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1. Introduction

The H1b coil (see Fig. 1) induces a field that decays slowly with increasing depth,
contrary to what happens for other coils typically used in TMS (e.g. the figure of eight
coil). Hence, it allows for stimulation of neuronal structures located deeply. Despite
that, the H1b coil has some problems, such as its poor focality.

There have been many reports stating the advantages of using high permeability cores
together with coils ([1]-[5]). These reports show that the core increases the field
magnitude as well as its focality. These cores have, until now, only been applied to coils
traditionally used in TMS (circular, figure of eight, toroidal coil).

In this work, we show the advantages of using high permeability cores together with
coils whose design is akin to the H1b coil. Later we apply cores to the H1b coil and
show its effect in the field’s magnitude, decay-rate and focality.
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Fig. 1: Modelled H1b coil placed over the realistic head model.




2. Loop1land?2

A. Introduction

The H1b coil has a rather complex design and, as such, is difficult to model. So, in
order to better understand the effects of the high permeability cores, it’s better to use
simpler coils. Analysing the design of the H1b coil, we see that the coil is built from
only two different loops: loop 1 (see Fig. 2a) and 2 (see Fig. 2b). These two loops are
well suited to a first exploratory study of the effects of iron core coils, because they
share many characteristics with the H1b coil but are easier to model.

Fig. 2: Loop 1 (a) and 2 (b) d.esign over a spherical head model. Ali wires in loop 1 and 2 have the same
length of 10cm.

B. Methods

Coil and core design:

The coil used in this study (see Fig. 3) 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. 3) 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. 3), 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. 3. 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 its angular opening from the right hemisphere
to the left one is roughly 115°, 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 ([6]) 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.



X

Fig. 3: 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.

Numerical calculation of the electric field:

The core was modeled as a linear, homogeneous and isotropic material, with a relative
magnetic permeability of 10* 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 a relative electrical
permittivity of 10%and an electrical conductivity of 0.33 S/m. These values are valid for
human brain tissue at low frequencies (<10 kHz) ([7], [8]).

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 [9]). 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/us, 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 relative 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.

C. Results

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 6¢cm from the plane of the windings), the field’s magnitude is maximum in
the left hemisphere (posterior-anterior component, the x direction in Fig. 3) and in the
frontal portion of the head (medial-lateral component, the y direction in Fig. 3). 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 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. 4. 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. 5). 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.
5).
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Fig. 4: 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.
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Fig. 5: 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).



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 [1]):

E
E > M 1

iz 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. 6). 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. 7a). 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.
7b), which tends to decrease the area defined by (1).

D. 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 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
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Fig. 6: 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).
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Fig. 7: 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).



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 [10]), 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 [11]), 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.



3. H1lbcoil

A. Introduction

After applying high permeability cores to loop 1 and loop 2, we applied the cores to
the H1b coil. The coil was placed over a realistic head model. This combination of
realistic models for both the coil and the head allows us to more accurately predict
possible advantages of using core with this particular coil design.

B. Methods

The modelled H1b coil is shown in Fig. 1. The coil is placed over a realistic head
model constructed from MRI images of a realistically shaped head phantom. The
coordinate system is arranged so that the x axis points in the posterior-anterior direction,
the y axis points in the medial-lateral direction and the z axis points in the dorsal-ventral
direction.

All the results shown here assume that the current in the coil has a sinusoidal variation
in time, with a frequency of 5 kHz and a maximum value of 1464.64 A. This results in a
stimulator output of roughly 46 A/us. The head model consists of two independent
parts: one lower part that represents air (electrical conductivity of 0 S/m and &=1) and
an upper part representing the brain (electrical conductivity of 0.33 S/m and &,=10%. As
before, the core is modelled as an isotropic and homogeneous material, with a constant
relative magnetic permeability of 10* and an electric conductivity of 1S/m.

All simulations were conducted in Comsol 3.3a using the quasi-static approximation
package.

C. Results: H1b without the core

Field’s magnitude:

The total electric field over several axial slices is shown in Fig. 9, Fig. 10 and Fig. 11
(the figures represent the x component of the field, the y component of the field and the
field’s norm, respectively). The position of the axial slices in the head model is shown
in Fig. 8.

Regarding the field in the posterior-anterior direction (x component), we see (Fig. 9)
that, in the majority of slices, the magnitude of the field is similar in both the left and
the right hemispheres. For the upper slices (from Z=5cm to Z=8cm), however, the field
is slightly stronger over the left hemisphere, whereas for the lower slices (from Z=9cm
to Z=15cm), the field is stronger over the right hemisphere.

