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HIGHLIGHTS

« Multi-electrode tDCS might help steering the electric field, also at deep level.
« Bilateral motor tDCS with extracephalic reference might induce significant electric fields at deep brain level.
« Bilateral motor anodal tDCS with cathode over right hemisphere might selectively affect brainstem reflexes.

ARTICLE INFO ABSTRACT
Article history: Objective: To assess whether monopolar multi-electrode transcranial direct current stimulation (tDCS)
Accepted 12 August 2023 montages might selectively affect deep brain structures through computational predictions and neuro-

Available online 29 August 2023 physiological assessment.

Methods: Electric field distribution in deep brain structures (i.e., thalamus and midbrain) were estimated
Keywords: through computational models simulating tDCS with two monopolar and two monopolar multi-electrode
g)egsmm(’dmanon montages. Monopolar multi-electrode tDCS was then applied to healthy subject, and effects on pontine
Computational Model and medullary circuitries was evaluated studying changes in blink reflex (BR) and masseter inhibitory
Blink Reflex reflex (MIR).
Masseter Inhibitory Reflex Results: Computational results suggest that tDCS with monopolar multi-electrode montages might
induce electric field intensities in deep brain structure comparable to those in grey matter, while neuro-
physiological results disclosed that BR and MIR were selectively modulated by tDCS only when cathode
was placed over the right deltoid.

Conclusions: Multi-electrode tDCS (anodes over motor cortices, cathode over right deltoid) could induce
significant electric fields in the thalamus and midbrain, and selectively affect brainstem neural circuits.
Significance: Multi-electrode tDCS (anodes over motor cortices, cathode over right deltoid) might be fur-
ther explored to affect brainstem activity, also in the context of non-invasive deep brain stimulation.

© 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction in recent years, due to its safety (Antal et al., 2017), feasibility
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Computational models (Gomez-Tames et al., 2020; Parazzini et al.,
2012, 2011; Rashed et al., 2020; Thomas et al., 2019) and in vivo
recordings (Guidetti et al., 2022a) reported that tDCS can generate
significant EF in subcortical regions, possibly modifying their activ-
ity. However, stimulation in depth is not focal (Huang and Parra,
2019) and tDCS-induced EF is hardly controllable (Datta et al.,
2009). Physically, the distribution of the EF depends upon the tem-
poral (e.g., waveform) and spatial (e.g., electrodes’ position) charac-
teristics of the current injected (Peterchev et al., 2012). Therefore,
several authors have tried to steer the EF by setting number and
position of scalp electrodes - a strategy called multi-electrode tDCS
(Dmochowski et al., 2011; Guler et al., 2016; Ruffini et al., 2014;
Sadleir et al., 2012; Wagner et al., 2016). Evidence suggests that
this approach might be able to direct the current toward or away
from specific brain areas (Sadleir et al., 2012) and to induce more
focalized (Park et al., 2011; Ruffini et al., 2014; Wagner et al.,
2016) and intense (Khorrampanah et al.,, 2020; Wagner et al.,
2016) stimulation at brain cortical targets (Khan et al., 2022;
Park et al., 2011). Sadleir et al. (2012) successfully demonstrated
that optimized multi-electrode montages could not only steer cur-
rent in deep brain structures (namely, nuclei accumbens), but also
avoid the left inferior frontal gyrus while targeting basal ganglia,
and vice versa (Sadleir et al., 2012). Huang et al. (2019) (Huang
and Parra, 2019) computationally demonstrated that tDCS applied
with an appropriate multi-electrode montages can induce signifi-
cant stimulation in deep targets, with cerebrospinal fluid directing
currents deep into the brain. Taken together, these findings have
fostered the interest in tDCS as a non-invasive deep brain stimula-
tion (NDBS) technique (Huang and Parra, 2019), a new field of
research that aims to affect deep brain regions’ activity through
NIBS methods (Bikson and Dmochowski, 2020) without resorting
to neurosurgery as in other neurostimulation techniques (Priori
et al., 2021).

