
 
 

 

  

Abstract— Stimulation of deep brain regions with 
Transcranial Magnetic Stimulation (TMS) may have an 
important role as a therapy to treat chemical dependency and 
depression. The coils traditionally used in TMS, however, have 
a poor performance in stimulating deep neurons. In this work 
we study the usage of high permeability cores combined with 
coils specifically designed to induce fields that decay slowly 
with depth. By using the finite elements method we show that 
the use of such cores increases the field’s magnitude, decreases 
its decay rate and improves its focality. Such improvements 
make these high permeability core coils more suited to 
stimulate deep brain regions. 

I. INTRODUCTION 
EVERAL studies indicate that the ventral striatum plays 
an important role in reward and motivation mechanisms 

([1]). Stimulation of neurons of the ventral striatum and its 
cortical afferents (mainly projections from the orbitofrontal 
cortex and the medial prefrontal cortex, [2]) may, therefore, 
provide a means to modulate chemical dependency and 
depression. 

Transcranial magnetic stimulation (TMS) allows for non-
invasive stimulation of neurons, through the induction of an 
electric field in the brain. The electric field is generated by 
the rapid discharge of a high current pulse through a coil 
located near the brain. Although TMS can easily stimulate 
superficial cortical regions (such as the hand motor area), 
stimulation of deeper brain regions requires higher electric 
fields, which may cause pain and discomfort to the patient. 
This happens because the electric field induced by the coils 
typically used in TMS decays rapidly with depth ([3]). There 
are two causes to this fast decay rate. The first one is the 
proximity of coil elements that induce a field in a direction 
opposite to the direction of stimulation (return paths). These 
diminish the field in the direction of stimulation, therefore 
contributing to a faster decay rate. The second cause is the 
accumulation of charge at boundaries that separate regions 
with different electrical conductivities. This charge 
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accumulation induces a field that tends to decrease the field 
induced by the coil. The field due to charge accumulation is 
mainly induced by those elements of the coil that are radial 
to the scalp’s surface ([3]). 

In recent years, many studies have described the 
advantages of using coils with high-permeability cores in 
TMS ([4]-[8]). These include an increase in the induced 
field magnitude, a decrease in coil heating and an 
improvement on the localization of the field. So far, 
however, the cores have only been applied to coils 
traditionally used in TMS (circular coil and figure of eight 
coil). 

In this paper we present numerical simulations that show 
the advantages of using such cores with coils specifically 
designed to induce fields that decay slowly with increasing 
depth.  

II. METHODS 

A. Coil and Core Design 
The coil used in this study (see Fig. 1) is designed to 

stimulate the left hemisphere in the posterior-anterior 
direction. It has two different loops, designed to minimize 
the decay-rate of the field. To that effect, the coil’s return 
paths (lines 6 and 7 in Fig. 1) are placed over the right 
hemisphere, therefore minimizing their effect on the induced 
field over the left hemisphere. Furthermore, some of the 
coil’s radial components are placed over the right 
hemisphere (lines 5 and 8 in Fig. 1), reducing the effect of 
the field due to charge accumulation on the field induced 
over the left hemisphere. 

The design of the c-shaped core is presented in Fig. 1. 
The inner surface of the core has the same curvature as the 
surface of the sphere representing the head. The core’s 
length over the x direction is 9.5 cm and it’s angular opening 
from the right hemisphere to the left one is roughly 115º, so 
that its edge over the right hemisphere is located near wire 6 
of the coil. The inner surface of the core is at a distance of 
1.8 cm from the head’s surface. The core is positioned 
approximately centered over lines 1 and 2 of the coil. 

The coil and the core are placed over a spherical model of 
the head. The sphere has a radius of 9.2 cm ([9]) and is 
centered at the origin of the coordinate system used. In this 
coordinate system, the x axis represents the posterior-
anterior direction, the y axis represents the medial-lateral 
direction and the z axis represents the ventral-dorsal 
direction. 
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B. Numerical Calculation of the Electric Field 
The core was modeled as a linear, homogeneous and 

isotropic material, with a relative magnetic permeability of 
104 and an electrical conductivity of 1 S/m. This electrical 
conductivity simulates the core's lamination, which strongly 
reduces eddy current loss. 

