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Reported transcranial current stimulation (tCS) effects on cerebral activity leave numerous questions open regarding
the involved mechanisms of action. A number of studies have identified clear physiological effects, however it remains
to be understood how to take into account interindividual variability to tCS: For example, to what extent does
individual brain geometry, such as cerebral tissues morphology, impact this prediction? Here, we aimed at evaluating
how the geometry of cortical tissue surfaces impacts the charge distribution and therefore the electric fields induced
by tCS.

Introduction

Non-invasive brain stimulation (NIBS) is gaining increasing interest in neuroscience. Indeed, countless studies have
suggested therapeutic potential in the field of drug-refractory depression [Boggio et al., 2008], Parkinson’s disease [Lee
et al,, 2019], and stroke [Fregni et al., 2005], among others. NIBS can be induced using at least two electrodes
that cause a transcranial current flow, which can be either alternative (tACS) or direct (tDCS). Effects of tCS on
cerebral activity depend directly on the electric field generated in brain tissues [Bikson et al., 2004; Radman et
al., 2009; Rahman et al., 2013].

Since the brain shape is non-deterministic, personalized therapy is laborious and expensive, requiring individual
magnetic resonance imaging (MRI) to tailor and predict the therapeutic effect. The distribution of E-field in
heterogeneous brain tissues varies indeed significantly as a function of individual shape and size [Truong et al,, 2013;
Laakso et al.,, 2015]. Moreover, the electric field in any disordered heterogeneous media will exhibit local maxima and
minima in vicinity of convex and concave features and, in particular, close to wedge-shaped gyri as a direct
consequence of Gauss's law. The goal of this study was therefore to quantify the influence of cortical gyri shape on the
distribution of the local electric field.

Methods
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The MRI data used in this study was from the ICBM model: an averaged geometry of a large number of healthy human
brains [Fonov et al.,, 201 1]. In order to build a numerical model based on this geometry, our first step was the
segmentation of tissues using the ROAST pipeline [Huang et al., 2018]. Then, an axial slice was chosen to accurately
represent the cross-sectional anatomy of the brain. The resulting slice is presented in Figure |, and consists of the raw
MRI data (Figure la) and the segmented representation (Figure Ib). The segmented slice was then outlined using the
Inkscape vector editing software. As shown in Figure |lc, Bezier curves were defined for the boundary of each tissue
to obtain a complete vector image suitable for finite element modeling in COMSOL Multiphysics.

The dielectric parameters were attributed according to the Cole—Cole model [Gabriel et al., 1996]. At | kHz, the
following tissue properties were defined as: skin [0 = 2.0 X 104 (S/m); e. = 1.1 x I03]; scalp [0 = 2.0 x 10-2 (S/m); €,
=27 x I03]; cerebrospinal fluid [CSF; 0 = 2.0 (S/m); €. = I.] % IOZ];grey matter [GM; 0 = 9.0 x 1072 (S/m);e. = 1.6 x
I05]; white matter [WM; 0 = 6.0 x 10-2 (S/m); . = 7.0 % I04]; where O is the conductivity and €, is the relative

permittivity. The conductive gel for electrodes was modelled by two rectangles intersecting with the surface of the
skin (Figure 1d). The insulator boundary condition (] - n = 0) was assigned to the skin surface. The outer boundaries
of gel modelled the electrodes with V = 0 for the ground and |y = 2 mA for the terminal (Figure 1d).

The next step was to isolate a gyrus close to electrodes where a wedge angle can be varied with a minimal E-field
disturbance from surrounding tissues. For the variation of the angle, three control points (A, B, C) were defined
(Figure 2b). (B, C) remained fixed while A was moved to adjust the angle (Figure 2b). The degree of this angle 8 can be
evaluated from the coordinates of (A, B, C) by calculating their Euclidian distance. For this, we used Al-Kashi’s theorem
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where d(X, Y) denotes the Euclidian distance between the two points X and Y. Ten angles 6, € [68.1, 143.7] were
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established, as shown in Figure 2b. Normalized electric field was evaluated on the wedge point A.

Results and Discussion

Figure 2a highlights a non-homogeneous distribution of the electric field along the interfaces between tissues. As
hypothesized, these variations were more pronounced at the interfaces with locally strong convex or concave
features.

Figure 2c presents the local E-field distribution on a gyrus as a function of the wedge angle. Clearly, the E-field
amplitude on the CSF—-GM decays exponentially as a function of the wedge angle (Figure 3). This dependence can be
accurately interpolated as E = 0.5933 00178 (coefficient of determination R? = 0.9986), where E is the E field and O
is the wedge angle. The effect of the wedge angle was significant: locally, the electric field doubled for an angle from
143° to 68°. Importantly, this variation in amplitude can affect the focality of neurostimulation in cortical regions.

Conclusion

This study did show the significant influence of gyri shape, especially its wedge angle, on the local distribution of E-field
in the cerebrospinal fluid. More than an observation, it is actually an exponential dependence that was identified.
Those results emphasize the importance of taking into account subject-specific brain morphology, which could explain
at least in part the lack of consistency between numerous tCS studies. Having improved estimates of electric field
distributions in target regions could also assist in calibrating stimulation intensities to facilitate the comparison of
outcomes between subjects.
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Figure 1. Model formulation using a 2D cerebral axial slice (a) Source image from ICBM model (105 out of 189
images); (b) ROAST classification; (c) Phantom obtained with vectorization of tissues; (d) Final model including
gel and electrodes.
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Figure 2. (a) Electric field distribution on the global surface with an input current of 2mA at | kHz; (b) Variation
of the wedge angle 8 from 68° to 143°;and (c) Associated electric field distribution.
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Figure 3. Effect of the wedge angle on the maximum electric field.