Here, we investigate the ability of a series of tDCS montages to
steer the EF in deep brain structures by applying the multi-
electrode approach. We arbitrarily considered extracephalic mon-
tages, i.e., placing two anodes over the scalp and one cathode far
from the scalp (namely, over the right deltoid and over the 10th
thoracic vertebra). Indeed, several studies suggest that the extra-
cephalic reference induces a concentration of currents
(Mendonca et al., 2011; Noetscher et al., 2014) and greater EF in
deeper brain structures (e.g., cerebellum, thalamus and striatum
midbrain, pons and medulla) compared to cephalic montages
(Bai et al., 2014; Parazzini et al., 2013). We aimed to:

1. Estimate the EF in 4 regions of interest (ROIs - grey matter, hip-
pocampus, thalamus and mid-brain) as modelled in an MRI-
based realistic human head model (Christ et al., 2010).

2. Validate the predictions for those stimulation montages which
had higher values of EF in deep brain structures by analysing
electrophysiological responses (blink reflex — BR, and masseter
inhibitory reflex - MIR) reflecting the activity of pontine and
low medullary neuronal circuitries. The neurophysiological
study is thought to extend our computational data, as it refers
to anatomical structures deeper than those analysed by MRI-
based human models.

2. Materials e methods
2.1. High-Resolution computational model

In the computational study, the quasi-static Laplace equation
was solved by the simulation platform Sim4life (from ZMT Zurich
Med Tech AG, Zurich, Switzerland, https://www.zurichmedtech.-
com) to determine the tDCS-induced electric potential (¢) distribu-
tion in human head tissue:
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V(oV¢) =0

where G is the electrical conductivity of the human tissues. The
distribution of EF was obtained by means of the equations:

EF=-V¢

A finite element method (FEM) realistic human model based on
high-resolution magnetic resonance images of healthy volunteers
(Christ et al., 2010) was used. The human model “Ella” (a 26-
year-old female adult) consisted of 76 different tissues with dielec-
tric properties assigned according to literature data (Gabriel et al.,
2009, 1996).

We modelled the electrodes in the following positions, accord-
ing to the 10-20 system, as previously explored (Cogiamanian
et al, 2007; Fertonani et al, 2010; Mesquita et al., 2020;
Parazzini et al., 2013) (see Fig. 1):

o I) Montage A1: active electrode over the vertex, return electrode
over right deltoid.

¢ [I) Montage A2: active electrode over C3 and C4, return elec-
trode over right deltoid.

o [II) Montage B1: active electrode over the vertex, return elec-
trode over the spinal process of the 10th thoracic vertebra.

¢ IV) Montage B2: active electrode over C3 and C4, return elec-
trode over the spinal process of the tenth thoracic vertebra.

For comparative purposes, we considered a fifth cephalic montage
(Montage C), i.e., active electrode over left M1 (C3) and return elec-
trode over the right supraorbital region (Fp2). Electrodes were mod-
elled as a rectangular pad conductor (5x5 cm, 6 = 5.9 x 107 S/m) with
a thickness of 1 mm. Their lower surface is separated from the skin by
alayer of 5 mm of conductive gel (¢ = 1.4 S/m), shaped as the conduc-
tor itself. In each computational simulation, the upper surface of each
electrode was set to a uniform electrical potential and the potential
difference between the electrodes was adjusted so that the current
injected through the anode(s) was the desired value (2 mA).

For each simulation, the model (i.e., human model plus elec-
trodes) was placed in a surrounding bounding box filled with air
and the model was trunked at the pelvis level for electrode mon-
tages A1-B2 and at the shoulder level for the electrode montage
C. The boundaries of the bounding box were treated as insulated
except the truncation section of the Ella model, which was
assigned with a boundary condition of continuity of the current.
Continuity of the tangential component of EF was applied at each
tissue-to-tissue boundary. At the interface between the skin and
the air, the current density was set to be parallel to the surface.
The computational domain was discretized by uniform rectilinear
grid, with a mesh step equal to 1 mm to allow a good discretization
of the anatomical model.

For each montage model, the amplitude of EF was computed
and analysed in 4 different ROIs: grey matter (GM), hippocampus
(HPC), mid-brain (MB), and thalamus (THA) (see Fig. 2, first row).
For each EF distribution, we estimated the “peak” (i.e., the 99th
percentile), the median amplitude, the 25th and 75th percentile.
Furthermore, we estimated the percentage of area of hippocampus,
mid-brain, and thalamus where the amplitude of EF was greater
than 25% (V25), 30% (V30), and 50% (V50) of 99th percentile in grey
matter. All these values have been calculated as normalized to the
99th percentile of E in the grey matter for each montage.

