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Three-Dimensional Head Model Simulation of
Transcranial Magnetic Stimulation

Tim A. Wagner*, Markus Zahn, Fellow, IEEE, Alan J. Grodzinsky, and Alvaro Pascual-Leone

Abstract—This paper presents a finite element method used
to evaluate the induced current density in a realistic model of
the human head exposed to a time varying magnetic field. The
tissue electric properties were varied to ascertain their influence
on the induced currents. Current density magnitude and vector
plots were generated throughout the tissue layers to determine the
effects of tissue boundaries on the field. The current density mag-
nitude correlated to the conductivity of the tissue in all the cases
tested except where the tissue permittivity was raised to a level to
allow for displacement currents. In this case, the permittivity of
the tissue was the dominant factor. Current density components
normal to the tissue interface were shown to exist in all solutions
within the cortex contrary to the predictions of present models
that rely on symmetrical geometries. Additionally, modifications
in the cortical geometry were shown to perturb the field so that the
site of activation could be altered in diseased patient populations.
Finally, by varying the tissue permittivity values and the source
frequency, we tested the effects of alpha dispersion theories on
transcranial magnetic stimulation.

Index Terms—Biomagnetism, field computation, finite element
model, transcranial magnetic stimulation.

I. INTRODUCTION

TRANSCRANIAL magnetic stimulation (TMS) is a tech-
nique that uses the principle of electromagnetic induction

to focus induced currents in the brain and modulate cortical
function. During TMS, an intense pulsed magnetic field is ap-
plied to the underlying neural tissue via a current carrying coil.
These currents can be of sufficient magnitude to depolarize neu-
rons [1]. Despite the widespread use of TMS, much is still to be
learned about the underlying electromagnetic field distributions
and here we specifically focus on the properties of the induced
current density that the tissues are exposed to.

Phantom [2]–[6], animal [3], [7]–[9] and in vivo human
studies [10], [11] have been conducted to explore the induced
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current distributions. These studies have all provided important
information; however, current technical limitations preclude
the complete characterization of the electromagnetic field
distributions via this type of experimentation and necessitate
the development of theoretical studies.

Numerous theoretical models have been developed to pro-
vide scientists and physicians with a view of the electromagnetic
field distributions generated in biological tissue during TMS
[12]–[22]. Nevertheless, many of the commonly accepted re-
sults of earlier field models need further evaluation and issues
relating to the electrical properties of biological tissue have just
begun to be explored.

The majority of models to date have all been based on “infi-
nite half-planes” and perfect spheres [13], [15]–[18], [23]. One
of the implicit results of these models is the absence of electric
field components normal to the cortical tissue interface. From
this, many researchers have drawn the conclusion that fields
normal to the cortex will be minimized in the human head and
neurons are preferentially stimulated which run parallel to the
cortical tissue interface [13], [24]–[28]. However, this predic-
tion is the result of the simplified symmetrical geometries used
in these models. For example, Branston and Tofts proved the ab-
sence of electric fields normal to the bounding surface of both an
“infinite half-plane” and spherical conductor with limited cur-
rent sources (ramp shaped) [29]. Heller and Hulsteyn later ex-
tended their argument to include all current source types of TMS
[30]. And Cohen and Cuffin came to this same conclusion by
applying the reciprocity theorem to the results of earlier MEG
studies [15]. Yet we know of no published accounts that test for
the presence of currents normal to the cortex in more realistic
head geometries; thus, this unproven assumption is still perva-
sive in TMS research.

Another concept that requires further exploration is that
tissue boundary layers surrounding the cortex have a limited
influence on the final stimulating field [17], [23], [31]. Although
this assumption has merit for simplified symmetrical models,
it has become evident that removing or ignoring layers of
the system will provide incomplete or inaccurate results and
that tissue changes in the system will alter the induced fields.
For instance, Scivill, Barker, and Freeston produced a finite
element model (FEM) of spinal cord stimulation that took into
account the tissue asymmetries and provided a more complete
model that included the cerebral spinal fluid (CSF), which had
been earlier ignored [19]. The CSF, which has a conductivity
that is approximately 4 to 5 times higher than the surrounding
tissues, was shown to effectively shunt the induced currents
away from the spinal cord. Ueno and Liu generated a model that
accounts for changes in conductivity and the nature of tissue
inhomogenities [32]. Using a square model with two dissimilar
conductors they showed that the conductive boundaries have an
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altering effect on the induced field distributions. Even with these
important results we are unaware of any studies that explore this
effect in more realistic geometries with multitissue systems. It
is also clear that both the conductivity and permittivity of the
tissues in the head are dispersive [33]–[40], yet no work has
been published on the dispersive effects of biological tissues
on TMS.