The field in the y direction (Fig. 10) is very strong in the frontal part of the head for all
slices. The maximum magnitude of the field in the y direction is smaller than the
maximum magnitude of the field in the x direction in higher slices (Z=5cm to Z=7cm).
In the lower slices (Z=7cm to Z=15cm) the magnitude of the field in the y direction
tends to be stronger than the magnitude of the field in the x direction.

The electric field’s norm (shown in Fig. 11) shows that the field is stronger in the left
and right hemispheres as well as in the frontal part of the head, as is expected from the
results we’ve shown for the x and y components of the field.
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Fig. 8: Position of the axial slices in the realistic head model. The upper slice is located at Z=5cm, and all
slices are separated by 2cm.
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Fig. 9: X component of the total electric field for several axial slices (represented in Fig. 8). The results
shown here were obtained for the H1b coil without any core.
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Fig. 10: Y component of the total electric field for several axial slices (represented in Fig. 8). The results
shown here were obtained for the H1b coil without any core. Notice that the field in slice Z=5cm is
always negative, whereas for the other slices, the field in the head’s front is positive.
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Fig. 11: Total electric field’s norm for several axial slices (represented in Fig. 8). The results shown here
were obtained for the H1b coil without any core.
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Field’s magnitude decay:

We investigated the field’s decay-rate along several lines, indicated Fig. 12 and Fig.
13.

a b
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Fig. 12: Lines used to investigate the decay-rate of the electric field in the posterior-anterior direction
over the left hemisphere: (a) Frontal view of the lines (b) Lateral view from the left hemisphere. The blue
line will be referred to as r1 and the red line as r2.

Fig. 13: Lines used to investigate the decay-rate of the electric field in the medial-lateral direction over
the front of the head. The blue line will be referred to as r3 and the red line as r4.

The magnitude and relative magnitude (field divided by field’s maximum) of the total
electric field in the x direction along line rl are depicted in Fig. 14. From the figure, we
see that the field at a distance of about 7cm along line rl has decayed to only 29% of the
field at the beginning of the line.

The decay along line r2 is much faster (see Fig. 15). This comes from the fact that the
field at the end of line r2 is greatly reduced (due to the influence of the field induced by
the coil elements placed over the right hemisphere and to the influence of the field due
to charge accumulation, which tends to decrease the radial component of the field inside
the head). These results show that the H1b coil should be efficient in stimulating fibers
located deeply over lateral positions of the left hemisphere, and with a direction that has
a substantial projection over the posterior-anterior (x) axis. Deep neuronal structures
located more medially should, however, be difficult to stimulate, as the electric field
there is very low.

Regarding the field’s y component along lines r3 and r4 (see Fig. 16 and Fig. 17) we
see that the field decays slowly along both lines. This indicates that this coil should
allow for stimulation of neurons located deeply in frontal regions of the head, and with
a direction that has a substantial projection over the lateral-medial (y) axis.
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Fig. 16: Field’s y component magnitude and its relative value along line r3. The maximum value of the
field is 78.7V/m and it’s located at a distance of 2.8 cm along the line. At the end of the line, the field has
decayed to 56% of its maximum value.
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Fig. 17: Field’s y component magnitude and its relative value along line r4. The maximum value of the
field is 54.3V/m and it’s located at a distance of 1.1 cm along the line. At the end of the line, the field has
decayed to 29% of its maximum value.

Field’s focality:

In order to investigate the field’s focality we investigated the field’s distribution at
several concentric ellipsoids, specially designed to fit the head’s model shape and
curvature. The initial ellipsoid is illustrated in Fig. 18. All other ellipsoids were
designed from this one, successively decreasing by l1cm the length of each semi-
principal axis. In each ellipsoid, we defined an area by the condition described earlier by
(1). To achieve a measure of the field’s focality, we normalized the area defined by (1)
by dividing it by the total area of each ellipsoid. This normalized area represents,
therefore, the percentage of the total area of each ellipsoid that will be 70% above the
maximum value of the field over that ellipsoid.

The components of the field that we investigated were: the x component of the field
over the left hemisphere, the y component of the field over the head’s front and the
maximum value of the electric’s field norm. The plot in Fig. 19 shows the variation of
the normalized area for each of the previously mentioned components of the field, as a
function of the length of the x semi-principal axis of each ellipsoid. Table 1 shows the
absolute area (calculated from (1)) for each of the studied components of the field.