2.2. Neurophysiological study

2.2.1. Subjects

The experimental study was conducted on ten healthy volun-
teers (mean + SD age: 31.5 £ 9.7, 5 women). The exclusion criteria
were as follows: 1) age < 18 years; 2) history and/or current signs
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Fig. 1. Transcranial direct current stimulation (tDCS) montages for computational models. A1) Active electrode: Cz, return electrode: right deltoid; A2) Active electrodes:
C3, C4, return electrode: right deltoid; B1) Active electrode: Cz, return electrode: T10; B2) Active electrodes: C3, C4, return electrode: T10; C) Active electrode: C3, Return

electrode: Fp2. Positions of electrodes were considered according to 10-20 system.

or symptoms of major neurologic, neuropsychological, and psychi-
atric diseases, as excluded by clinical history and anamnestic inter-
view; 3) pregnancy; 4) presence of a pacemaker, intracranial metal,
or spinal cord stimulators; 5) history and/or current signs or symp-
toms of dental pathologies and/or surgery involving the alveolar
branch of the mental nerve. The study protocol followed the Dec-
laration of Helsinki and was approved by the Ethics Committee
of the ASST Santi Paolo e Carlo - Hospital of Milan. All subjects gave
written informed consents before the participation.

2.2.2. Study protocol
In this experimental, assessor-blinded, randomized crossover
study, each volunteer underwent bilateral motor cortex anodal
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tDCS (2 mA for 20 min) with cathode over right deltoid (condi-
tion E1) and over T10 (condition E2) in two different sessions
separated by a washout period of at least 1 week to avoid pos-
sible carryover effect. We chose to apply these experimental
stimulation protocols since they resulted in the highest values
of EF in ROIs in computational simulations, among the montages
considered. A further control condition was considered (condi-
tion Ec - 1.75 mA for 20 min), where anode was placed over left
motor cortex, and cathode over contralateral supraorbital region
(see Supplementary Figure S1). The order of the experimental
conditions was randomized across the subjects (see Supplemen-
tary Figure S2). BR and MIR were recorded immediately before
(TO) and after (T1) the stimulations.
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Fig. 2. First row: the 4 different brain structures considered as region of interest (ROIs) - grey matter (A), hippocampus (B), mid-brain (C), and thalamus (D). Second row: the
view of the estimated electric field amplitude distribution over grey matter (A), hippocampus (B), midbrain (C), and thalamus (D) for montage A2 (active electrodes over C3,
C4; return electrode over right deltoid). Third row: view of the estimated EF amplitude distribution over grey matter (A), hippocampus (B), mid-brain (C), and thalamus (D)
for montage B2 (active electrodes over C3, C4; return electrode over the spinal process of the tenth thoracic vertebra). The values are normalized with respect to the 99th

percentile in grey matter.

2.2.3. tDCS experimental protocol

DC stimulation was applied by a stimulator (HDCStim, Newro-
nika, Italy) connected to silicone rubber pad electrodes with thick-
ness of 1 mm and an area of 35 cm? (7 x 5 cm?) for the anodes,
48 cm? (8 x 6 cm?) for the cathode. Conductive gel was applied
between the electrodes and the skin to reduce and stabilize contact
impedance during stimulation. We clinically replicated the multi-
electrode montages that predicted the highest intensities of EF in
MB and THA, as shown in the previous computational study. We
chose Montage A2 and Montage B2 because the EF amplitudes in
deep regions were comparable to those in grey matter, with higher
values compared to the other montages tested. Therefore, anodes
were applied bilaterally over the motor cortex (C3 and C4 scalp
positions of the International EEG 10/20 system), while cathodes
were placed over left deltoid (condition E1) or over T10 (condition
E2). As control condition, a third montage (anode over C3, cathode
over Fp2) was considered (condition Ec). DC was applied at 2 mA
for E1, E2 conditions, and 1.75 mA for Ec condition, to keep the cur-
rent density (current strength divided by electrode size) constant
in all the conditions (current density = 0.028 mA/cm?) for
20 min, with the first 30 s as ramp-up and the last 30 s as ramp
down. We considered values of current density way lower than
limits commonly accepted (Bikson et al., 2009).