The head was modeled as homogeneous and isotropic, 
with an electrical permittivity of 104 and an electrical 
conductivity of 0.33 S/m. These values are valid for human 
brain tissue at low frequencies (<10 kHz) ([10], [11]). 

All field computations were performed using the 
commercial finite elements program Comsol 3.3  
(www.comsol.com). This package calculates the total 
electric field using the quasi-static approximation, which is 
valid for biological tissues at sufficiently low frequencies 
(see [12]). The current waveform was modeled as sinusoidal 
with a frequency of 5 kHz and a maximum peak value of 
3184 A (this gives a maximum value for the time derivative 
of the current pulse of 100 A/µs, which is close to the 
maximum output value that most magnetic stimulators can 
provide). It is possible to show that the quasi-static 
approximation holds for the specific frequency, conductivity 
and permittivity values used to model the head. 

The solution for the total electric field depends heavily on 
the quality of the model's finite elements mesh. In order to 
disregard mesh differences when comparing the total electric 
field induced by the coil with and without the core, the same 
model (with the same mesh) was used.  The solution of the 
model was then computed twice. In one calculation, the 
magnetic permeability of the core was set to 1 and its 
electrical conductivity was kept as 1 S/m, which gives the 
total electric field induced by the coil in the absence of the 
core. In the other calculation, the core was modeled as 
described earlier. 

III. RESULTS 

A. Magnitude and Decay-Rate of the Total Electric Field 
In order to evaluate the core’s effect on the total electric 

field induced by the coil, we analyzed the solution on 
several axial slices located in the upper hemisphere of the 
sphere representing the head. Without the core, and in the 
higher axial slices (up to a distance of 6cm from the plane of 
the windings), the field’s magnitude is maximum in the left 
hemisphere (posterior-anterior component, the x direction in 
Fig. 1) and in the frontal portion of the head (medial-lateral 
component, the y direction in Fig. 1). The inclusion of the 
iron core increases the magnitude of the electric field in all 
points in the head. This increase is more pronounced for the 
field's component in the posterior-anterior direction than for 
the field's component in the medial-lateral direction. This 
has an important consequence in terms of field’s 

 
Fig. 1.  Coil and core placed over the spherical head model. The coil 
is composed of two different loops. Loop 1 includes all odd-numbered 
wires, whereas loop 2 includes all even-numbered wires. All coil 
wires have a length of 10 cm. The arrows indicate the direction of the 
current in the coil. The hemisphere over which the c-shaped core is 
placed is considered the left one. 

 
Fig. 2.  Maximum value of the electric field in the posterior-anterior 
direction over the left hemisphere. Notice that the continuous line 
(field in the presence of the core) is always higher than the dashed 
line (field with no core present). The difference is higher in the slices 
closer to the core and tends to decrease in slices farther away. 

 
Fig. 3.  Decay-rate of the posterior-anterior component of the 
maximum electric field over the left hemisphere. The presence of the 
core (continuous line) decreases the field’s decay-rate with respect to 
the case where no core is present (dashed line). 



 
 

 

localization, as will be discussed later.  
The field's maximum magnitude increase in the posterior-

anterior direction due to the inclusion of the core is 
illustrated in Fig. 2. From the analysis of the figure, we see 
that the increase is higher in the slices closer to the core, 
becoming less pronounced in slices located at a greater 
distance. The core also slightly decreases the field’s decay-
rate in slices with coordinates Z=2-7 cm (see Fig. 3). At 
deeper slices, the field’s increase is less pronounced and the 
decay-rate is faster (slices with coordinates Z=0-2 cm in Fig. 
3). 

B. Field Localization 
To analyze the effect of the core on the focality of the 

electric field, we considered the area on a spherical surface 
defined by condition (see [4]): 

 

,
2

MaxE
E ≥    (1)   

 
where E represents any component of the electric field, and 
EMax represents the maximum value of that component. The 
areas defined by condition (1) were calculated on spheres 
with different radius, all concentric with the sphere 
representing the head. To account for the fact that the 
spheres have different areas, the area defined by (1) was 
normalized by dividing it by the total area of each sphere. 