Taking these issues into account, the initial goals of this study
were to develop a more realistic TMS head model that would
allow:

1) investigation of tissue boundary effects on the induced
current densities;

2) analysis of the symmetry conclusions drawn from pre-
vious studies specifically testing for the presence of radial
currents;

3) investigation of how local perturbations in the tissue ge-
ometry can alter the resulting current distributions in a
multitissue head geometry;

4) account of the dispersive properties of tissue and a means
to test how changes in tissue permittivity can affect the
induced current distribution.

II. METHODS

A. Model Development

A new sinusoidal steady-state FEM was developed using the
Ansoft 3-D Field Simulator software package with the eddy
current solver [41]. Initially a magnetic resonance imaging
(MRI)-guided three-dimensional computer-aided design
(CAD) rendering of the human head was generated using
the Ansoft package. The MRI (Siemens Magneton Vision
1.5 T scanner saved in Analyze format: 256 256 160,
1 voxel size) of a 38-year-old male with no neurological
abnormalities was used to guide the generation of the Ansoft
Macro code for the initial CAD model geometry. The model
was generated to include the skin, skull, CSF, gray matter
(GM), and white matter (WM) (see Fig. 1). The average
thickness of the tissues varied considerably with anatomical
position but in the tested regions proximal to the stimulation
source they roughly followed a 4–5 mm skin thickness, a
5–10 mm skull thickness, a 2–3 mm CSF thickness, a 4–5 mm
GM thickness, and a 130 mm distance from ear to ear in the
WM. The tissue conductivities, while somewhat attenuated
below 1-kHz stimulation frequencies [34], were considered
essentially constant for the frequencies of TMS (the power
spectrum of typical stimulators is composed of components
less than 10 kHz [14]) and assigned the mean value from
multiple references; skin at 0.465 S/m, bone at 0.010 S/m, CSF
at 1.654 S/m, GM at 0.276 S/m, and WM at 0.126 S/m (see
Table I) [35], [42], [43]. The actual low frequency permittivity
value of biological tissues is still an area of ongoing research;
however, it is believed that alpha dispersion occurs in biological
tissues within the frequency range of TMS. Many researchers
have experimentally addressed the issue [44]–[48] and others
have developed models of the process and reviewed dispersion
in biological material [33], [34], [36]–[40], [49], [50]. While
the trend of increasing permittivity with decreased frequency is
seen throughout the literature there is a limited consensus on
the value of the relative permittivity magnitudes in biological
tissues where values in excess of [33], [44], [45] and as low

Fig. 1. Model geometry. (A) Skin cutout to show underlying structures.
(B) Skull cutout with all neural tissue shown to highlight surrounding CSF.
(C) GM. (D) WM. (E) Mesh depiction of the cortical cut: the unaltered system
is shown on the left and the pathological system on the right. An 18-mm-wide
22-mm-long cut was taken from the cortex and replaced with CSF.

as [36] have been reported in the TMS frequency spectrum.
Thus, the tissue permittivity values were set as variables and
we tested values of the magnitude of , , and
with differences between the tissues following the trends in
the literature, primarily theorized to be caused by cellular
organization and counterion diffusion effects [33], [34], [51]
(see Table I).

As stated there is still considerable debate about the low fre-
quency permittivity values of the tissues; thus, the authors chose
to allow for the inclusion of the high values as predicted by ex-
isting alpha dispersion theories. If the extreme values of current
alpha dispersion theories are valid, can be much less than
or on the same order of magnitude at low frequencies; or equiv-
alently the charge relaxation times of the tissue (relaxation time

) can be of the same order of magnitude or greater than
the time scale of the stimulating current source (see Table II).
For instance, if the relative permittivity of the GM is then
its charge relaxation time is approximately 0.32 ms, which is
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TABLE I
MEAN CONDUCTIVITY VALUES AND

RELATIVE PERMITTIVITY SCHEMES USED

comparable in magnitude to the time scale of the source terms
above 1 kHz. Thus, the displacement currents cannot be ignored
when evaluating these situations and one would have to solve

(1)

The Ansoft package numerically solves the problem via a
modified T- method [52]–[54]. The solution process was set
with a Neumann boundary condition at the edge of the problem
region .

The source was modeled as a figure of eight coil with two
3.5-cm-radius windings made of a single turn of 7-mm-radius
copper wire. The current level and frequency of stimulation
were set as variables to allow for future reconstruction of the
transient solution via Fourier analysis and the testing of tissue
dispersive effects. The copper was modeled as a perfect con-
ductor (currents constrained to the surface) with the permittivity
set to , conductivity of 5.8 , and a permeability
of 1.0 . The source coil was located approximately over
the motor cortex and tangential to the scalp interface with the
inclusion of an insulating layer (a 7-mm-free space gap was
included between the tissue and copper core to account for the
insulating layer found in commercially available coils [55]).
Solutions were obtained for the source set at 5 kHz with a
1.8 A peak current (5.65 , rate of change of
the peak current with time) and for the source set at 100 Hz
with a 9 A peak current (5.65 ). The 5-kHz
frequency component of the source was chosen based on the
Magstim Rapid Stimulator.1 This device is commonly used in
the medical environment and has a peak frequency component
at approximately 5 kHz in its power spectrum. The 100-Hz
component was included for a comparison of the dispersive
effects between frequencies, as the alpha dispersion effects are
more pronounced at lower frequencies (i.e., the permittivity
values are inversely related to frequency) [33], [51], [56]. We
will refer to each of the model solutions by both their source
frequency and permittivity magnitude. Thus, the 100-Hz
solution would refer to the solution with a 100-Hz source
frequency and a relative permittivity magnitude.