2.2.4. Blink reflex recording

Two of the investigators, who were blinded to the stimulation
setting, performed the evaluation, and took the measurements.
During the assessments, participants were sitting in a comfortable
chair and instructed to keep their eyes open and fix a target placed
1 m in front of them. The right and left supraorbital nerve were
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consecutively stimulated through a pair of silver chloride cup elec-
trodes (cathode over the supraorbital foramen; anode 2 cm above).
A constant current with pulse width 200 ps and inter-trial interval
ranging between 25 and 35 s to avoid habituation was used as
stimulation (Aramideh and Ongerboer De Visser, 2002; Esteban,
1999). The stimulation point, at both sides, was marked with a
pencil in order to ensure reproducibility between different assess-
ment sessions (TO and T1). EMG activity was bilaterally recorded
from the orbicularis oculi muscle, via surface electrodes (active
electrode over the mid-lower eyelid; reference electrode laterally
to the lateral canthus). A total of 8 responses was recorded on each
side. Electromyographic signal (band-pass 10 Hz-10 kHz, sampling
rate 20 kHz, sensitivity set 500 puV/Div; sweep speed 10 ms/Div)
was collected from superimposed traces and stored for offline anal-
ysis. Recording electrodes were kept in the same position on the
skin during tDCS. The reflex threshold (i.e., the lowest stimulus
intensity resulting in a RI reproducible in the subject - mV), as well
as latencies (ms) of the two main components, formally named RI
and RII (ipsilateral and contralateral), was considered for statistical
analysis (see Supplementary Figure S3). These two responses orig-
inate from different pathways, at a low-pontine and medullary
level respectively (Bocci et al., 2021; Esteban, 1999).

2.2.5. Masseter inhibitory reflex recording

Two of the investigators, who were blinded to the stimulation
setting, performed the evaluation, and took the measurements.
The method of recording the masseter inhibitory reflex is reported
in details elsewhere (Schoenen, 1993). Briefly, subjects were asked
to clench their teeth as strong as possible, as confirmed by audio-
visual examination of electromyographic activity. Sweep speed
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was set at 50 ms per division and band-pass filters at 20 HZ to 10
kHZ. EMG signals were recorded through surface electrodes from
the masseter muscles bilaterally, with the active electrode placed
over the lower third of the muscle belly and the reference approx-
imately 2 cm below the mandibular angle (Cruccu and Deuschl,
2000; Kennelly, 2019). Recording electrodes were kept in the same
position on the skin during tDCS. Then, the inferior alveolar branch
of the mental nerve was stimulated transcutaneously with the
cathode positioned over the mental foramen and the anode placed
1 cm laterally. An electrical square-wave pulse (0.1 ms duration)
was delivered, and the stimulus intensity set at 2.5 times the reflex
threshold (range 15-45 mA, approximately 8-10 times the sensory
threshold). The stimulation point was marked with a pencil to
ensure reproducibility between different assessment sessions (TO
and T1). The lingual nerve was not stimulated, as this alternative
procedure for MIR recording is usually devoted to the assessment
of iatrogenic damage after third molar extraction. Eight traces were
recorded for each side and signals superimposed for off-line anal-
yses. Both onset latencies and duration of the two Silent Periods
(formally named SP1 and SP2) was considered for statistical anal-
ysis (see Supplementary Figure S4). These periods are mediated by
non-nociceptive A-beta afferents through oligosynaptic (SP1) and
polysynaptic (SP2) circuits, partly overlapping with those involved
in BR generation, with a slightly more dorsal and lateral localiza-
tion regarding SP2 as compared to RII (Cruccu et al., 2005, 1989).

2.2.6. Statistical analysis

Normal distributions of the dependent variables were assessed
via Shapiro-Wilk Test for normality, which is the more appropriate
method for small sample sizes (Mishra et al., 2019). All data sets
passed the test (p > 0.05), therefore parametric analysis was con-
sidered. tDCS-induced changes in neurophysiological outcomes at
each time point were assessed via two-way Repeated Measures
ANOVA (RM-ANOVA), with treatment protocol as “between factor”
to analyse the effect of Time and Treatment on neurophysiological
outcomes. Sphericity assumptions was verified through Mauchly’s
test of sphericity, and Greenhouse-Geisser correction was applied
when needed. Multiple comparisons were performed through
Holm-Bonferroni Post Hoc test. In all the analysis, a p-
value < 0.05 was set as significant. The data were analysed using
JASP v. 0.16.3 for Windows (JASP Team, 2022).

