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Abstract

Transcranial direct current stimulation (tDCS) is a method of non-invasive brain stimulation
which uses weak electric currents applied on the scalp to modulate activity of underlying brain
tissue. In addition to being used as a tool for cognitive neuroscience investigations, tDCS has
generated considerable interest for use as a therapeutic modality for neurologic disorders. Though
the safety and tolerability of tDCS in adults is well-established, there is little information on the
safety of tDCS in children. Because there are differences between children and adults in several
key parameters (such as skull thickness and cerebrospinal fluid volume) which affect current flow
through the brain, special consideration should be given to the stimulation parameters which are
used in a pediatric study population. In this study we present cortical electrical field maps at
different stimulation intensities and electrode configurations using a high-resolution-MRI derived
finite element model of a typically developing, anatomically normal 12 year old child. The peak
electrical fields for a given stimulus intensity in the adolescent brain were twice as high as in the
adult brain for conventional tDCS and nearly four times as high for a 4x1 High-Definition tDCS
electrode configuration. These data suggest that acceptable tDCS stimulation parameters may be
different in children compared to adults, and that further modeling studies are needed to help
guide decisions about applied current intensity.

[. Introduction

Transcranial direct current stimulation (tDCS) is a non-invasive tool for modulation of
neuronal activity using weak electrical currents applied to the scalp, using 25-35 cm?
sponge-covered rubber electrodes (conventional tDCS) or arrays of conductive gel covered
discs (High-Definition tDCS). There is a growing body of evidence suggesting that the
changes in cortical neuronal activity induced by tDCS can be used therapeutically for
neurologic and psychiatric disorders, many of which affect children and adults. However,



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minhas et al.

Page 2

reports of the use of tDCS in children have been extremely limited at this point, in part
because of the safety concerns that always come with extending the use of new technologies
from adults to children [1], [2], [3].

The safety and tolerability of tDCS when used within accepted safety guidelines is well
established in adults [4], [5], [6], [7]- There are several parameters that determine the effects
of tDCS - current intensity applied at the scalp, electrode size, electrode locations, and
duration of stimulation [9], [10]. Previous modeling studies of current flow through the brain
resulting from tDCS have shown patterns of current flow also depend on anatomic
considerations [11]. Because the skull and brain mature over time, with age dependent
differences in skull thickness, CSF volume, and white and gray matter volumes, the effects
of tDCS with specified parameters may differ substantially in children compared to adults
[12], [13].

Computational models using finite element methods can be used to predict the relationship
between tDCS effects at specified parameters and induced brain current flow (cortical
electric fields). In this study, we present the first high-resolution model of current flow
through a child’s brain. Conventional and 4x1 High-Definition tDCS montages are
evaluated at different current intensities compared to the same stimulation parameters in an
adult head model.

Il. Methods
A. MRI derived head model

To determine peak electric fields and total current flow distribution in children relative to
adults, we developed an individualized high resolution (Lmm) MRI derived finite element
model for a 12-year old child. A standard high-resolution adult model (of 35 years)
previously developed by our group was used as a comparison [14]. High-resolution 3T MRI
scans of the adolescent were obtained and segmented into six tissues (CSF, gray, white,
bone, skin, and air), using both automated (FSL) and manual segmentation tools
(SIMPLEWARE Ltd., Exeter UK) (Figure 1).

The stimulation sponge pads, rubber electrodes, disc electrodes, and gel were imported into
ScanCAD (SIMPLEWARE Ltd., Exeter UK) as .STL files and manually placed on the
scalp. The volumetric mesh was generated from the segmented data. The final mesh,
consisting of >5,000,000 tetrahedral elements (>9,000,000 degrees of freedom), was
imported into COMSOL Multiphysics 3.5 (Comsol Inc., MA). The model was solved using
a linear system solver of conjugate gradients with a relative tolerance of 1 x 10°. The
electrical properties of the tissues were defined by the average isotropic conductivity (S/m):
gray matter: 0.276 S/m; white matter: 0.126 S/m; CSF: 1.65 S/m; skull: 0.01 S/m, scalp:
0.465 S/m.

B. Electrode configurations

We modeled two electrode configurations:

A. Mi-supraorbital: Conventional sponge based electrodes with an area of 25 cm?
were modeled. The anode was placed over the primary motor cortex with its center
corresponding to C3 (on a 10-20 EEG cap). The cathode was placed over the
contralateral supraorbital area (Figure 2).