A model was also constructed to make a preliminary investi-
gation of how local modifications of the cortex can perturb the
induced current densities. A 22-mm-long 18-mm-wide cut in the

1Magstim, New York, NY.

TABLE II
MAXIMUM AND MINIMUM RELAXATION TIME CONSTANTS FOR TISSUES

INCLUDED IN THE MODEL

cortex was replaced with CSF and placed at the location of the
expected coil hot spot [see Fig. 1(E)] This model was solved
with , , and tissue permittivity values and with a
5-kHz 1800-A peak current source (5.65 ). Because
this change from the initial model geometry could represent an
infarction site resulting from a stroke [57] or other pathologies,
we will refer to this as the pathological model in the following
discussion (i.e., the Pathological solution will refer to this
model solved for the permittivity level). To assess the va-
lidity of our solutions we also constructed a model where the
cortical cut was made in the opposite hemisphere (i.e., on the
opposite side of where the stimulating coil and the cortical hot
spot were located). We will refer to this as the mirror model, as
the cortical cut was made in the reflected hemisphere, and use
the same naming convention as earlier (i.e., Mirror will
refer to this model solved for the permittivity levels).

During the simulations the jawbone and nasal bone were ex-
cluded from the solution region for computational efficiency.
The magnitude of the magnetic field was substantially attenu-
ated at their locations and their exclusion had negligible effects
on the solution (based on preliminary analytical solutions and
numerical simulations). Had we been modeling stimulation in
the inferior area of the frontal lobe, this simplification would not
have been merited and the details could not be excluded. We will
explore this further in the results and discussion. The problem
region for the head model was defined as a 1953 1982 3031
mm box where the head took up less than 5% of the total space
(with a free space background; i.e., permittivity of free space,
permeability of free space, and a conductivity of 0 S/m).

A single conductor “infinite half-plane” study was also com-
pleted to further assess the validity of the solution process. A
geometry was constructed with a large square box (1 ) of
conductive material (1.65 S/m) and tested with 5-kHz source at
1.8 A peak current (5.65 ). A figure of eight coil
(3.5-cm-radius and 7-mm copper core radius) was positioned
10 mm above the conductive interface, directly in the center of
the box face, and rotated at a 20 angle to the interface, such that
the source current had , , and components [see Fig. 2(A)].
The relative permittivity of the conductive system was tested for
values of , , and .

B. Solution Process

The Ansoft FEM solver was set to follow an adaptive iterative
process with the convergence limits determined by the energy
error in the system. The Ansoft package defines the error of
the individual tetrahedron as and the total time averaged
magnetic field energy for the system as
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Fig. 2. Half-plane Results: (A) The coil was centered 1 cm above an “infinite
half-plane” of 1.65 S/m conductivity and of varied permittivity. The plane face
is shown in black, the location of the evaluation line is shown in blue, and the
plane on which the vector current density was plotted was 1 cm below the surface
face. (B) Normal and tangential current density magnitudes calculated along the
evaluation line. (C) Current density vector orientation.

where is the complex amplitude of the field and is the
complex conjugate of the complex amplitude field. During
each solution pass the solver calculates the total energy of the
system, the total error of the system, and the energy error of the
system based on the energy of the B field components where

(reported as a percentage of the total energy). Fol-
lowing each pass, the solution is adapted automatically by re-
fining the mesh and adjusting the individual tetrahedra with the
largest energy error- this is done by replacing the tetrahedra with
the largest error with multiple smaller ones or by adjusting the
size of the tetrahedra in the area of the error. The criterion for
model convergence was defined as an energy error below 2.5%
and every model tested converged by this definition. Where the
results are reported as magnitudes, they indicate the magnitude
of the sinusoidal steady-state current density in the

units of , unless otherwise noted. Where the results are
reported at phase, the phase angle will be explicitly given (i.e.,
since analyses were performed in the sinusoidal steady-state,
where instantaneous solutions are given by

, we explicitly define the phase angle). However, we do not in
general explore the phase differences between solutions here,
as they have no direct bearing on the reported results. But, they
would be necessary in order to reconstruct a transient result, the
details of which are addressed in the discussion.

