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Abstract
Background: Magnetic stimulation has gained relatively wide application in studying nervous
system structures. This technology has the advantage of reduced excitation of sensory nerve
endings, and hence results in quasi-painless action. It has become clinically accepted modality for
brain stimulation. However, theoretical and practical solutions for assessment of induced current
distribution need more detailed and accurate consideration.

Some possible analyses are proposed for distribution of the current induced from excitation
current contours of different shape and disposition. Relatively non-difficult solutions are shown,
applicable for two- and three-dimensional analysis.

Methods: The boundary conditions for field analysis by the internal Dirichlet problem are
introduced, based on the vector potential field excited by external current coils. The feedback from
the induced eddy currents is neglected. Finite element modeling is applied for obtaining the
electromagnetic fields distribution in a non-homogeneous domain.

Results: The distributions were obtained in a non-homogeneous structure comprised of
homogeneous layers. A tendency was found of the induced currents to follow paths in lower
resistivity layers, deviating from the expected theoretical course for a homogeneous domain.
Current density concentrations occur at the boundary between layers, suggesting the possibility
for focusing on, or predicting of, a zone of stimulation.

Conclusion: The theoretical basis and simplified approach for generation of 3D FEM networks for
magnetic stimulation analysis are presented, applicable in non-homogeneous and non-linear media.
The inconveniences of introducing external excitation currents are avoided. Thus, the possibilities
are improved for analysis of distributions induced by time-varying currents from contours of
various geometry and position with respect to the medium.

Background
The theory of electromagnetic fields can be considered as
quite well developed. Nevertheless, some problems could
be pointed-out in connection with its application to stim-
ulation of biological structures:

- distribution and spread of the time-varying magnetic
field in non-linear and inhomogeneous domains of com-
plex geometry;

- the interaction of electromagnetic pulses with biophysi-
cal and physiological processes;
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- stationary or non-stationary processes of random and
stray factors type, e.g. changes in the stimulated structure;

- technical and technological aspects, e.g. coils shape and
disposition with respect to the stimulated structures.

There may be other practical and theoretical problems
connected with magnetic stimulation. However, in differ-
ent medical applications, various approximate or heuris-
tic solutions were found [1].

Published studies on electromagnetic field stimulation
most often are based on distribution and propagation in
homogeneous media. This approach could be correct for
stationary magnetic field analysis, as biological tissues rel-
ative magnetic permeability is �r approximately equal to
1. In cases of time-varying magnetic field, feedback from
the induced currents may be present. However, when
propagation takes place in a weakly conductive medium,
the intensity of the feedback-induced magnetic field
would be several orders of magnitude lower than the ex-
ternal field. The induced field can then be ignored, and
the medium considered to be homogeneous with respect
to the external magnetic field.

On the other hand, the condition of continuity of the cur-
rent lines requires taking into account all regions with dif-
ferent specific conductivities. An exception here is the case
where the induced currents propagate tangentially to the
layers in a non-homogeneous medium.

In some studies, the presence of non-homogeneities has
been taken into account. Transcranial magnetic stimula-
tion, where the scalp, skull, and brain represent a layered
non-homogeneous structure, is a typical example [2,3]. A
theoretical approach, applying a scalar magnetic potential
in addition to the vector potential has been proposed as
an alternative to finite-element modeling (FEM), but has
considered only a simplified basic example [4]. FEM has
been used for assessment of magnetically-induced cur-
rents for heart stimulation, with inclusion of the non-ho-
mogeneities of a canine thorax [5]. Field magnitudes for
efficient myocardial stimulation were computed. Magnet-
ic flux density in the upper arm, taking into account the
skin and muscle layers and the bone, have been assessed
for different coil designs [6]. A study of stimulation in the
spinal region [7] has shown a tendency for current density
concentration about the nerve roots. However, acceptable
accuracy in evaluation of the induced currents values
could only be attained when these currents were assessed
on the basis of an appropriately obtained magnetic field
distribution. A tendency of induced current concentra-
tions at the interfaces between structures of strongly differ-
ing conductivity could be observed [3,7].

The present work investigates some possibilities for mod-
eling and theoretical analysis of induced current distribu-
tion during magnetic stimulation, with excitation current
contours of different shape and disposition. Relatively
non-difficult solution approaches are proposed, applica-
ble for two-dimensional and three-dimensional problems
of field distribution in non-homogeneous media.

