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Abstract

Transcranial magnetic stimulation (TMS) has been used to study brain function and is being investigated as a
possible treatment for a variety of neurological disorders and neuropsychiatric diseases. Most studies
implementing TMS utilize adult subjects but the method may also be a beneficial tool in the treatment of
pediatric patients. It is known that the structure of pediatric brains differ to those of adults and the use of
scaled adult head models for studying exposure to electromagnetic radiation may provide erroneous results. In
this study numerical calculations have been performed incorporating high-resolution anatomically realistic
human models of varying age to accurately determine how field induced by TMS depends upon the age of the
patient. Results show that different protocols should be considered when conducting TMS experiments with
pediatric patients to ensure desired neurological effects are achieved in a safe manner.
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A Numerical Dosimetry Study for Pediatric Transcranial Magnetic
Stimulation
Lawrence J. Crowther, Ravi L. Hadimani, and David C. Jiles, Fellow, IEEE

Abstract—Transcranial magnetic stimulation (TMS) has been
used to study brain function and is being investigated as a
possible treatment for a variety of neurological disorders and
neuropsychiatric diseases. Most studies implementing TMS
utilize adult subjects but the method may also be a beneficial tool
in the treatment of pediatric patients. It is known that the
structure of pediatric brains differ to those of adults and the use
of scaled adult head models for studying exposure to
electromagnetic radiation may provide erroneous results. In this
study numerical calculations have been performed
incorporating high-resolution anatomically realistic human
models of varying age to accurately determine how field induced
by TMS depends upon the age of the patient. Results show that
different procedures should be considered when conducting
TMS experiments with pediatric patients to ensure desired
neurological effects are achieved in a safe manner.

I. INTRODUCTION
Transcranial magnetic stimulation (TMS) is a painless and
non-invasive neuromodulation technique based upon the
principles of magnetic induction [1-2]. TMS has been used to
study brain function and is being investigated as a possible
treatment for numerous brain disorders. The technique already
shows good efficacy for the treatment of drug-resistant major
depressive disorder [3].
The potential acute adverse effects of TMS are mostly
physiological; the possibility of provoking seizures and
damaging hearing, both of which can be avoided pursuant to
established guidelines [4].
The dosimetry of TMS devices has been calculated with
anatomically realistic human head models [5-7] but little work
has been performed to calculate induced fields in children at
the frequencies associated with TMS devices.
Intricate structural changes occur in the brain during
development through infancy and adolescence. Evidence for
this includes the findings of a linear increase of white matter
occuring whereas an increase of grey matter occurs preadolescence followed by a decrease post-adolescence [8]. It
has also been observed that the latency of the ipsilateral silent
period decreases from an age of 6-7 years old to early
adolescence [9], indicating the development of cortical
inhibitory neurons and myelination of the corpus callosum.
The electric field induced by TMS therefore depends on
the dielectric properties of biological tissue but also upon other
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age-dependent parameters. The nature of these changes
necessitate the study of the brain at different stages of
development.
Prior numerical studies of electromagnetic fields in
children have utilized scaled adult models, introducing
anatomical errors to the simulation due to the non-uniform
growth of organs as identified in other studies [10-11].
The present study investigates how the stage of brain
development affects the induced electric field in the brain and
consequently the regions of the brain that will be stimulated.
TMS studies of pediatric brain disorders may gain significant
insight from the outcome of this study.
II. METHODS
A. Anatomically realistic human head models
The heterogeneity and anisotropy of electrical conductivity
in biological tissues have been shown to have a significant
effect upon induced electric field in the brain [7,12]. It is
assumed that this will remain true for human brains of
different ages. High-resolution anatomically realistic head
models of varying ages have been obtained for this study. The
models, shown in Fig. 1, were developed as part of the Virtual
Family Project [13] and are derived from MRI scans of an
adult male and female, aged 34 and 26 years respectively, an
11-year-old female and 6-year-old male. Details of the
individual models are provided in Table 1. The resolution of
the MRI data is 0.5 × 0.5 × 1.0 mm in the head and 0.9 × 0.9
× 2.0 mm in the trunk and limbs.
In order to observe the effect of tissue heterogeneity an
equivalent homogeneous head model has been developed,
based on the standard anthropomorphic model (SAM), scaled
and oriented to match the dimensions and position of each of
the heterogeneous models.
TABLE I. ANATOMICAL MODEL SPECIFICATIONS

M

Age
[years]
34

Height
[m]
1.77

Weight
[kg]
72.4

BMI
[kg/m3]
23.1

F

26

1.63

58.7

22.0

Name

Sex
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Ella

Laboratory, US Department of Energy, Ames, IA 50011 USA (e-mail:
hadimani@iastate.edu).
D. C. Jiles is the with the Department of Electrical and Computer
Engineering, Iowa State University, Ames, IA 50011 USA and Ames
Laboratory, US Department of Energy, Ames, IA 50011 USA (e-mail:
dcjiles@iastate.edu).

Copyright 2013 IEEE. This is a manuscript of an article from 6th Annual International IEEE EMBS Conference on Neural
Engineering San Diego, California, 6-8 November, 2013: 239, doi: 10.1109/NER.2013.6695916. Posted

with permission.