3. Results
3.1. Electric field estimations

Fig. 3 shows the amplitude of EF in the HPC, MB, and THA for the
five electrode montages, as normalized to the 99th percentile of EF
in the grey matter for each montage. For each montage, medians,
25th and 75th percentiles in deeper regions are roughly compara-
ble to those in the grey matter when the return electrode is extra-
cephalic, with peak values always above 65% of the peak in the
grey matter (Fig. 3 - A1, A2, B1 and B2). However, montage A2
and B2 (i.e., multi-electrode montages with 2 active electrodes
over the skull) resulted in higher normalized 25th percentiles,
medians, and 75th percentiles in deeper brain structures. Con-
versely, values of EF in montage C are remarkably lower compared
to the other montages considered for all the ROIs, with peaks
always lower than 33% of the peak in the grey matter (Fig. 3 -
C). Fig. 2 (second and third row) shows the graphical views of
the amplitude distribution of EF in GM, HPC, MB, and THA for Mon-
tage A2 and B2. We chose to show only these montages’ graphical
outcomes because they predicted the highest intensities of EF in
deep structures and were chosen for clinical applications. As for
the volume percentage, Fig. 4 shows the V25s, V30s and V50s of
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HPC, MB, and THA for the five electrode montages, as normalized
to the 99th percentile of EF in the grey matter for each montage.
Montages with return electrode over the shoulder (Montage Al,
Montage A2) and the spine (Montage B1, Montage B2) had values
one order of magnitude greater than those in Montage C, with val-
ues of V50 one hundred times higher. Montages A1 and B1 showed
a similar pattern of percentages, with close V25, V30 and V50
(Fig. 4). Montage A2 and B2 resulted in similar volumes for each
structure as well, but with remarkably higher values both for
V25, V30 and V50 compared to A1l and B1 montages (Fig. 4).

3.2. Neurophysiological outcomes

RM ANOVA disclosed no significant Time or Time*Treatment
effects for right BR threshold, RII ipsilateral and RII contralateral
latency; left BR threshold, RII ipsilateral and RII contralateral
latency; MIR threshold, SP1 latency, SP2 latency and duration
((for all the analysis, p > 0.05 - see Table 1). However, a statistically
significant effect of Time was found for RII latency of right BR [F
(1) = 10.754, p = 0.003] and left BR [F (1) = 7.466, p = 0.01], and
for SP1 duration of MIR [F (1) = 7.589, p = 0.01]. In details, RI
latency of right BR significantly increased (p = 0.003), as RI latency
of left BR (p = 0.01), while SP1 duration of MIR significantly
decreased (p = 0.01). A significant interaction Time*Treatment
was found for RI latency of right BR (F (2, 1) = 4.498, p = 0.021),
with post-hoc analysis revealing a significant decrease between
TO and T1 with stimulation E1 (p = 0.004, Holm-Bonferroni Post
Hoc test.) (see Fig. 5).

4. Discussion and conclusions

In this study, we assessed the trends of EF distributions in 4
ROIs (GM, HPC, MB and THA) during bi- and multielectrode tDCS
with reference over the right deltoid and over the spinal process
of the 10th thoracic vertebra, and compared them with a control
cephalic montage- tDCS. Our results suggest that extracephalic
montages might induce a deeper and more focal distribution of
EF. Then, we clinically tested these predictions applying the mon-
tages which resulted in higher EF values (i.e., bilateral motor cortex
anodal tDCS with cathode over right deltoid and over T10) to
healthy subjects. Clinical findings seem to confirm that bilateral
motor cortex anodal tDCS with extracephalic cathode (over right
deltoid, but not over T10) induces changes in BR, whereas control
cephalic montage leaves these parameters unchanged.

Several computational studies have suggested that setting
number and position of scalp electrodes during tDCS could help
in increasing the intensity and focality of stimulation in a target
zone (D’Urso et al.,, 2022; Khorrampanah et al., 2020; Wagner
et al, 2016). For example, Khorrampanah et al, 2020
(Khorrampanah et al., 2020) demonstrated that arbitrarily chosen
multi-electrode montages could be optimized to induce a maxi-
mum EF distribution in targeted region which was higher com-
pared to High-definition tDCS (HD-tDCS), also at the inner layers
of the head. It is worth pointing out that HD-tDCS is a technically
enhanced version of tDCS, which is believed to be more focal
(Kuo et al., 2013). Also, some authors proposed that the same
results might be optimized for deep brain targets (Huang et al.,
2019; Sadleir et al., 2012). However, none of these studies were
clinically confirmed, nor considered to use an extracephalic elec-
trode (namely, the cathode - classically, placed over right deltoid
or the spine (Bikson et al., 2019)). Indeed, the position of the return
electrode, for a fixed position of active electrode, affects the tDCS-
induced current distribution and brain modulation (Mendonca
et al,, 2011; Nitsche and Paulus, 2000). Although little is known
about the actual current passing through the brainstem and other
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Fig. 3. Quantitative distributions of E in the grey matter (GM), hippocampus (HPC), mid-brain (MB), and thalamus (THA) for montages (A1, B2, B1, B2, C) in the
computational models. The values (minimum, 25th percentile, median, 75th percentile, 99th percentile, mean) are displayed with respect to the 99th percentile in grey