Theoretical background
Initial conditions
Electrical current contours are positioned in the air above
a partially homogeneous conductive medium that con-
sists of homogeneous layers (Fig. 1), simulating part of
the human body. The mean values of the electromagnetic
parameters � (magnetic permeability) and � (specific con-
ductivity) of the corresponding layers are assumed to be
known. Each layer is taken as linear and isotropic. Effects
of random factors are not considered.

The electrical currents in the several contours ik(t); k =
1,2,...,n are generated by an electromagnetic stimulator
and create an alternating magnetic field. The distribution
of the magnetic field in the examined region is described
by the Maxwell equations in the form:

Figure 1
Magnetic stimulation applied on a non-homogeneous volume
as a rough simulation of a human body structure. Several coil
contours Li with excitation currents Ii are positioned in the
air (�o and �o are the air specific conductivity and magnetic
permeability) on the upper surface of the volume. The struc-
ture consists of various layers and zones �m of different con-
ductivities �m and magnetic permeabilities �m.
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where, besides the field vectors  and , the electromag-
netic potentials  and V also take part. The last term 
in Eq. (1) represents the independent external excitation
currents ik(t), generated by a current source.

It is well known that Eqs. (1) and (2) are valid for an arbi-
trary medium (� is the dielectric permittivity) and time-
varying field vectors and their respective electromagnetic
potentials.

The component in Eq. (1) related to the displacement cur-

rent  can be ignored for quasi-stationary fields, as in

the present case. Incorporating Eq. (2) in Eq. (1), and ex-

pressing  by the relation , the following

equation is obtained:

Eq. (3) is valid for an arbitrary medium. Generally, the
material constants in case of non-homogeneity should be
considered as functions of the spacial co-ordinates and in
anisotropic media – as tensor quantities. In cases of non-
linear media, the material constants are functions of the
field vectors.

For homogeneous linear and isotropic medium, using the
Lorentz gauge [9] gives:

and the non-homogeneous diffusion equation is ob-
tained:

It is known that in harmonic mode, this equation can be
reduced to the Helmholtz equation:

Figure 2
Models of (a) – homogeneous domain (�a) of specific resistivity � and (b) – a layered non-homogeneous domain (�b), consist-
ing of a series of homogeneous layers of specific resistivities �i. Vertical (in the ZOY plane) and horizontal (in the XOZ plane)
rectangular excitation coil contours are positioned on the upper surface (XOZ plane).
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Equations (5) and (6) are also applicable for partially ho-
mogeneous media, as depicted in Fig. 1. In the internal

part of the non-homogeneous region �, where ,

Eq. (5) and (6) reduce to the respective homogeneous
equations. For the region external to � (air space), � � 0,

� = �0 and negligible , Eqs. (5) and (6) reduce to the

Poisson equation:

The solution for stationary mode and a homogeneous me-
dium with respect to �, is:

For current contours of relatively small cross section and
for alternate current, a known formula is obtained:

For the case shown in Fig. 1:

Figure 3
Magnetic vector-potential distribution, with potentials applied at the XOZ nodes. The excitation current I = 1000 A, f = 10
kHz flows in horizontally (a) or vertically (b) positioned coils.
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The conditions �1 = �2 = .... = �m = �0 are respected for the
different sub-regions (�1,�2,...,�m) of the non-homoge-
neous medium � (Fig. 1) and for the external space. The
non-homogeneous medium �, with specific conductivi-
ties �1 � �2 � ... � �p � ... � �m, can be of layered structure,
or include internal sub-spaces �p. It is evident, that the
feedback from the eddy currents induced in the non-ho-
mogeneous medium � can be neglected, compared to the
direct action of the external excitation.

Induced currents in the medium
The induced field and the eddy currents in the �-medium
are obtained by the procedure described below.

The values of the vector-potential on the external surface
of � are computed from Eq. (10) in all nodes necessary
for the solution of the internal Dirichlet problem.

Using the homogeneous equation for the diffusion, relat-
ing to the magnetic vector-potential:

or, for harmonic mode, the Helmholtz equation:

Figure 4
Distribution of the external magnetic field in the non-homogeneous model domain, excited by the current in horizontally (a)
and vertically (b) positioned coils. The viewing angle shows the vertical (XOY) section and the upper horizontal plane (XOZ).
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Figure 5
Distribution of the modulus of the magnetic field of the induced currents, excited by the horizontally (a) and vertically (b) posi-
tioned coils. Section and viewing angle – as in Fig. 4.