B. 4x1 HD-tDCS ring: Disk electrodes (11 mm in diameter) submerged in gel were
modeled. The anode was placed over the primary motor cortex corresponding to
C3. Four returns were arranged in a circular fashion around the anode, each at a
disc center to disc center radius of 5 cm. This separation corresponds to the

Conf Proc IEEE Eng Med Biol Soc. Author manuscript; available in PMC 2013 May 02.
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electrode separation using a 10-20 EEG cap system in an adult. However, because
the circumference of the adult head is larger than that of the child, the 5 cm
separation in the child does not equate to the same separation when using the 10-20
EEG cap system. Therefore, a smaller sized ring configuration (disc center to disc
center radius of 2.5 cm) was also modeled in the child. (Figure 2).

C. Initial and Boundary Conditions

[1l. Results

The Laplace equation V - (6V V) = 0 (V: potential, o7 conductivity) was solved with the
following boundary conditions: (1) inward current flow = J,, (normal current density)
applied to the exposed surface of the anode electrode, (2) ground applied to the exposed
surface of the cathode electrode(s), and (3) all other external surfaces treated as insulated.
Current densities corresponding to 1 and 2 mA of total current for the rectangular pad
configuration and 0.5 t01.5 mA (in increments of 0.5) total current for the 4x1 ring
configuration were respectively applied. The electric field magnitude was plotted on the
cortical surface for both the adult and child for both electrode configurations and respective
currents. Additionally, coronal cross-sectional slice plots of EF magnitude were generated
for the 4x1 ring configuration.

A. Comparison of intervening tissue

Because the thickness of the intervening tissues between scalp and brain are important
determinants of current behavior, we calculated differences in skin thickness and skull
thickness in the child and adult heads based on the MRI image. The skin thickness in the
region underlying C3 (anode for conventional and High-Definition tDCS) was 5.5 mm in the
child and 6.3 mm in the adult. The skull thickness under the electrodes was 2.9 mm in the
child and 3.9 mm in the adult. Figure 1 shows the segmented compartments (bone, skull,
CSF, gray matter, and white matter) for both the child and adult. Cross sections were taken
through the 3D rendered tissues to measure skull and scalp thickness (using tools in
SIMPLEWARE, Ltd., UK).

B. Current Flow

We calculated the electric field/current density magnitude in the brain for both the child and
adult for conventional (25 cm? pads) and High-Definition tDCS (Figure 2).

Stimulation, with an intensity of 2 mA, using 25 cm? square pads resulted in a peak electric
field of 0.70 VV/m and 1.04 VV/m, beneath the anode, in the adult and child respectively
(Figure 2). Thus, for the same conventional tDCS stimulation intensity, the peak electric
field in the child was ~1.5 times higher than in the adult. However, the peak electric field on
the scalp was similar for both the adult and child (6.2 V/m and 6.5 V/m, respectively-
corresponding to a current density of 1.7 A/m2, and 1.8 A/m2, respectively). Reducing the
stimulation intensity in the adolescent simulation from 2 mA to 1 mA, resulted in a peak
electric field of 0.52 VV/m (as expected from linearity, Figure 2), for the adolescent, which
was ~1.3 times lower than in the adult case for 2 mA of stimulation.

For the 4x1 High-Definition ring configuration the peak electric field was 0.16 VV/m and
0.56 V/m (for a disc center to disc center radius of 5cm), at 1 mA, in the adult and child
respectively (Figure 2). At the smaller ring size (disc center to disc center radius of 2.5 cm)
the child had a peak electric field of 0.41 VV/m. Modulation of the cortical tissue appeared to
extend much deeper (toward the ventricles) at 1.5 mA of current in the child compared to the
adult.

Conf Proc IEEE Eng Med Biol Soc. Author manuscript; available in PMC 2013 May 02.
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V. Discussion

The results of this study suggest that while general patterns of current flow may be similar in
adult and child brains for specific electrode montages, the peak electric fields achieved with
a given tDCS current intensity are greater in the child brain. These results have potentially
important implications for investigators designing studies utilizing tDCS in pediatric
populations and provide a valuable first-approximation towards efficacy and safety
parameters. However, it is also important to note that although electric field is an important
metric establishing efficacy and safety, it is not sufficient in itself- nor does it account for
region specific (anatomical) or (patho)physiological differences across subjects. For
example, stimulation waveform and duration should be taken in to account.

