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Background: For effects of transcranial direct current stimulation (tDCS), electrical field distribution and
coverage of the target areas play a decisive role.

Methods: We explored the effect of different angle-orientations of tDCS electrodes applied over the
upper limb motor cortex (M1) on motor cortex excitability in healthy volunteers. Sixteen individuals
received 1mA anodal or cathodal tDCS through 35cm? electrodes over M1 for 15 min. Transcranial
magnetic stimulation was used to examine tDCS-generated cortical excitability effects. The M1 electrode-
orientation was following the right-left longitudinal plane, or positioned with 45° deviation from the
midsagittal plane. Coverage of underlying brain and electrical field orientation were also investigated.
Results: Cortical excitability modulation was observed only when the electrode was aligned with 45°
angle, which covered a larger area of the motor cortex.

Conclusion: an electrode angle-orientation of 45° induces superior neuroplastic effects of M1 due to a
better alignment with the motor cortex.

© 2018 Elsevier Inc. All rights reserved.

Introduction

Transcranial direct current stimulation (tDCS) induces changes
of cortical excitability and modulates cognition and motor pro-
cesses [1—3]. tDCS alters excitability [4,5] via changes in neuronal
firing by hyperpolarizing or depolarizing brain tissue, and gluta-
matergic plasticity [6,7]. The efficacy of tDCS hereby depends on
different stimulation aspects, such as current density/flow direc-
tion, electrode size/placement/configuration, stimulation duration,
and combination with task performance or rehabilitation therapy
[8].

For alteration of neuronal membrane excitability, alignment of
electrical field orientation with the long axis of a given neuron is
mandatory [8,9]. Compared to rodent and slice studies [10—12], due
to its gyrated cortex, and heterogeneous orientation of neurons,
stimulation effects are assumed to be more heterogeneous in
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humans [10,11]. However, at the population level, similar effects as
in animal experiments have been obtained [12—14]. The position of
the electrode over the targeted region, but also the return electrode
position, which together determine electrical field orientation, are
critical for the efficacy of tDCS [13,14].

Furthermore, electrode size and geometry are relevant for the
formation of the electrical field. Smaller electrodes deliver more
specific effects [15,16]. Since tDCS modulates also functional con-
nectivity at the cortical network level [17], covering a larger area of
connected regions could enhance efficacy of tDCS. This was recently
shown for the motor cortex model [18].

We explored the impact of different angles of a conventional
electrode positioned over the primary motor cortex on tDCS-
induced cortical excitability alterations. We hypothesized that
alignment of the long axis of the electrode with the central sulcus
(which is the electrode orientation used in our laboratory) results
in better effects than an electrode orientation with the long axis
along the medio-lateral axis. The former electrode orientation
should cover the primary motor cortex, and also connected areas, to
a larger degree than the Ilatter. We investigated the
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neurophysiological effects of these electrode orientations on upper-
limb motor cortex excitability of healthy individuals.

Methods
Subjects

Sixteen (10 women, 25.32 + 4.3 years old) healthy right-handed
individuals participated in this study, which was performed in
accordance with the Declaration of Helsinki and approved by the
local ethics commission of the Leibniz Research Center. Participants
were financially compensated. Exclusion criteria comprised CNS-
active medication, history of brain disorders, contraindications for
tDCS/TMS, and tobacco smoking. The volunteers were instructed
not to practice sport activities, and not to consume alcohol during
24 h, or caffeine during 2 h before the start of the experiment.

Experimental procedures

Experimental design

The study was randomized, cross-over, and single-blind. Anodal
and cathodal tDCS were applied in different sessions with different
electrode angle-orientations over the upper-limb motor cortex
(M1). The effects of tDCS were monitored by TMS-evoked MEP at
baseline and up to 120 min after tDCS (Fig. 1A).