Figure 6
Distribution of the modulus of the current density vector in the homogeneous (a) and non-homogeneous (b) domains from a
horizontally positioned coil. Section and viewing angle – as in Fig. 4,5.
Page 6 of 11
(page number not for citation purposes)



BioMedical Engineering OnLine 2002, 1 http://www.biomedical-engineering-online.com/content/1/1/3
the internal Dirichlet problem is solved. The boundary
conditions for the vector-potential are defined by Eq. (10)
for the boundary surface S� of the space �, subjected to
electromagnetic stimulation. The feedback from the in-
duced field was ignored, as discussed above. The respec-
tive conditions are valid for refraction of the field vector
lines at the boundaries of two homogeneous regions
[8,9].

The solution of Eq. (10), having in view the boundary
conditions, does not present theoretical or computational
difficulties. The problem of field distribution in the non-
homogeneous space � is solved by the finite element
method (FEM) or by the boundary element method
(BEM). Using appropriate software, the field and the cur-
rents induced by the external field in a weakly-conductive
medium are obtained, together with the magnetic field of
the induced currents.

Methods
In order to verify the applicability of the approach de-
scribed in Section 2 above, a 3D spacial model consisting
of five transverse layers was constructed, as a very approx-
imate simulation of a biological object. The initial model
consisted of 19,218 nodes and 104,693 eight-node brick
elements. Two versions of the model were considered, al-

lowing assignment of different resistivities to the respec-
tive layers, as follows:

a) homogeneous medium �a of specific resistivity � = 20
�m (Fig. 2a); the value was chosen as a rough average of
very high and very low conductivities (soft tissue and
blood; and bone and lung air, respectively).

b) non-homogeneous medium �b containing isotrope
layers of specific resistivities (Fig. 2b), chosen to corre-
spond to body regions [10,11], as follows:�1 = 20 �m –
skin, �2,�4 = 7 �m – skeletal muscle, �3 = 160 �m – bone,
�5 = 20 �m – 'buffer' zone needed to allow setting of ad-
equate boundary conditions; for this test example, the lay-
ers were made of equal thickness, except for the buffer
zone.

The external magnetic field was excited by a square-
shaped coil. Two examples were considered initially (Fig.
2), with coils placed symmetrically on the upper surface of
the 3D model: i) coil in horizontal position (XOZ plane),
and ii) coil in vertical position (YOZ plane). The excita-
tion current was arbitrarily chosen to be I = 1000 Arms,
with a frequency f =10 kHz. The calculated values of the
magnetic-vector-potentials were applied on the upper sur-
face nodes of the model (1011 nodes), as magnetic
boundary loads. Zero boundary conditions were adopted
for the other surfaces. Harmonic magnetic analysis was
performed to obtain the eddy currents distribution in the
medium.

Figure 7
Distribution of the modulus of the current density vector in the homogeneous (a) and non-homogeneous (b) domains from a
vertically positioned coil. Section and viewing angle – as in Fig. 4,5,6.
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Results
The magnetic vector-potential distributions, induced by
the horizontal and vertical current contours on the upper
XOZ surface of the 3D model, are shown respectively in
Fig. 3a,3b. The excited magnetic fields, viewed in a central
XOY section and on the XOZ plane, are presented in Fig.
4a,4b for the corresponding current coil dispositions. Due
to the homogeneous character of the layered structure
with respect to the magnetic permeability �, and the ne-
glected induced currents feedback, the external magnetic
field distribution is not influenced by the non-homoge-
neities of the domain with respect to the specific conduc-
tivity �.

The magnetic fields excited by the induced currents in a
non-homogeneous medium, from a horizontal and a ver-
tical coil dispositions are shown in Figs. 5a,5b. The distri-
bution of the eddy currents induced by a horizontal
current contour in the homogeneous and non-homogene-
ous domains are shown in Fig. 6a,6b, respectively. The
same distributions for the vertical coil are presented in Fig.
7a,7b.

It was found that the current lines tend to form loops in
the low resistivity layers, in addition to running in oppo-
sition to the excitation current, as would be in an homo-
geneous medium. In order to better observe the induced
current lines across layers of different resistivities, the
non-homogeneity is modeled by vertical layers and the

Figure 8
Current density vector distribution obtained from a horizontally positioned (XOZ plane) coil in a vertically-sliced non-homo-
geneous volume.
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coil position is on the upper surface of the medium, in the
XOZ plane (Fig. 8). The effect of more complicated cur-
rent contours can also be studied. The distribution of the
induced vector-potential by the fan-like assembly (slinky
coils, [12]), viewed from the upper XOZ surface, is shown
in Fig. 9. The corresponding eddy currents distributions in
the homogeneous and non-homogeneous media are
shown in Fig. 10a,10b.