matter.

subcortical nuclei when an extracephalic cathode is used (Im et al.,
2012; Parazzini et al., 2014, 2013), several studies have investi-
gated such issue (Bai et al., 2014; Im et al., 2012; Mendonca
et al., 2011; Noetscher et al., 2014; Parazzini et al., 2013). It has
been computationally suggested that moving the cathode outside
the scalp induces a concentration of currents (Mendonca et al.,
2011; Noetscher et al., 2014). When compared to cephalic config-
urations, extracephalic montages induced significant amount of
current under the active electrode, rather than between the elec-
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trodes (Mendonca et al., 2011; Noetscher et al., 2014). Although
these results are still matter of debate (Im et al, 2012), we
observed that in Ec condition (i.e., cephalic configuration), V25
and V30 were more than 10 times, and V50 more than 100 times,
lower compared to other extracephalic montages (A1, A2, B1 and
B2). This observation suggests that extracephalic configurations
could induce a focalisation of electric distribution. Also, our results
showed that trends of EF in THA and MB were comparable to those
in the GM for extracephalic montages, suggesting that they might
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result in substantially greater depth of stimulation compared to
C3-Fp2 configuration. Although the assumption is still controver-
sial (Im et al., 2012), several models in literature confirm our pre-
dictions (Bai et al., 2014; Noetscher et al., 2014; Parazzini et al.,
2013). For example, for fixed anode placement (over left frontal
cortex), cathode over the right deltoid developed an EF in the cere-
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bellum, deep central structures (THA, striatum) and brainstem,
greater than those developed with cathode over contralateral
supraorbital region (Bai et al., 2014). Since neurons in deep brain
regions are directly sensitive to weak electric fields (Francis
et al,, 2003; Reato et al., 2010) and to DC stimulation (Bikson
et al,, 2004; Chakraborty et al., 2018; Kronberg et al., 2020), an
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Neurophysiological assessments. Characteristics of blink reflex (threshold, RI latency, RII latency ipsilateral, RII latency contralateral) and masseter inhibitory reflex (threshold,
latency SP1, duration SP1, latency SP2, duration SP2) are reported at TO and T1, according to the treatment condition (A, B, or C) group (anodal or sham tsDCS). Values are
expressed mean values + standard error (S.E.), pValue refers to two ways Repeated Measures ANOVA.

Condition E1 Condition E2

Condition Ec Two ways RM ANOVA

TO T1 TO T1 TO T1 Time (pValue) Time*Treatment (pValue)
Blink Reflex (R)
Threshold 1747 £2.19 1852 +2 1733 +£219 17.15+£2.05 17.53+1.64 20.06+2.79 0.61 0.53
RI latency 10.6 £ 0.22 9.89 £0.23 10.21 £0.21 9.87 +0.13 10.58 £+ 0.35 10.63 +0.31 0.003 0.021
RII latency ipsilateral 30.53+1.28 31.57+1.39 3054+126 29.60+080 30.75+092 31.01+094 0.75 0.09
RII latency contralateral 31.01+1.36 32.05+1.51 31.09+1.15 31.07+081 31.88+144 3231+145 0.17 043
Blink Reflex (L)
Threshold 1756 £2.11 1841+1.8 1722 +194 18.06 +1.84 16.62+1.28 20.50+3.10 0.58 0.65
RI latency 10.57 £+ 0.27 10.08 +0.22 10.23 +0.22 9.80+0.23 10.52 £+ 0.33 1043 +0.21 0.01 0.39
RII latency ipsilateral 30.1 £+ 1.41 30.3 + 1.08 3045+133 2836+0.72 30.73+1.05 3143 +1.02 049 0.11
RII latency contralateral 31.29+1.70 3224+1.18 31.73+1.10 2998+0.70 31.17+1.44 3220+141 0.90 0.10
Masseter Inhibitory Reflex
Threshold 183 +1.38 1834+135 1848 +092 17.78+1.23 16.83+1.40 16.20+1.73 0.51 0.87
Latency SP1 1433 +065 14.06+0.50 13.65+0.79 1293 +0.62 14.55+0.55 14.47 +0.57 0.18 0.58
Duration SP1 13.12£1.03 17.06 +2.31 13.66+1.45 16.55+1.80 13.27+1.20 14.21+1.28 0.01 0.44
Latency SP2 49.99 +2.51 49.06 +2.43 50.67+3.4  49.63 +2.54 5026+ 1.53 5041124 064 0.92
Duration SP2 29.84 +3.14 2931297 3139%557 288+4.15 31.22+291 30.30+290 040 0.80