To date, there are a limited number of published studies reporting tDCS in children; these
studies applied stimulation up to 20 minutes at intensities varying from 1 mA to 2 mA using
bilateral (anodal and cathodal stimulation over the brain) or cathodal stimulation [1], [2],

[3]. Similar to tDCS studies performed on adults, these studies reported no adverse effects or
significant side effects beyond itching or tingling at the site of stimulation [4], [5], [6], [7].
Because the peak brain electrical fields under the anodal regions may have been
substantially higher than expected in adults, this may suggest that higher peak electrical
fields can be tolerated without apparent adverse effects. Nevertheless, caution is warranted
in applying stimulation intensities above 1.5 mA in pediatric populations.

However, for the same tDCS dose, the predicted current density on the scalp is similar for
the adult and child, consistent with similar safety/tolerability for skin-level effects.
Interestingly this suggests that it is possible to reduce tDCS current intensity in children to
produce the same peak brain electric fields as in adults, but with reduced peak skin current
density. It is also important

This study compared a high resolution model for a specific adult and child. Additional
limitations include those intrinsic to finite element modeling: (a) precision and accuracy of
segmentation of tissues (b) assumed isotropic conductivity values (not taking into account
inhomogeneity and anisotropy). Furthermore, the assigned tissue conductivity values are
presumed to be the same in the adult head model and pediatric head model, though in
reality, there may be differences in the conductivity properties of skin or white matter, for
example, in a child compared to an adult. Finally, differences in tissue/brain sensitivity to
electrical stimulation (e.g. neurophysiology) were not considered.

Because the differences demonstrated in this study between an adolescent brain and adult
brain were significant, we suspect that even greater differences may be detected in models of
still younger subjects. Future directions in this line of investigation may include head
models from younger healthy subjects as well as subjects with abnormal anatomy or brain
lesions.
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Figure 1.

Segmented tissue masks (skin, skull, CSF, gray matter, and white matter respectively) for
the child and adult are shown in the first two rows. Skin and skull thickness are among
important factors that determine the flow of current through the brain. The skin thickness
was 5.5 mm and 6.3 mm for the adolescent and adult respectively. The skull thickness was
2.9 mm and 3.9 mm for the adult and child respectively.
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Figure2.

Predicted electric field magnitude plotted on to the cortical surface of the adolescent and
adult for conventional and 4x1 High-Definition tDCS at different current dosages. tDCS:
For conventional tDCS the center of anode (red) was positioned on the motor strip and
cathode (black) was positioned over the contraletral supraorbital area (A, B). For 4x1 high
definition tDCS the center of the anode (red) was positioned on the motor strip and the four
returns (black) were placed around the center in a circular fashion with a 5cm distance from
the center of the anode to the center of the return (C, E). An additional smaller ring (2.5 cm
separation) was modeled for the child (see methods) (D). At 2 mA, the peak electric field
was1.04 V/m in the adolescent and 0.70 V/m in the adult. False color maps are shown in the
front, left and right view respectively (A.1-3, B.1-3). The second row shows a false color
map of induced electric fields at 1 mA current in the adolescent in the front, right and left
view, respectively (A.1b—3b). /nsets show electric field on the scalp (10X scale). The peak
electric fields on the scalp for the adult and child at 2 mA are 6.2 V/m and 6.5 V/m
respectively. HD-tDCS: The peak electric field, at 2 mA, for 4x1 HD-tDCS was 1.12 V/m
in adolescent and 0.32 VV/m in the adult, at a 5 cm separation. A smaller ring was modeled
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for the adolescent. This separation corresponds to the 5 cm separation in the adult (see
methods). False color maps of 0.5 mA, 1 mA, and 1.5 mA of current are shown,
respectively, in the adolescent and adult, at 5¢cm separation (C.2a, C.3a, C.4a, D.2a, D.3a,
D.4a, E.2a, E.3a, E.4a). Cross-sectional coronal electric field plots, corresponding to the
coronal MRI slice, were taken from the center of the brain (beneath the anode). Brain
modulation was comparatively deeper for the adolescent than the adult at all three current
intensities (C.2b, C.3b, and C.4b).
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