Discussion
The approach proposed in Section 2.2 considerably reduc-
es the problems connected with generation of 3D FEM
networks. However, this approach preserves the power for
analysis in non-homogeneous and, in non-linear media.
The inconveniences of introducing external excitation cur-
rents are avoided. Thus, the possibilities are improved for
analysis of field distributions induced by different time-

varying currents, with contours of various geometry and
position with respect to the stimulated object.

A systematic error is introduced due to the ignored feed-
back from the eddy currents. However, this error is negli-
gible, considering the low intensity of the eddy currents in
the weakly conductive medium. These currents have their
own magnetic field, which is several orders of magnitude
lower than the external magnetic field from the stimula-
tion coils, as can be seen in comparing the distributions in
Fig. 5 and Fig. 4.

There exist theoretical possibilities by using an iteration
procedure [e.g. [13]], for taking into account the feedback.
Such a technique has been used in the development and
practical application of numerical methods for field anal-

Figure 9
Magnetic vector-potential distribution on the domain surface (XOZ), excited by rectangular coils in a fan-like assembly (slinky
coils).
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ysis. However, in the case of weakly conductive media, the
iteration just stops at the first cycle.

The different field structures in homogeneous and non-
homogeneous media are evident, as well as the relative
difference in the current density amplitude values. The lat-
ter reach about 15% for horizontal and vertical contours.
However, the difference is much more pronounced in
some non-homogeneous regions (Figs. 6 and 7). It can be
seen that the non-homogeneous structure has an essential
influence on the induced currents distribution and on the
differences in the current density vector.

An interesting event can be observed in relation to the dis-
tribution of the current density. The current lines follow
low resistivity paths and in addition to crossing from layer
to layer, flowing in opposition to the excitation current,
they also rotate inside the low resistivity layer. In order to
better illustrate this specific distribution, an example with
vertical layers is shown in Fig. 8. Current lines forming
loops in the vertical layers can be observed.

Analysis of the results shows, that the method and proce-
dure adopted, introducing boundary conditions in the
non-homogeneous domain, is workable. This method
could also be applied for other coil shapes and domain
structures, without any essential difficulties. Two exam-
ples with slinky coils (Fig. 9 and 10) demonstrate the ver-
satility of this method.

The fields resulting from the external coils and the fields
created by the induced currents differ by many orders of
magnitude (six in our examples), due to the relatively low
conductivities of the medium and to the moderately high
frequencies. Therefore, ignoring the feedback effects with
respect to the introduced boundary condition in solving
the internal Dirichlet problem, is justified.

The boundary conditions, related to the components
Ax,Ay,Az of the magnetic vector-potential, can be consid-
ered invariant with respect to the co-ordinates.

Another point of interest is that a concentration of in-
duced current densities can be observed at the interface
(boundary) between structures of differing conductivities.
Hence, a kind of concentration or selective stimulation
(focusing) could be predicted or looked for, in structures
with relatively well-defined layers of different resistivity
(Figs. 6b, 7b and 10b). The concentration in question can
be explained by the appearance of surface charges on
these boundaries.

It should be reminded here, that the results were obtained
for sinusoidal excitation currents. The application of the
method for other types of time-varying currents could be
addressed by adequate modeling software. The same was
valid for studying field distributions in weakly conducting
non-linear media.

Figure 10
Current density vectors distribution, excited by rectangular coils in a fan-like assembly in the homogeneous (a) and non-homo-
geneous (b) domains. Section and viewing angle as in Figs. 4,5,6,7.
Page 10 of 11
(page number not for citation purposes)



BioMedical Engineering OnLine 2002, 1 http://www.biomedical-engineering-online.com/content/1/1/3
Conclusion
The results obtained in this work do not provide data that
would change the theory or practice of magnetic stimula-
tion. However, our findings can be used to enhance con-
cepts related to electromagnetic field distribution in non-
homogeneous structures.

For magnetic stimulation of biological targets embedded
in electrically non-homogeneous media, it is helpful to
decide upon external system geometry and parameters by
considering an accurately obtained distribution of the in-
duced current fields.

The complex interaction between external magnetic field
and physiological processes should not deter the search
for improved methods for more accurate assessment of
the induced currents.
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