From the analysis of the figure and the table we see that the y component is more focal
than the x component of the field. This is expected as the coil elements over the left
hemisphere are spread over a larger area than the coil elements over the head’s front.

3 , 5

Fig. 18: Frontal (a) and lateral (b) view of the larger ellipsoid used to calculate the focality of the field.
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Table 1: Areas, defined by (1), for each ellipsoid — H1b coil with no core

Length of X semi- Ex left hemisphere Ey in the head’s front Electric field’s norm
principal axis (cm) (cm?) (cm?) (cm?)

7.5 42.046 19.310 64.183

6.5 35.547 17.432 79.970

5.5 23.170 11.773 59.646

4.5 13.036 6.408 35.861

D. Results: H1b with core over the left hemisphere

The first core model used to investigate the effects of the core on the field induced by
the H1b coil is shown in Fig. 20. The core was placed over the left hemisphere, so as to
cover the elements of the coil placed laterally over that hemisphere.

a

|

Fig. 20: Core placed over the left hemisphere: (a) General view (b) Frontal view (c) Top view (d) Lateral
view. The core has a length of 10cm and a height of roughly 12cm.
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Field’s magnitude:

The electric field’s magnitude was again studied in several slices (the positions of
which are indicated in Fig. 8). These results are shown in Fig. 21, Fig. 22 and Fig. 23
for the x component, the y component and the norm of the total electric field.

Comparing Fig. 21 with Fig. 9 we see that the core tends to decrease the x component
of the field over the left hemisphere for the upper slices (slices with coordinates up to
Z=7cm). For the remaining slices, the core tends to increase the field’s magnitude over
the left hemisphere. This increase can be as high as 40% of the value of the field
without the core (Z=10cm). The magnitude of the field over the right hemisphere
slightly increases with the core. This increase is, however, almost always smaller than
the field increase over the left hemisphere. This causes the field over the left hemisphere
to be stronger than the field over the right hemisphere for most slices, which didn’t
happen without the core. The core therefore increases the lateral asymmetry of the coil’s
induced field in the x direction.

Regarding the y component of the field (see Fig. 22 and Fig. 10 for results with and
without the core, respectively), we see that while core doesn’t change it much, it has a
tendency to increasing it slightly for all slices.

The results for the electric field’s norm (see Fig. 23 for results with core and Fig. 11
for results without core) reinforce the fact that the core increases the field over the left
hemisphere, not affecting much the field over the right hemisphere and the field in the
front of the head.

Max: 28.098 Max: 98.512
20 80
60
10 40
20
0
0
-10 -20
-40
20 60
30 -80
Min: -36.302 Min: -98.881
Max: 134.646 Ex_emqav Z=11cm Max: 148.942
100 4 100
50 50
0 7T 0
-50 Y WL A\
7\ -50
-100 L = -100
Min: -122.443 Min: -116.077
Ex_emqav Z=13cm Max: 121.014 Ex_emqav Z=15cm Max: 49.158
y N7 100 - 40
\ 20
50
0
s
0
AN 20
- - \ -50 -
X R 7/I\ 40
- -100 — = -60
Min: -101.204 Min: -64 463

Fig. 21: X component of the total electric field for several axial slices (represented in Fig. 8). The results
shown here were obtained for the H1b coil with the core placed over the left hemisphere.



16

Ey_emqgav Z=5cm Ey_emqav Z=7cm Max: 74 933
60
40
20
0
-20
-40
-60
Min: -90.636 Min: -74 .268
Max: 144.894 Max: 120.825
140 120
120 100
100 80
80
60 60
20 20
0 0
3
§ -40
Min: -56.754 Min: -44 313
Max: 99.785 Max: 67.796
60
650 40
30
40 20
20 10
0
ul -10
-20 -20
-30
Min: -37.564 Min: -34 411

Fig. 22: Y component of the total electric field for several axial slices (represented in Fig. 8). The results
shown here were obtained for the H1b coil with the core placed over the left hemisphere.
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Fig. 23: Total electric field’s norm for several axial slices (represented in Fig. 8). The results shown here
were obtained for the H1b coil with the core placed over the left hemisphere.
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Field’s magnitude decay:

To see how the core affected the field’s decay, we investigated the field along the same
lines shown in Fig. 12 and Fig. 13. As we saw in the previous section that the core over
the left hemisphere doesn’t affect much the y component of the field, we’ll only
compare the decay of the x component of the field over the left hemisphere, along lines
rl and r2 (see Fig. 12).