MEP recording

TMS was applied to the left upper-limb primary motor cortex
with a figure-of-eight coil connected to a PowerMag 100 ppTMS
stimulator (Mag&More, Germany). The coil was placed in a
posterior-anterior direction, and the handle of the coil pointed
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backwards at an angle of 45° from the midsagittal plane. The motor
hotspot was defined as the coil position resulting in the largest MEP
amplitude of the right abductor digiti minimi muscle (ADM), and
was marked with a pen to allow constant coil position. TMS in-
tensity (percentage of maximum stimulator output, ¥MSO) was
determined to achieve a baseline MEP amplitude of 1 mV and kept
constant throughout the experimental session. Twenty-five MEP
were recorded in each time bin.

tDCS

tDCS was applied through a pair of 7 x 5 cm electrodes via a
StarStim stimulator (NeuroElectrics, Spain) with 1 mA current
strength for 15min, with 10s ramping-up and -down. The
following tDCS protocols were applied: (i) anodal — longitudinal;
(ii) cathodal — longitudinal; (iii) anodal — 45°; and (iv) cathodal —
45°, Longitudinal and 45° refer to the angle-orientation of the M1
electrode. The longitudinal electrode was positioned along the
coronal anatomical plane (long axis medio-lateral), and the other
with a 45° rotation angle in relation to the midsagittal plane
(Fig. 1B). The return electrode was placed above the contralateral
supraorbital region. Saline-soaked surface sponge electrodes
attached by elastic bands were used, and the connector cable left
the electrodes on the side pointing backwards (Fig. 1B).

Finite element modeling
SimNIBS, which uses FreeSurfer and FSL BET to segment the
head, was employed for modeling electrical current distribution

[19,20]. We determined coverage of the motor and premotor re-
gions (Fig. 2A), defined current flow direction, and calculated the
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Fig. 1. Experimental design and results of cortical excitability alteration following tDCS. MEP amplitudes deviating more than +2 standard deviations from the individual mean
and with pre-TMS muscle artefacts were excluded. (A) Experimental design (B) Electrode angle-orientation. (C) Anodal tDCS effects on MEP amplitudes, absolute values. (D)
Cathodal tDCS effects on MEP amplitudes, absolute values. Filled symbols indicate significant difference to baseline. Asterisks represent significant difference between two angle
orientations for each polarity. (p < 0.05). The error bars denote standard errors of the mean.
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difference between the norm values of the electric fields (normEF) Results
(for details, see Fig. 2).

Baseline MEP and %MSO show no significant difference be-
tween sessions. The 3-factorial repeated-measure ANOVA reveals
significant ‘orientation x polarity x time’ (F (10, 140)=1.981,

. . p =0.040), ‘orientation x polarity’ (F(1, 14) = 8.359, p =0.012), and
Individual means of 25 MEP amplitudes were calculated for all ‘polarity x time’ (F(1, 14) = 1.985, p —0.039) interactions, and a

subjects and time bins. MEP amplitudes deviating more than +2 significant effect of ‘polarity’ (F(1, 14) = 7.497, p — 0.016). The one-

standard deviations from the individual mean ar}d with pre-TMS factorial ANOVAs conducted for all tDCS protocols separately show
muscle artefacts were excluded. A two—Falled palred—sample Stu- significant effects of ‘time’ for the 45°-orientation protocols
dent's t-test was conducted to evaluate if baseline MEP measures (anodal: F(10, 140) — 2.028, p — 0.035; cathodal: F(10, 140) = 2.210,

and %MSO of TMS differed between experimental sessions.
Arepeated-measures ANOVA was performed with absolute MEP
amplitudes as the dependent variable, and electrode angle-
orientation (longitudinal, 45°), stimulation polarity (anodal, cath-
odal) and time bins (baseline, post0-120) as within-subjects factors.

For each tDCS protocol, furthermore a one-factorial repeated  oqyited in inhibitory effects. Post-hoc tests contrasting angle ori-
measures ANOVA was performed with absolute MEP amplitudes as o ations show significant differences at the time-points post10

the dependent variable and ‘time’ as within-subject factor. Explor- (p = 0.012), post15 (p = 0.011), and post20 (p = 0.01) (Fig. 1C and D)
atory post hoc comparisons were performed using Student's t-test. : !