R = right; L = left; SP1 = silent period; Condition E1 = anodes over C3 and C4, cathode over right deltoid; Condition E2 = anodes over C3 and C4, cathode over the 10th thoracic
vertebra; Condition Ec = anode over C3, cathode over Fp2. Positions of electrodes were considered according to 10-20 system.
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Fig. 5. Neurophysiological changes in condition E1 (anodes over C3 and C4, cathode over right deltoid). Left. Exemplificative averaged traces of blink reflex (right), blink
reflex (left)(patient’s age = 55), and masseter inhibitory reflex (patient’s age = 25) recorded before (TO) and after (T1). Side values refer to stimulation intensities. Right.

Changes in RI latency of right BR (*p < 0.05, Holm-Bonferroni Post Hoc test.).

effect similar to those induced by tDCS at cortical level might be
expected.

Our neurophysiological findings might confirm computational
predictions, but only for E1 condition. Bimotor anodal tDCS with
cathode over right deltoid reduced latency of RI in right BR, sug-
gesting a neuromodulatory effect on brainstem. Both BR and MIR
arcs relies on brainstem neural circuits, which integrate afferent
limb (respectively, ophthalmic division of the trigeminal nerve
and mental branch of the trigeminal nerve) with efferent limb (re-
spectively, facial nerve and mandibular branch of the trigeminal
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nerve) (Aramideh and Ongerboer De Visser, 2002; Cosentino
et al., 2022; Cruccu et al., 1990; Kugelberg, 1952). In details, for
BR, afferent stimuli elicit two responses, RI and RII. For RI response,
the sensory stimulus is conducted through the pons, relayed in the
vicinity of the main sensory nucleus of the trigeminal nerve
(Kimura, 1975; Shahani and Young, 1972), and, finally, reaches
the ipsilateral facial nucleus in the lower pontine tegmentum
(Esteban, 1999). For ipsilateral RIl, the afferent impulse is con-
ducted through the descending spinal tract of the trigeminal nerve
in the pons and medulla oblongata, relayed in the caudal spinal
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trigeminal nucleus by a medullary pathway (Kimura and Lyon,
1972; Ongerboer De Visser and Kuypers, 1978), and ascends bilat-
erally to reach the facial nuclei in the pons thus inducing contralat-
eral RII responses (Holstege et al., 1986; Ongerboer De Visser and
Kuypers, 1978). For MIR, after stimulation, the impulse reaches
the pons through the sensory mandibular root of the trigeminal
nerve (Ongerboer De Visser and Goor, 1976). In the ipsilateral
trigeminal motor nucleus, an inhibitory interneuron projects onto
jaw-closing motoneurons bilaterally, inducing SP1 response (De
Visser et al., 1990). As for SP2 response, stimulus is conducted to
the lateral reticular formation, where an inhibitory interneuron
conducts it to ipsilateral and contralateral trigeminal motoneurons
(De Visser et al., 1990). In order to integrate computational data
with the neurophysiological outcome, we can hypothesize that
tDCS may interfere with diencephalic nuclei strictly connected to
pontine and medullary areas from which BR originates; in particu-
lar, a cholinergic downstream has been recently identified between
the hypothalamic paraventricular nucleus and different brainstem
nuclei (comprising reticular formation, locus ceruleus, dorsal raphe
nucleus and motor nucleus of the vagus) (Fearon et al., 2021).
However, BR parameters might be influenced by structures above
the brainstem, e.g., motor cortex and basal ganglia (Esteban,
1999). Computational studies report, also for multi-electrode tDCS,
that it is not possible to avoid delivering current to peripheral cor-
tical regions while targeting deep structures (Sadleir et al., 2012;
Wagner et al., 2016). In 2016, Cabib et al. (Cabib et al., 2016) found
that biemispheric (anode-C3, cathode-C4) and uniemispheric
(anode-C3, cathode-Fp3) tDCS significantly changed BR excitabil-
ity, and explained this result with a tDCS-induced supranuclear
activation conveyed via cortico-reticular (Nonnekes et al., 2014)
or cortico-nuclear connections (Berardelli et al., 1983; Fisher
et al., 1979; Kuypers, 1958). Also, both BR and MIR arc rely on
trigeminal nerve, which is constantly activated during tDCS as sug-
gested by the fact that almost all subjects report different types of
sensations under the electrodes (i.e., in the sensory territory of
trigeminal nerve) (Nitsche et al.,, 2008). The continuous sensory
inputs via trigeminal afferents on brainstem interneurons may
sensitize reflex circuits (Bologna et al., 2010; Manca et al., 2001;
Mao and Evinger, 2001) and lead to the enhancement of reflex
excitability (Cabib et al., 2016).