The curves in Fig. 24 show the relative magnitude of the field’s x component along
line r1 for both the model without the core and the model with the core. From the
analysis of the curves, we see that the core greatly increases the field’s relative
magnitude along line rl. The decay of the field along line r2 (see Fig. 25) is also
slightly improved by the core up to a distance of 6.7cm along the line. From that
distance onward, the relative magnitude decreases.

Hlb no core

Hlbleft core
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Fig. 24: Relative magnitude of the x component of the field over line r1. The blue line represents the case
without the core, while the green line represents the case with the core.
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Fig. 25: Relative magnitude of the x component of the field over line r2. The blue line represents the case
without the core, while the green line represents the case with the core.

Field’s focality:

The focality of the field induced by the H1b coil with the core placed over the left
hemisphere was determined by using the same approach as described earlier. The results
obtained are summarized in Table 2. Comparing Table 1 and Table 2 we see that the
core tends to increase the focality of the x component of the field and decrease the
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focality of the y component and the norm of the electric field. In order to better compare
and contrast the focality of the field with and without the core, we can examine Fig. 26
(normalized area for the x component of the field over the left hemisphere) and Fig. 27
(normalized area for the electric field’s norm). From the analysis of the figures, we see
that the differences in the focality are greater for the bigger ellipsoids and tend to
become smaller for the smaller ellipsoids.

Table 2: Areas, defined by (1), for each ellipsoid — model with core placed over the left hemisphere

Length of X semi- Ex left hemisphere Ey in the head’s front Electric field norm
principal axis (cm) (cm?) (cm?) (cm?)
7.5 31.562 21.407 87.963
6.5 27.135 18.828 90.028
5.5 20.058 12.461 63.797
4.5 12.154 6.738 37.807
P
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Fig. 26: Focality of the x component of the field, measured as the percentage of the area of each ellipsoid
occupied by the area defined by (1). The blue line refers to the focality without the core while the green
line refers to the focality with the core.

40

-=---Hlb no core

35 .. Hlb leftcore

ellipsoid
o
]
i
¢
]

25F ~

total area of
s

% of
/

15F i

1 1 1 I 1

10

4,5 5 5.5

Length of % semi-principal axis (cm)

Fig. 27: Focality of the electric field’s norm, measured as the percentage of the area of each ellipsoid
occupied by the area defined by (1). The blue line refers to the focality without the core while the green
line refers to the focality with the core.

E. Results: H1b with core over the head’s front

The second model of the core is shown in Fig. 28. To obtain this model we simply
rotated the coil placed over the left hemisphere.
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Fig. 28: Core placed over the head’s front: (a) General view (b) Lateral view (c) Frontal view (d) Top
view. The core has a length of 10cm and a height of roughly 12cm.
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Fig. 29: X component of the total electric field for several axial slices (represented in Fig. 8). The results
shown here were obtained for the H1b coil with the core placed over the head’s front.
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Fig. 30: Y component of the total electric field for several axial slices (represented in Fig. 8). The results
shown here were obtained for the H1b coil with the core placed over the head’s front.

normE_emqav Z=5cm Max: 108.142 normE_emqav Z=7cm Max: 137.199
100 120
=
90 e 0\ M F 4100
80 \ 80
70 60
60 40
50 20
40
Min: 39.063 Min: 3.061
Max: 207.313 Max: 167.96
200 160
180
160 140
140 12
120 100
100 80
80
60
60 40
40
20 20
Min: 1.764 Min: 2.853
Max: 129.663 Max: 79.858
120 70
100 60
80 50
50 40
30
40
20
20 10
Min: 2.356 Min: 1.254

Fig. 31: Electric field’s norm for several axial slices (represented in Fig. 8). The results shown here were
obtained for the H1b coil with the core placed over the head’s front.
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Field’s magnitude:

The field magnitude with the core placed over the head’s front was again analysed in
several slices, shown in Fig. 8. The results for the x component, the y component and
the norm of the electric field are shown in Fig. 29, Fig. 30 and Fig. 31.

The core tends to decrease the maximum of the field in the y direction for upper slices
(from Z=5cm to Z=7cm). For the rest of the slices, the presence of the core increases the
field’s maximum as expected. This can be seen by comparing Fig. 30 with Fig. 10.

Regarding the field in the x direction, we see that the core slightly increases its values
over the left and right hemispheres for all slices (see Fig. 29 with Fig. 9), although this
increase is small compared to the increase in the y component of the field.