III. SIMULATION RESULTS

A. Infinite Half Plane Results

One of the results of the “infinite half-plane” model that was
discussed in the first section is the absence of currents normal
to the interface at any point within the volume regardless of the
geometry or orientation of the stimulating coil. This is a general
analytical result for symmetrical structures and was one of the
initial tests used to assess the validity of the modeling process
at hand. To verify this result we calculated the magnitude of
the current density components both tangential and normal to
the planar interface. The and solutions converged
to approximately the same result (i.e., the results that are
reported here differed by less than from solution to
solution). For all of the solutions – , the magnitude
of tangential current density components was substantially
larger than the normal component. In Fig. 2(B), the tangential
and normal current density components are plotted along a
line perpendicular to the conductive interface placed through
the figure-of-eight coil’s center and through the point of the
maximum normal current component in the half plane, the
location of which can be seen in Fig. 2(A). The maximum
tangential current density magnitude was 16.7 for the

– solutions and 27.1 for the solution. The
maximum normal current density component was 0.42
for the – solutions and 1.2 for the
solution. The vector current orientations for the –
solutions showed similar behavior as that reported by other
authors [2], [13]. In Fig. 2(C), the current density vectors for
the solution are plotted at phase, with the phase angle
set to 0 , along a transverse plane 1.0 cm from the interface
[the plane is shown in Fig. 2(A)]. In this model, the symmetry
effects were evident as predicted by other authors [15], [29],
[30] and the permittivity effects only became evident for the

solution, which can be predicted based on the charge
relaxation time of the material. Even when the displacement
current reached non-egligible levels the symmetry conditions
still dominated and the magnitude of the tangential components
was much larger than the normal component of the induced
current density. However, the magnitude of the current density
nearly doubled in this case compared to the others and this
correlated well with the increase in the magnitude of the
complex conductivity of the material (here we define the
complex conductivity ).

B. Nonpathological Model Current Density Distributions

Although many conditions could be tested with this model,
one of the main goals was to evaluate the induced current
distributions in the tissue and the way in which the anatomical
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Fig. 3. Current density plots in transverse slice with maximum current density in the GM for 5-kHz 10 " and 5-kHz 10 " solutions. (A) Coordinate System.
The skin outline is included as a position reference with the 5-kHz 10 " current density magnitude plot included. As the scale could be difficult to visualize in
three dimensions it is repeated in the xy slices of (B) and (D). (B) Current density magnitude plots for the 5-kHz 10 " solution with the location of maximum
cortical current density indicated. (C) Current vector plot for the 5-kHz 10 " solution. Note that the vector information is provided in three dimensions, and the
perspective is changed to highlight the directional content of the figure. The ? indicates the location of maximum current density in the cortex. (D) Current density
magnitude plot for the 5-kHz 10 " solution with location of maximum cortical current density indicated. (E) Current vector plot for the 5-kHz 10 " solution.
The ? indicates the location of maximum current density in the cortex. Note the differences between (D) and (E) and (B) and (C) are due to the large displacement
current density in the 5-kHz 10 " solution.

asymmetries and differing tissues affect the currents. The
100-Hz , 100-Hz , 5-kHz , and 5-kHz
solutions converged to the same result (i.e., the results that

are reported here differed by less than from solution
to solution). For all of the solutions except the 5-kHz
solution the maximum current density was found in the CSF,
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TABLE III
TABULATED CURRENT DENSITY RESULTS

the tissue layer with the largest conductivity. For the 5-kHz
solution the maximum current density was found in

the skin, the tissue with the largest magnitude of complex
conductivity at 5 kHz. The maximum current density was the
17.5 centered at (8.7, 4.2, 0.8) for the100-Hz ,
100-Hz , 5-kHz , and 5-kHz solutions, 17.7

centered at (9.6, 4.9, 1) for the 100-Hz solution,
and 39.5 centered at (5.7, 6.0, 4.0) for the 5-kHz
solution [the coordinate system is defined in Fig. 3(A) in three
dimensions and uses the units of millimeters. The coordinate
system is further highlighted in two dimensions in Fig. 3(B)
and (D)]. For every solution the maximum current density in
the GM was found along the CSF/GM interface. The maximum
cortical current density was 2.9 centered at (12.7, 6.5, 0)
for the 100-Hz , 100-Hz , 5-kHz , and 5-kHz

solutions, 3.05 and centered at (12.5, 6.4, )
for the 100-Hz solution, and 31.1 centered at
(11.7, 5.3, ) for the 5-kHz solution [see Fig. 3(B)
and (D)]. Note that the approximate 10-fold increase in cortical
current density for the 5-kHz solution correlated to the
approximate 10-fold increase in the magnitude of the complex
conductivity of the tissue. The reported values are tabulated in
Table III.