The normalized area of the norm of the electric field tends 
to decrease with the inclusion of the core (see Fig. 4). This is 
more pronounced for spheres with smaller radius (larger 
distance from the coil and core). To understand this we see 
that, in the absence of the core the maximum of the field’s 
norm is located in the left hemisphere and in the frontal 
portion of the head (see Fig. 5a). The field’s increase due to 
the presence of the core is, however, more pronounced for 
the posterior-anterior component than for the medial-lateral 
component. Therefore, the maximum of the electric field’s 
norm in the presence of the core is located mainly over the 
left hemisphere (see Fig. 5b), which tends to decrease the 
area defined by (1). 

 

IV. DISCUSSION 
Stimulation of deep brain regions with TMS poses many 

difficulties. Not only does the electric field induced by 
traditionally used coils decay very rapidly with increasing 
depth, but also the field tends to become less focal. By 
combining a high permeability c-shaped core with a coil 
carefully designed to induce a field that decays slowly, we 
were able to increase the field’s amplitude, decrease its 
decay-rate and improve its localization. 

The core increases the field’s magnitude at all points in 
the head, although that is more pronounced in the points 
closer to the core. This allows the use of a smaller current, 

which decreases the burden on the magnetic stimulator. 
However, this also raises the problem of the core’s 
localization. If the core is close to the right hemisphere, the 
electric field’s component over it will be greatly increased, 
which may cause unwanted secondary stimulation over that 

 

 
Fig. 5.  Contour plots of the electric’s field norm over a sphere with a 
radius of 8 cm (view from the top of the head): (a) Field with no core, 
(b) Field with core. The core tends to shift the location of the 
maximum to the left hemisphere.  

 
Fig. 4.  Field’s norm localization for concentric spheres with different 
radius. The localization is given as the % of the total sphere’s area 
which is occupied by the area defined by (1). The core improves the 
field localization. This improvement is more pronounced for the 
smaller spheres. 



 
 

 

hemisphere. If the coil is rotated along the x axis, to be at a 
greater distance from the right hemisphere, the maximum of 
the field will also be rotated, which may cause activation of 
facial muscles and nerves. This problem must be addressed 
by using realistic head models to optimize core position.  

The core’s position also affects the field’s decay-rate. 
Rotating the core along the x axis will decrease even further 
the field’s decay-rate, especially in deeper slices. 

The improvement on the field’s localization, due to the 
presence of the core, is of particular importance in deep 
brain stimulation. By diminishing the area over which the 
field spreads, the core allows for more focal stimulation of 
deep regions. Making the core smaller may further improve 
the field’s localization, although it will affect the core’s 
influence in the field’s magnitude and decay-rate. 

In this work we considered the core’s response to the 
application of an external magnetic field to be linear. 
Although this is valid for relatively low amplitudes of the 
field, it fails for higher amplitudes. In order to fully account 
for this fact, the core’s material hysteresis loop must be 
modeled. The results shown here should, however, be valid 
for materials with high saturation values (e.g. supermendur 
cores). 

Another possible limitation of this study lies in the fact 
that the core’s electrical conductivity was modeled as 1 S/m, 
to account for lamination. The effect of the lamination on 
the effective electrical conductivity of the core won’t, 
however, be so drastic. Eddy current loss in the core will 
decrease the induced field, making the field’s increase less 
pronounced than the one reported here. Nevertheless, 
simulations not included here show that the decrease won’t 
be very significant. 

Throughout this discussion, it has been assumed that the 
most important factor in neuronal stimulation is the 
magnitude of the electric field in the direction of the neuron. 
While this is thought to be true for cortical neurons (see 
[13]), which are short and have bends, it may not be true for 
deeper neurons. For those neurons, the spatial derivative of 
the electric field may be an important mechanism of 
stimulation. Also, even if the field’s magnitude is the most 
important factor, it is necessary to assure that the neurons to 
be stimulated have a considerable projection over the 
posterior-anterior direction. This is the case for the neurons 
that project from the orbitofrontal cortex to the ventral 
striatum (see [14]), but may not be the case for all neurons 
that project to the ventral striatum. To correctly account for 
all of these factors a combination of realistic head and 
neuron models must be used. 
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