The electric field’s norm with the core is stronger over the head’s front, due to the
increase of the field in the y direction (see Fig. 31 with Fig. 11).

Field’s magnitude decay:

The effect of the core on the field’s decay was investigated along lines r3 and r4 (see
Fig. 13). These were the chosen lines because the core doesn’t change much the field in
the x direction, as we’ve seen in the previous section.

The field’s relative magnitude along line 13 (see Fig. 32) shows that the core shifts the
location of the field’s maximum downwards (without the core, the maximum is located
at a distance of 2.8cm while, with the core, the maximum shifts to a distance of 3.1cm
along the line). The core tends to decrease the field’s relative magnitude, especially
after a distance of about 5.6cm along the line.

Analysing the normalized field along line r4 (shown in Fig. 33) we see that the core
again shifts the position of the field maximum downwards (the maximum is at a
distance of 1.1cm without the core and shifts to a distance of 1.9cm with the core). This
time, however, the core tends to increase the field’s relative magnitude up to a distance
of 7.8cm along line r4, decreasing it from that point onward.

Relative magnitude
o

Hlb no core

0.1F Hlb frontal core

2 3 4
Distance along line {(cm)

Fig. 32: Relative maximum of the y component of the field over line r3. The blue line represents the case
without the core, while the green line represents the case with the core.
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Fig. 33: Relative maximum of the y component of the field over line r4. The blue line represents the case
without the core, while the green line represents the case with the core.

Field’s focality:

The field’s focality was again investigated using the usual procedure. The results are
summarized in Table 3.

Comparing the data presented in Table 3 with the data presented in Table 1, we see
that the frontal core improves the focality of the y component of the field over the
head’s front and of the field’s norm. The focality of the x component of the field isn’t
changed much by this core. The improved focality of the field’s norm is explained by
the fact that the core increases the y component of the field more than the x component
of the field. The norm of the field, therefore, tends to become more localized in the
head’s front, which decreases the area defined by (1).

To better compare the focality of the field with and without the core, we can examine
Fig. 34 (normalized area for the y component of the field over the head’s front) and Fig.
35 (normalized area for the electric field’s norm). From the analysis of the figures, we
see that the improvement in the focality with the core is similar for all ellipsoids.

Table 3: Areas, defined by (1), for each ellipsoid — model with the core placed over the head’s front

Length of X semi- Ex left hemisphere Ey in the head’s front Electric field norm
principal axis (cm) (cm?) (cm?) (cm?)

7.5 40.836 16.049 30.882

6.5 35.145 14.739 49.995

5.5 23.111 10.458 43.231

4.5 13.188 5.883 27.864
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Fig. 34: Focality of the y component of the field, measured as the percentage of the area of each ellipsoid
occupied by the area defined by (1). The blue line refers to the focality without the core while the green
line refers to the focality with the core.
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Fig. 35: Focality of the electric field’s norm, measured as the percentage of the area of each ellipsoid
occupied by the area defined by (1). The blue line refers to the focality without the core while the green

line refers to the focality with the core.

F. Results: H1b with two cores

The last model we’ll discuss here used two cores: one placed over the left hemisphere,
and another placed over the head’s front. The core positions are shown in Fig. 36.
Notice that, although the core used in the left hemisphere is the same we used
previously (see Fig. 20), the core placed over the head’s front is slightly different from
the one shown in Fig. 28.
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Fig. 36: H1b coil with two cores, one placed over the left hemisphere, and another placed over the head’s

front: (a) General view (b) Top view (c) Front view (d) Lateral view.
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Fig. 37: X component of the total electric field for several axial slices (represented in Fig. 8). The results
shown here were obtained for the H1b coil with two cores.



Ey_emqav Z=5cm

Fig. 38: Y component of the total electric field for several axial slices (represented in Fig. 8).
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shown here were obtained for the H1b coil with two cores.
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Fig. 39: Electric field’s norm for several axial slices (represented in Fig. 8). The results shown here were

obtained for the H1b coil with two cores.
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Field’s magnitude:

The field magnitude with the core placed over the head’s front was again analysed in
several slices, shown in Fig. 8. The results for the x component, the y component and
the norm of the electric field are shown in Fig. 37, Fig. 38 and Fig. 39.