The magnitude and vector orientation of the current density
was analyzed throughout the model in transverse, sagital, and
coronal planes. The current density magnitude is plotted in
Fig. 3(B) and (D) on the plane of maximal cortical current
density for the 5-kHz and 5-kHz solutions. To
highlight the magnitude of the cortical current in these figures,
the color scale maximum is set at the maximum of the cortical
level for each case, the currents in the more superficial layers
that exceed this value are cut off at the maximum. For each
of the solutions the vector orientation showed the greatest
variation along the transverse planes following a figure-eight
path with the greatest irregularity at the tissue boundaries.
Fig. 3(C) and (E) show vector plots of the current densities on
the identical transverse slices for the 5-kHz and 5-kHz

solutions. The vector plots graphically indicate the
magnitude of the current density vectors through both the size
and color of the vector arrows and were generated at phase with
the phase angle set to 0 . For every solution current density

components were found normal to the CSF/GM interface, the
relative values of which will be addressed in Section III-C.

Stair step jumps in the current density magnitude were seen at
the tissue boundary interfaces in every solution. In the 100-Hz

–5-kHz solutions, the jumps in current density cor-
related to the conductive changes in the tissue [see Fig. 4(A)
and (B)]. However, in the 5-kHz solution the stair step
jumps were less clear and appeared to be primarily influenced
by the differences in the tissue permittivity and secondarily by
the conductivity when the permittivities were equal (as can be
seen at the GM/WM interface) [see Fig. 4(C)]. The current den-
sity magnitudes were slightly higher in each of the tissues for the
100-Hz solution compared to the 100-Hz , 100-Hz

, 5-kHz , and 5-kHz solutions; but, the overall
contribution from the displacement current was minimal except
in the skull where the current density magnitude jumped from
a maximum of 0.15 to 0.47 [see Fig. 4(B)]. The
5-kHz solution varied considerably from the other results
and the current density magnitude was higher in all of the tis-
sues in this model due to the contribution from the displacement
current.

For each of the individual solutions, the current densities
showed a consistent behavior around the cortical hot spot.
In Fig. 4(A), the current density magnitudes are shown as
evaluated along parallel lines that penetrate the model through
the location of maximum cortical current density and pass
through all the included tissues for the 5-kHz solution.
The lines were placed to intersect and surround the maximum
cortical current density location in the solution (every
on the axis for 5 mm). The location of the center evaluation
line, shown in Fig. 4(A), is located in the transverse plane
where the maximum cortical current density is found. It runs
through the point of maximum current density in the cortex
on a path parallel to the axis in the figure [from ( ,
6.5, 0) to (87, 6.5, 0) according to the coordinate system
defined in Fig. 3(A)]. The other evaluation lines were placed
in parallel to the center-most-line every along the
axis. In Fig. 4(B), the current density magnitudes are shown
as evaluated along the lines for the 100-Hz solution.
The evaluation lines are shifted on the axis and

on the axis to account for the altered location of
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Fig. 4. Current consistencies within the 5-kHz 10 " , 100-Hz 10 " , and 5-kHz 10 " solutions—the current density magnitudes were calculated along parallel
lines through the head model. (A) The 5-kHz 10 " solution: the center evaluation line is shown in the transverse plane where it is located. It runs through the area
of maximum current density in the cortex on a path parallel to the x axis in the figure [from (�13, 6.5, 0) to (87, 6.5, 0)]. The other evaluation lines were placed in
parallel to the center-most-line every �1 mm along the y axis. (B) The 100-Hz 10 " solution: the location of the evaluation lines are shifted �0:1 mm on the
y axis and �0:1 mm on the z axis. (C) The 5-kHz 10 " solution: the location of the evaluation lines is shifted �1:2 mm on the y axis and �0:8 mm on the
z axis. The magnitude of the current density nearly doubled in this case compared to the others and this correlated well with the increase in the magnitude of the
complex conductivity of the material (we define the complex conductivity � = � + j!").

the maximum cortical current density. In Fig. 4(C), the current
density magnitudes are shown as evaluated along the lines for
the 5-kHz solution. The location of the evaluation lines
is shifted on the axis and on the axis
to account for the altered location of the maximum cortical
current density. The same consistency was seen along the
axis for approximately 4 mm in each case.

C. Currents Normal to Grey Matter Surface in the Non
Pathological Models

Current density components normal to the CSF/GM interface
were found in every solution evaluated (see Fig. 5(A) and (C)]
for the examples of the 5-kHz and 100-Hz solu-
tions). The relative magnitude of the current density compo-
nent normal to the cortical interface was calculated by taking
the dot product of the surface normal with current density along