In our study, we performed a control stimulation condition
(Ec) to exclude that activation of descending cortical pathways
and/or sensitization of trigeminal nerve could confound the
results. Indeed, control montage had electrodes on both left and
right trigeminal territory of innervation, and the anode was
placed over left motor cortex. Although this montage was slightly
different than previous study (Cabib et al., 2016), still significant
changes in BR were found only for E1 stimulation. This might
suggest a frank effect of stimulation. Furthermore, we found
changes only in RI latency, which is reported to be resistant to
suprasegmental, supratentorial, and cognitive influences (Cruccu
and Deuschl, 2000). We found no evidence of changes in RII,
which is reported to be strongly susceptible to suprasegmental,
cortical and cognitive influences (Kimura et al., 1994). Cortical
influences for RII generation are confirmed by data showing that
NIBS applied over the primary motor cortex are able to modulate
RII recovery cycle only, without significant after-effects on RI
amplitudes and latencies (De Vito et al., 2009). Moreover, in order
to avoid cortical influences possibly underlying our results, it
should be considered that differences in tDCS montages, as well
as electrodes size and number (see supplementary material,
Figure S1), impact intracortical excitability in a similar extent,
as shown by changes in Short Intracortical Inhibition (SICI), Intra-
cortical Facilitation (ICF) and Short Intracortical facilitation (SICF)
using either conventional or high-definition montages (Pellegrini
et al., 2021).
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The present work has some limitations. As for the computa-
tional models, the results were obtained without accounting for
interindividual variability which may influence EF magnitude and
spatial distribution (Datta et al., 2009), and montages to be tested
were arbitrarily chosen and not optimized. Also, the model used
only comprised of a limited number of tissues, potentially arising
errors from the exclusion of the dielectric properties of other tis-
sues. As for the clinical study, larger population should be tested
for confirmations, and investigations targeting neuronal excitabil-
ity (e.g., TMS studies (Roos et al., 2021),studies assessing trigemi-
nal pathways through paired stimulation (KIMURA, 1973), or
considering neurophysiological variables other then the ones we
used in this study, including recovery cycle of RII or SP2) should
be performed to better elucidate the real effect of stimulation on
brainstem circuitry. Finally, as shown for other forms of stimula-
tion (Lamy and Boakye, 2013), both the polarity and depth of tDCS
after-effects are likely influenced by genetic polymorphisms
(Fritsch et al., 2010; Lamy and Boakye, 2013), as well as by the
pre-existing excitability state of either cortical or subcortical struc-
tures (Bocci et al., 2014; Lang et al., 2007; Siebner et al., 2004).

In conclusion, our computational and clinical results suggest
that multi-electrode tDCS considering two anodes over the motor
cortices and the cathode over the right deltoid muscle might
induce selective activation of brainstem neuronal circuits. How-
ever, given the complexity of brain targeting, future studies might
resort to optimization decisional algorithms to achieve an efficient
trade-off between intensity, focality, and directionality (Khan et al.,
2022). Also, given the importance of inter-subject variability, indi-
vidualized multi-electrode tDCS should considered (Khan et al.,
2022).
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