Billie

F

11

1.47

35.4

16.5

Thelonious

M

6

1.17

19.3

14.0

Each anatomically realistic body model consists of
approximately 80 tissues. Dielectric parameters for these
tissues were obtained from the IT’IS tissue database [14]

A 0 (r ) =

µ0
4π

∫

Ω

J 0 (r')
dr'
r − r'

(1)

The vector potential A is decoupled from the electric field E
which is calculated using equation (2).

E = − jω A + ∇ϕ = Es + Ei

(2)

where ∇·Es = 0 (solenoidal) and ∇×Ei = 0 (irrotational). The
magneto-quasi-static calculation is described by equation (3).

∇ ⋅ σ∇ϕ = jω∇ ⋅ (σA 0 )

(3)

The simulations assume a sinusoidal magnetic flux density
of 2.5 kHz, comparable in frequency to the biphasic pulse
produced by commercial TMS systems. 100% stimulator
power output was assumed to be to an electric current of 5kA
flowing in the copper medium.

Fig. 1. High-resolution anatomically realistic human body models; male 34year-old, female 26-year-old, female 11-year-old and male 6-year-old.

which utilizes the work of Gabriel et al. [15-17].
The skin component of these models comprises the cellular
epidermis and dermis but not the outermost, stratum corneum
which contains no excitable nerve endings. Dielectirc
properties of major tissues located in the head used in this
study are provided in Table 2.
TABLE II. VALUES OF DIELECTRIC PROPERTIES AT 2.5 KHZ
Tissue

Relative
Permittivity, εr

Brain (grey matter)

7.81 × 104

Electric
Conductivity, σ
[S/m]
1.04 × 10-1

Brain (white matter)

3.43 × 104

6.45 × 10-2

Cerebellum

7.84 × 104

1.24 × 10-1

Cerebrospinal fluid

1.09 × 102

2.00

Skin

1.14 ×

103

2.00 × 10-4

Skull

1.44 × 103

2.03 × 10-2

C. Magnetic field measurements
A commercially available coil commonly used in the
implementation of TMS has been selected for use in this study.
The Magstim 2nd Generation Double 70 mm remote control
coil has been characterized and modeled for electromagnetic
simulations. The coil was determined to have nine windings
with inner radius of 32 mm and outer radius of 48 mm. A
separation of 1 mm between windings was accounted for to
accommodate insulation and air gap.
To validate values obtained from the electromagnetic
modeling, magnetic field measurements were conducted and
compared to results obtained through simulation. Figure 2
shows the axial component of the calculated magnetic field at
a distance of 20 mm, along the length of the TMS coil (x-axis)
and also the measured axial magnetic field obtained with a
gaussmeter and hall probe. The calculations show good
agreement with the measured peak field despite small
deviations occurring at the edge of the coil and at the center
due to minor simplifications made in modeling the TMS coil.

B. Calculation of magnetic and electric field
The magnetic and electric fields were calculated using a
method that implements a low frequency solver based on a
quasi-static model. This solver assumes zero Neumann
boundary conditions and requires current sources (the
stimulation coil) to be modeled external to the lossy domain
(the biological tissue). The magneto-static vector potential is
found via the Biot-Savart law as shown in equation (1).
Copyright 2013 IEEE. This is a manuscript of an article from 6th Annual International IEEE EMBS Conference on Neural
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Fig. 2. Measured and calculated axial magnetic field in plane 20 mm from
Magstim Double 70 mm remote control coil energized with Magstim 200
stimulator at 100% output.

III. RESULTS AND DISCUSSION
The induced electric field in a central coronal slice of the
anatomical head models and corresponding homogeneous
head models are shown in Fig. 3. The investigated exposure
scenario is of the TMS coil being placed upon the vertex of the
head.
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Fig. 3. Calculated induced electric field in coronal slice of heterogeneous
human head models and equivalent homogeneous models.

The electric field calculated from the vertex of the head
models along the model z-axis (represented in Fig. 3 by
vertical lines) for the anatomical head models are shown in
Fig. 4. It is observed that the values of electric field in the child
models deviate from that of adult models considerably at 2030 mm, regions where neural tissue is located.

where grey and white matter are located. This result
demonstrates the advantage of using anatomically realistic
head models for calculations of human exposure to
electromagnetic fields.

Fig. 6. Induced electric field in anatomically realistic model of adult male and
corresponding homogeneous model.

Fig. 4. Induced electric field calculated from vertex of anatomically realistic
head models.

The electric field calculated in the homogeneous head
models along the model z-axis are shown in Fig. 5. The results
show that slightly lower electric field values are found in the
child homogeneous head models than in the adult
homogeneous head models. This result is consistent with that
reported by Weissman et al. in studying animal brains which
are relatively smaller than those of adult humans [18].

Further numerical studies of pediatric TMS may also
consider the potential variation in the dielectric properties with
age. It has been demonstrated that the electrical conductivity
of bone marrow reduces significantly with age following
investigations by Peyman et al. [19], although only modest
changes in specific absorption rate (SAR) calculations at radio
frequencies (significantly higher than the frequencies
associated with TMS) were observed.
IV. CONCLUSIONS
This study provides an insight into the effect of brain size
upon the electric field induced during TMS using numerical
methods and high-resolution anatomical human body models.
Electric field calculations have shown that the magnitude of
electric field can differ by up to 100 S/m between adult and
child head models, as observed in our study at a depth of 25
mm with the 34-year-old and 11-year-old anatomically
realistic head models. These results highlight the necessity to
consider the structural brain changes that occur during
neurodevelopment when conducting TMS for children,
adolescents and young adults.
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