the GM interface and dividing this result by the current density
magnitude. The results are reported as a ratio of the magnitude
of normal current density to the magnitude of the current den-
sity, with a maximum magnitude of 0.72 for the 100-Hz ,
100-Hz , 5-kHz , and 5-kHz solutions (at a
location where the current density magnitude was 1.57 ,
a value of 0.54 of the maximum cortical current density), 0.65
for the 100-Hz solution (at a location where the current
density magnitude ranged from approximately 1.43 to
1.56 , a value of 0.46 to 0.51 of the maximum cortical
current density), and 0.63 for the 5-kHz solution (at a
location where the current density magnitude ranged from ap-
proximately 14.0 to 15.6 , a value of 0.45 to 0.50
of the maximum cortical current density). The 100-Hz ,
100-Hz , 5-kHz , and 5-kHz maximum ratio
was localized to an area of approximately 46.8 at (3.6,
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Fig. 5. (A) Current density magnitude and vector plot in magnified view on the surface of the GM for the 5-kHz 10 " solution. Note that at the region of the hot
spot, current components exist that are both tangential and normal to the GM surface. (B) Current density normal to surface of GM for the 5-kHz 10 " solution.
The location of the maximal normal current-to-current density ratio is indicated by MCR in the figure. (C) Current density magnitude and vector plot in magnified
view on the surface of the GM for the 100-Hz 10 " solution. (D) Current density normal to surface of GM for the 100-Hz 10 " solution. The scales in figures
B and D depict the degree to which the current components are normal to the surface interface, a 1.0 would correspond to the current being completely normal to
the interface and a 0 would correspond to the current being completely tangential to the interface.

21.6, ), 19.9 mm away from the cortical hot spot. In the re-
gion of maximum cortical current density, the maximum value
of the ratio was approximately 0.31. The maximum ratio area
was less localized and smaller in magnitude on the GM sur-
face for both the 100-Hz and 5-kHz solutions. In
the region of maximum cortical current density, the maximum
value of the ratio was approximately 0.28 for both of the solu-
tions. Fig. 5(A) and (C) depicts the current density magnitude
and vector plot in magnified view on the surface of the GM for
the 5-kHz and 100-Hz solutions. Fig. 5(B) and (D)
plots the ratio on the surface of the GM for the 5-kHz
and 100-Hz solutions (the 5-kHz solution was very
similar to the 100-Hz solution). These results are tabu-
lated in Table III.

D. Currents Densities in Pathological Models

The induced current densities were evaluated for the patho-
logical model solutions. The Pathological and Patholog-

ical solutions converged to approximately the same re-
sult. For these solutions, the maximum current density induced
in the tissue was still in the CSF, but it was found to be 1.3
higher and 14.9 mm away from where it was found in the anal-
ogous nonpathological cases. It was centered at (22.8, 6.4, 5.2)
with a magnitude of 18.8 . In the Pathological so-
lution, the maximum current density induced in the tissue was
found in the skin, centered at (5.5, 5.7, 4.1), with a value of
39.5 . This was of the same magnitude and 0.4 mm away
from where it was found in the 5-kHz solution. In the
region of the cortical hot spot, the mirror models converged to
results analogous to the equivalent nonpathological models (i.e.,
those without cortical modifications). We will not discuss them
further here, except to say that cortical modifications outside of
the region of the coil focus did not significantly alter the cur-
rents in the region of maximum cortical current density in our
model (i.e., the above results were not a mathematical anomaly
caused by randomly altering the model geometry).
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In each of the pathological solutions, the maximum cortical
current density was still found at the CSF/GM interface but the
location and magnitude changed in each case compared to the
analogous nonpathological solutions. The magnitude increased
and the position was displaced toward the edge of the cortical
cut. In the Pathological and Pathological solutions,
the cortical current density was 1.1 higher and 9.6 mm
away from the location where it was found in the analogous
nonpathological models. It was centered at (21.4, 7.6, 4) with
a magnitude of 4.0 . In the Pathological solution,
the maximum cortical current density was 0.9 higher
and found 10.1 mm away from the location in the 5-kHz
solution. It was centered at (20.1, 8.6, 3.8) with a value of
32.0 .

Stair step jumps in the current density occurred at each tissue
boundary. However, there was inconsistency in the current
density behavior at the location of the cortical pathology and
the uniformity that was seen in the nonpathological cases
[i.e., Fig. 4(A)] was not present. In Fig. 6(A), the current
density magnitudes are shown as evaluated along parallel lines
that penetrate the model through the included tissues for the
Pathological solution. The line scheme is the same as
that explained earlier and the centerline passes through the
point of maximum cortical current density in the altered cortex.

The maximum values of the ratio of the normal to current
density magnitudes in the pathological solutions were higher in
the region of the cortical cut compared to the analogous non-
pathological solutions. For the Pathological and Patho-
logical solutions, the maximum normal current ratio was
0.88, localized to an area of approximately 6.5 centered at
(16.4, , ), 20.4 mm away from the cortical hot spot
[see Fig. 6(B); the current density magnitude at this location
was approximately 2.6 , a value of 0.63 of the maximum
cortical current density. In the region of maximum cortical cur-
rent density, the maximum value of the ratio was approximately
0.36. For the Pathological solution, the maximum normal
current ratio was 0.73 localized to an area of approximately
14 centered at (16.8, , ), 19.9 mm away from the
cortical hot spot; the current density magnitude at this location
was approximately 18.4 , a value of 0.58 of the maximum
cortical current density. In the region of maximum cortical cur-
rent density, the maximum value of the ratio was approximately
0.26. The results are tabulated in Table III.

