 December 2019


http://refhub.elsevier.com/S1388-2457(19)31367-7/h0180
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0180
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0180
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0180
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0185
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0185
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0185
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0185
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0190
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0190
http://www.sciencedirect.com/science/article/pii/S1935861X19304218
http://www.sciencedirect.com/science/article/pii/S1935861X15009419
http://www.sciencedirect.com/science/article/pii/S1935861X15009419
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0205
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0205
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0205
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0210
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0210
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0210
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0215
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0215
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0215
http://www.nature.com/articles/s41598-018-28320-1
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0225
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0225
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0225
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0230
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0230
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0230
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0230
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0235
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0235
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0235
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0240
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0240
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0245
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0245
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0245
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0250
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0250
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0250
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0250
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0255
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0255
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0255
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0260
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0260
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0260
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0265
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0265
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0265
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0270
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0270
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0270
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0275
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0275
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0275
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0280
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0280
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0280
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0280
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0285
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0285
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0285
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0295
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0295
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0295
http://www.ncbi.nlm.nih.gov/books/NBK549569/
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0305
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0305
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0305
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0305
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0310
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0310
http://refhub.elsevier.com/S1388-2457(19)31367-7/h0310
mailto:Bikson@ccny.cuny.edu

	What it means to go deep with non-invasive brain stimulation
	Funding
	Declaration of Competing Interest
	References