One volunteer, due to schedule issues, dropped out, thus the sta-
tistical analysis was performed for 15 volunteers. Data were
analyzed with SPSS (Statistical Package for Social Sciences) version
25.0 for Windows (SPSS Inc., Chicago IL). A P value <0.05 was

Statistical analysis

p=0.020), but not for the longitudinal conditions. Accordingly,
post-hoc tests conducted to compare baseline with post-tDCS MEP
amplitudes show a significant enhancement after anodal tDCS in
the 45° electrode orientation only, which lasted for 25 min after
intervention, whereas cathodal tDCS with this electrode position

for anodal tDCS. In further accordance, higher response rates were
observed by tDCS with 45°-oriented target electrodes for both
anodal and cathodal stimulation, as compared to the respective
longitudinal-oriented stimulation protocol (supplementary

. .. .. material).
considered significant for all statistical analyses.
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Fig. 2. Results of fine element modeling. Simulation was performed using the standard head model provided by the software (http://simnibs.de/_media/simnibs2.0_example.tar.
gz). Size, position, and orientation of the electrodes, and current intensity were adjusted according to the experimental setting. Electric field values were converted to a nifti file
using the msh2nii command. (A) Test if the motor cortex electrodes differed with regard to coverage of the motor and premotor regions, we created a ROI containing Brodmann
areas 4 and 6, the electrode over M1 covers larger parts of M1 and premotor cortex (shown in blue and orange, respectively) if it is rotated by the angle 45°. (B) Simulated electrical
field vectors for the two different electrode configurations; in both configurations, one electrode (anode, 5 x 7 cm) is placed over the right orbit and the other (cathode, 5 x 7 cm)
over the left M1 region, but with the different orientation. Current intensity was set to 1 mA. (C) To determine current flow direction, vector components of the average electric field
(EF) value for all nodes inside this volume were calculated in three different directions (ML: medio-lateral, PA: posterior-anterior, IS: inferior-superior). The amplitude of electric
field and its norm value in the primary motor cortex (M1) and premotor areas (PreM1) for two different angles of the M1 electrode. (D) The difference between the values of normEF
in the two models shows that preM1 and M1 regions are more strongly affected with the 45° rotated electrode. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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EF values for the two models are shown in Fig. 2B. The ampli-
tudes of EF and normEF values in the M1+PreM1 ROI (Fig. 2C) show
stronger EF and normEF induced by the 45° angle electrode. The EF
component in the inferior-superior direction is larger with the 45°
angle. The difference between the values of normEF in the two
models (Fig. 2D) demonstrates that preM1 and M1 regions are
affected to a larger degree in the 45°-oriented condition.

Discussion

Several factors contribute to the efficacy of tDCS to induce
neuroplasticity of the human brain, including protocol specifics
[23]. The relevance of angle-orientation of conventional rectan-
gular stimulation electrodes has been rarely explored so far. The
results of the present study show that electrode angle-orientation
has a relevant impact. A significant excitability enhancement with
anodal, and reduction with cathodal tDCS was observed only when
tDCS was applied with an angle-orientation of the M1 electrode of
45° from the midsagittal line.

A presumably important factor for tDCS effects is the de-
pendency of the neuronal excitability change from the axonal
orientation relative to the electric field vector, as shown in animal
slice models [9,13]. Recent results of human studies imply that the
direction of current flow through respective cortical target regions
has to be considered for targeting and dose-control of tDCS [24,25].
Directionality of current flow was however not relevantly altered
by the different angle of the motor cortex electrodes, and thus
cannot account for these results. Since the 45° angle-orientation
covers larger parts of the cortical motor network, including the
ipsilateral premotor cortex, premotor tDCS affects intracortical
excitability of the ipsilateral M1 [21], and stimulation of the cortical
motor network alters M1 excitability more efficiently as compared
to stimulation over M1 alone [18], this might explain the superior
effects of this montage.

Limitations of this study include the small sample size, and a
missing sham tDCS condition. The results of this study suggest that
the specific placement of the electrodes on the head is crucial for
tDCS effects. This stresses the relevance of tDCS protocol specifics
for obtained physiological and behavioral effects [22—25].
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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