IV. DISCUSSION

This paper describes the analysis of a realistic head model
based on an MRI derived geometry integrated with variable
tissue electric properties. The model provides evidence for the
existence of currents normal to the cortical interface, demon-
strates the effect of the tissue boundaries on the induced current,
and allows one to test the predictions of alpha dispersion theory.

Whereas previous models, based on simplified geometries,
predict the absence of currents normal to the cortical interface
our model suggests that these currents do in fact exist and in
some cortical regions are the dominant vector component. For
the conditions modeled, normal current components accounted
for approximately 30% of the current density in the region of

Fig. 6. Pathological 5-kHz 10 " solution. (A) The current density magnitude
showed an inconsistent behavior in the region of the cortical cut. The center
evaluation line is shown in the transverse plane where it is located. It runs
through the area of maximum current density in the cortex on a path parallel
to the x axis in the figure (from (�13, 7.6, 4.0) to (87, 7.6, 4.0)). The
other evaluation lines were placed in parallel to the centermost-line every
�1 mm along the y axis. (B) Current density normal to surface of GM.
Note that in the area of the cortical cut, the ratio of normal to tangential
current density components has increased. The location of the maximal normal
current-to-current density ratio is indicated by MCR in the figure.

the cortical hot spot. From this study, it appears that the ratio
of the magnitude of normal current density to current density is
maximal at locations that are sharply angled relative to the coil
face. Thus, the geometry appears to be the determining factor
in the generation of normal currents, which is logical, as ge-
ometrical simplifications were responsible for their absence in
prior models. This was most notable in the pathological solu-
tions, where ratio values as high as 0.88 were centered on the
surface of the cortical cut nearly perpendicular to the coil face.
In the head models, the magnitude of the ratio decreased some-
what when displacement currents were present. Though some-
what difficult to generalize, the trends in the normal component
magnitude depend both on the relative tissue to coil geometry
and the electrical properties of the tissues. Therefore, theories
that suggest that neurons that run parallel to the cortical inter-
face are preferentially stimulated, based upon the premise that
normal fields are negligible, need to be reassessed.
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Our model also provided data illustrating the tissue layer
boundary’s influence on the induced current densities. The
conductivity of the tissue was the determining factor for the
magnitude of the current density in all but the 5-kHz so-
lutions (see Fig. 4(A) and (B) for the 5-kHz and 100-Hz

solutions). The capacitive effects of the tissues were
negligible in these solutions, and the ratio of cortical current
density to source strength was similar to that of the model
of Roth [18]. We calculated a value of (5.13
in the cortex)/(1 A/s source) in our model and a value of
(1.13 in the cortex)/(1 A/s source) in Roth’s
model [18]. The results were less clear-cut for the 5-kHz
solutions [see Fig. 4(C)], where the stair step jumps in the
current density magnitude were primarily influenced by the
permittivity of the tissue. But in the case where the tissue
permittivity values at the interface were equal, the conductivity
influenced the change in the current density magnitude. This
was the case at the GM/WM interface, where the current
density magnitude decreased in the WM (the tissue with the
lower conductivity) even though the gray and WM shared
the exact permittivity value. In the 5-kHz solution,
we found a maximum cortical current density of 31.1
and a ratio of cortical current density to source strength of
(5.51 in the cortex)/(1 A/s source). If the extreme
values of alpha dispersion theory prove to be accurate, the
current densities in the cortex will be higher than previously
expected.

Additionally, we found that the induced current densities
were altered in the region of the cortical hot spot when the
underlying geometry and tissue properties were modified. We
can rule out this finding as a mathematical anomaly, because
the mirror solutions (where the model was modified at a region
far removed from the cortical hot spot) showed no such field
perturbation and were well characterized by the analogous
100-Hz –5-kHz solutions. Thus, our model has
confirmed the results of earlier half plane studies [32], but now
in a multitissue system that was more indicative of a true head
geometry. Fields were perturbed in the pathological solutions,
relative to the nonpathological solutions, because the induced
fields must satisfy a new set of boundary conditions in the
region of the cortical hot spot. In our model, we replaced the
cortical cut with CSF, which provided a different conductive
path for the induced currents away from the maximum current
density location in the nonpathological model. The location
of the maximum current density was shunted to the border
of the cortical cut and found to increase in magnitude at the
cut edge in the pathological models. Furthermore, the current
density magnitudes showed little consistency at the region of
the cortical cut. Both of these results are relevant for TMS
stimulation in populations with brain abnormalities, where the
site of activation could be significantly modified. Experimental
and modeling data suggests that the site of activation is pre-
dicted by the electric field in the cortical neurons [58]–[61].
For instance Nagarajan and Durand found for “short axons
with sealed ends, excitation is governed by the boundary field
driving function which is proportional to the electric field” [58].
And Maccabee et al.., state “excitation at the terminations take
place at much lower thresholds and it occurs at a site within

the peak electric field” [61] as does excitation at fiber bends
of corticospinal and other neurons (note that this is different
from the activation site of long (relative to the coil dimensions)
straight neurons in the peripheral nervous system, which is
predicted well by the first spatial derivative of the induced
electric field [62], [63]). Our data, thus, suggest that the site
of activation can be altered when the geometry of the cortex is
modified in the area of maximal cortical current density. For
example, in the area of stroke recovery the stimulating field
would be perturbed at the pathology site of patients with large
infarctions and the location of stimulation could differ from
that anticipated. Further research needs to be done in this area
as we are only dealing with a single case here, and realistically
every individual pathology will provide a different solution. We
are currently working on this problem and in the future hope to
develop a field solver coupled to a MRI frameless stereotaxic
tracking system to predict the location of peak current density
in the cortex for clinical use.

