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Abstract
In this paper, we present a numerical simulation of transcranial magnetic stimulation in a real 3D child head
model by employing a realistic ﬁgure-of-eight coil. The induced electric ﬁelds were calculated by impedance
method and the results were compared with those obtained in an adult head model. It was found the electric
ﬁelds present the maximum values in the scalp for both child and adult head models. While the electric ﬁelds
decay quickly in child brain than that in adult brain. The TMS eﬃcacy is reduced in child head compared
to that in adult head.

1

Introduction

Transcranial magnetic stimulation (TMS) is a noninvasive technique used to apply brief magnetic pulses
to the brain. The pulses are generated by passing high currents through an electromagnetic coil placed
upon the scalp that can induce electrical currents in the underlying cortical tissue, thereby producing a
localized excitation of neurones[1][2][3]. As a noninvasive method to stimulate the brain, TMS has attracted
considerable interests as an important tool for studying the functional organization of the human brain as
well as a potential therapeutic tool to certain neurological disorders [4].
Compared to the extensive research on every aspect of TMS in adults in the past two decades, the potential
application of TMS in children has not yet been fully explored. In children, TMS has been mainly developed
to probe the motor cortex function and its relationship to motor skill acquisition in healthy children and
in those with developmental disabilities by measuring motor thresholds, motor evoked potentials etc. [5][6].
For safety reason, TMS has rarely been applied as a treatment of neurological and psychiatric disease in
children. The purpose of the present study is to calculate the electric ﬁelds in a real child head model by
employing a realistic ﬁgure-of-eight TMS coil and compare the result with that of an adult model. It is
hoped that this study will help in the evaluation of the safety proﬁle involved with applying TMS to the
pediatric population.

2

Real Human Head Models with TMS Coils

The child head model was developed by Virtual Family projet, which consists of four anatomical highresolution models, based on MRI data of two adults and two children[7]. We have used the model of 6-year-old
boy with a resolution of 1 mm. The head model with 36 diﬀerent tissues is shown in Fig. 1(a). The adult
head model as shown in Fig. 1(b) was obtained from Brooks Air Force Laboratory. The model is based on
anatomical slices from a male cadaver and were originally obtained from the Visible Human Project.
We have modeled the TMS with a ﬁgure eight shaped coil. The inner and outer radii of the circular
wings are 10 mm and 50 mm, respectively. The number of the wire turns in each wing is 10. The designed
coil is placed on the surface of the child and adult head models, and are shown in Fig. 1(c)-(d). Following
a typical clinical procedure we use a sinusoid current with amplitude of I=7.7 kA and working frequency
𝑓 =3.6 kHz.
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Figure 1: 3D head models with TMS coils.
Table 1. Tissue Conductivities

Tissue

Conductivity
𝜎[𝑆/𝑚]
Artery
7.0001e-01
Blood.Vessel
3.1065e-01
Cartilage
1.7535e-01
Cerebellum
1.2702e-01
2.0000e+00
CSF
Commissura-anterior
6.5606e-02
Commissura-posterior
6.5606e-02
Connective-tissue
2.0442e-01
Ear-cartilage
1.7535e-01
Ear-skin
2.0065e-04
Eye-cornea
4.2799e-01
Eye-lens
3.3268e-01
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Tissue

Conductivity
𝜎[𝑆/𝑚]
Eye-sclera
5.0785e-01
Eye-vitreous-humor 1.5000e+00
FAT
2.3436e-02
Gray matter
1.0702e-01
Hippocampus
1.0702e-01
Hypophysis
5.2732e-01
Hypothalamus
5.2732e-01
Mandible
2.0309e-02
Marrow-red
2.5188e-03
Medulla-oblongata
7.2421e-01
Midbrain
7.2421e-01
Mucosa
1.0579e-03

Tissue

Conductivity
𝜎[𝑆/𝑚]
Muscle
3.3447e-01
Nerve
3.2265e-02
Pineal-body
5.2732e-01
Pons
7.2421e-01
Skin
2.0065e-04
Skull
2.0309e-02
Spinal-cord
3.2265e-02
Teeth
2.0309e-02
Thalamus
1.0702e-01
Tongue
2.3436e-02
Vein
7.0001e-01
White Matter 6.5606e-02

Tissue Conductivity and Numerical Method

The electrical properties are modeled using the 4-Cole-Cole model[8]. In this model, the biological tissues
subject to an electric ﬁeld with angular frequency is modelled by relaxation theory and tissue properties can
be obtained by ﬁtting to experimental measurements [9]. The tissue conductivities used for the child model
calculations are shown in Table 1. While the tissues with underlines in Table 1 were used for the adult model
calculations.
The head models are described using a uniform 3D Cartesian grid and is composed of small cubic voxels.

The size of each voxel is 1 mm × 1 mm × 1 mm. There are nearly 5.6 million voxels and 8.8 million
voxels in the computational space for child and adult models, respectively. Assuming that, in each voxel, the
electric conductivities are isotropic and constant in all direction, the model is represented as a 3D network
of impedances. The magnetic ﬁelds are calculated using Biot-Savart’s law, and the induced electric ﬁelds are
calculated using the impedance method[10][11].

4

Results and Discussions

Figure 2: Magnitude of electrical ﬁelds as a function of depth below the head surface

(a)

(b)

Figure 3: Electric ﬁelds in the coronal plane. (a) child model at y=0.064 m, (b) adult model at y=0.076 m
Figure 2 shows the magnitude of electric ﬁelds along the test line from the skin into the brain. The
test line is located under the center position of the TMS coil, and it is perpendicular to the surface of the
overlapping part of the coil. From Figure 2, we can ﬁnd that the electric ﬁelds present the maximum values
in the scalp for both child and adult models. The larger value of electric ﬁelds in the scalp may bring side
eﬀect such as scalp discomfort for children. The electric ﬁelds decay quickly in child brain than that in adult
brain. This means TMS eﬃcacy is reduced in child head whose head circumference and brain volume are
smaller than those of the adult head. In the deeper part of the brain (> 4cm), the electric ﬁelds are much
smaller in both child and adult models.
Figure 3 shows the variations of the electric ﬁelds on the cross section of the head models in the coronal
plane at y=0.064 m for child head model and y=0.076 m for adult head model. As expected, the induced
electric ﬁelds present the maximum values in the head tissues which are just located under the overlapping

part of the TMS coil. The ﬁeld penetration into the brain is reduced quickly for child head compared to
that of the adult head.

5

Conclusion

This is the ﬁrst time the induced electric ﬁelds in a real child head model by TMS are presented. When
the same sized coil with the same stimulus parameters is used to stimulate brains with diﬀerent volumes,
TMS eﬃcacy is reduced in the child whose head circumference and brain volume are smaller than those of
the adult human. The results in this paper provide some useful information for TMS application for the
pediatric population in the future.
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