Finally, our model provided a means to test the predictions
of alpha dispersion theories. For all but the 5-kHz solu-
tions, the displacement currents were negligible. This could be
predicted based on the tissue charge relaxation times discussed
earlier. The time scale of the 5-kHz source (2 ) was
less than or on the same order of magnitude as the tissue charge
relaxation times for the tissue permittivity values (see
Table II). Thus, in the 5-kHz solutions, the magnitude
of the cortical current density was approximately one order of
magnitude larger due to the contribution from the displacement
current, but interestingly not far in location from the analogous
solutions with negligible displacement current. Additionally, the
results already discussed (i.e., normal currents to the cortical
interface, tissue boundary constraints, and field perturbations)
were still seen with the existence of displacement currents.

Not withstanding these results, the most important question
left unanswered is what is the true magnitude of the relative
permittivity values of the tissues under study? From a survey
of the literature it is difficult to make any definite conclusions.
There is a consensus on an inverse trend of increased permit-
tivity with decreased frequency and a clear distinction between
the different tissues, but the overall permittivity magnitudes re-
mains an area of active research. Most of the data would indicate
that the tissue permittivity values are of the order –
above 1 kHz and that the extreme values in excess are
only found at frequencies below 100 Hz. From this, it is pos-
sible to conclude that displacement currents have no bearing on
TMS. However this is stated with reservation, as magnitudes in
excess of have recently been reported for in vivo measure-
ments of the permittivity of muscle [44], [45] (which often show
similar dispersive properties to tissue in the head and brain).
Moreover, most reported tissue permittivity values come from
excised post mortem tissue, even though it has become evident
that alpha dispersion effects becomes less prevalent after death
and the permittivity values generally decrease [33], [64]. Thus,
if these high permittivity values prove to be true, it would be
necessary to reevaluate the quasistatic approximation used in
prior field models and implement solutions which account for
the displacement current in systems like the one proposed. Fur-
thermore, this poses an entire new set of questions concerning
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the mechanisms of neural activation. While we leave this topic
to future study, we direct the reader to the work of McCarthy and
Hardeem concerning the effects of capacitive currents on mag-
netic stimulation [65] and the work of Dissado that accounts for
dispersion and the neural response [66].

Although our model addressed many issues, we expect to
make additional improvements. We did not account for the
anisotropic nature of tissues [33], [58], [67], [68] and this
needs to be implemented in the future. Secondly, although our
model was a step above the commonly used spheres and half
planes, our model’s level of detail could be improved by basing
the initial solution space on a direct MRI scan, as many brain
details (such as the sulci) were lost in the tissue segmentation
implemented. Also, it will be necessary to account for further
tissues and their varied electric properties as the segmentation
increases, such as has been done in the realistic modeling work
of Nadeem et al. [22]. Another limitation of this model is that
it does not depict the exact amplitude of the current expected
in the cortex with a transient source. However, our model does
provide a means by which to do this. The true current levels
could be calculated by sweeping the frequency spectrum of the
source and at the same time accounting for the dispersive tissue
properties; and the transient solution could then be generated
via the superposition of the sinusoidal steady-state solutions as
guided by Fourier analysis. Computational limitations and the
lack of definitive permittivity data precluded this step in these
analyses.

V. CONCLUSION

The FEM model developed herein can be used to address many
of the early difficulties that existed in TMS modeling. Current
density vector and magnitude plots were developed, highlighting
the effects of the conductive boundaries. Tissue conductivity
proved to be the main determinant of the current density
magnitudes when the displacement current was negligible.
With displacement currents, the permittivity was the main
determinant of the current density magnitude. Additionally,
the existence of displacement currents was shown to increase the
maximum cortical current density by an order of magnitude if
the extreme values of permittivity reported by some researchers
prove to be accurate. For all the solutions, currents normal
to the cortical interface were evident; thus, models that state
that tangentially oriented neurons are preferentially stimulated,
based upon the premise that fields normal to the interface are
negligible, should be re-examined. Finally, the modification of
the cortical geometry was shown to perturb the stimulating fields
such that targeting of the cortex could be impaired in non-ormal
populations. Future efforts and model refinements will help
to further increase our understanding of the mechanisms of
TMS.
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