As expected, the effect of this core arrangement on the x component of the field is
similar to what we observed for the model placed over the left hemisphere (the core
placed over the left hemisphere is exactly the same as the one used in the model with
only one core). This can easily be seen by comparing Fig. 21 with Fig. 37. From the
analysis of both figures, we also see that in the model with the two cores the field is
slightly higher than the field in the model with only one core.

The y component of the field is also modified in a similar manner as previously
observed for the model with the core over the head’s front. There are, however, some
differences that arise from the fact that the core used in this model is somewhat different
from the core used in the other model. The main difference concerns the maximum
value of the field’s magnitude (which occurs at Z=9cm), which is smaller for this model
(160.5 V/m) than for the latter (180.8 \V/m).

The electric field norm is increased mainly in the head’s front and in the left
hemisphere (see Fig. 39). This is expected from the previous discussion.

Field’s magnitude decay:

As the two cores affect both the field in the x direction as well as the field in the y
direction, we investigated the decay along all lines (r1, r2, r3 and r4, as illustrated in
Fig. 12 and Fig. 13).

The decay along the left hemisphere is illustrated in Fig. 40 (line r1) and Fig. 41 (line
r2). From the analysis of both plots, we see that the dual core configuration gives
similar results as the ones observed for the case where we had only one core over the
left hemisphere (the dual core configuration actually increases marginally the relative
field’s magnitude along lines rl and r2, as can be seen by examining Fig. 24 and Fig. 40
at a distance of 7cm).

The decay along the head’s front (illustrated in Fig. 42 for line r3 and Fig. 43 for line
r4) is different from the case where we only had one core (see Fig. 32 and Fig. 33). This
happens mainly due to the fact that the cores used in both models are different. The
results are, however, qualitatively the same: the cores tend to increase the field’s
relative magnitude up to a certain point and decrease it from that point forward. This
core also tends to shift the location of the field’s maximum over line r4, as was
observed for the previous configuration with only one core.
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Fig. 40: Relative magnitude of the x component of the field over line r1. The blue line represents the case
without any core, while the green line represents the case with the two cores.
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Fig. 41: Relative magnitude of the x component of the field over line r2. The blue line represents the case
without any core, while the green line represents the case with the two cores.
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Fig. 42: Relative magnitude of the y component of the field over line r3. The blue line represents the case
without any core, while the green line represents the case with the two cores.
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Fig. 43: Relative magnitude of the y component of the field over line r4. The blue line represents the case
without any core, while the green line represents the case with the two cores.

Field’s focality:

The field’s focality was again investigated using the usual procedure. The results are
summarized in Table 4.

Comparing Table 4 with Table 1, we see that the two cores tend to improve the
focality of all the components of the field that we investigated. The improvement in
focality is, however, more pronounced for the x component of the field over the left
hemisphere and for the field’s norm. The focality of the y component of the field, over
the head’s front, isn’t so affected by the presence of the core as in the model where we
only had one core. This, again, can originate from differences in the core’s geometry.

In order to better compare the focality of the field with and without the core, we can
examine Fig. 44 (normalized area for the x component of the field over the left
hemisphere), Fig. 45 (normalized area for the y component of the field over the head’s
front) and Fig. 46 (normalized area for the electric field’s norm). From the analysis of
the figures, we see that the improvement on the focality of the field’s norm tends to
become higher for smaller ellipsoids. The opposite happens for the improvement on the
focality of the x component of the field, which tends to become less and less
pronounced for smaller ellipsoids. The improvement on the focality of the y component
of the field isn’t much pronounced for all ellipsoids.

Table 4: Areas, defined by (1), for each ellipsoid — Model with two cores

Length of X semi- Ex left hemisphere Ey in the head’s front Electric field norm
principal axis (cm) (cm?) (cm?) (cm?)

7.5 33.318 19.422 69.067

6.5 28.111 17.367 74.893

5.5 20.383 11.581 55.881

45 12.401 6.389 33.278
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Fig. 44: Focality of the x component of the field, measured as the percentage of the area of each ellipsoid
occupied by the area defined by (1). The blue line refers to the focality without the core while the green
line refers to the focality with the two cores.
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Fig. 45: Focality of the y component of the field, measured as the percentage of the area of each ellipsoid
occupied by the area defined by (1). The blue line refers to the focality without the core while the green

line refers to the focality with the two cores.
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Fig. 46: Focality of the field’s norm, measured as the percentage of the area of each ellipsoid occupied by
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G. Conclusions

The previous results show that the presence of the core increases the field over that
area (if the core is placed over the left hemisphere, the x component of the field over
that hemisphere is increased; if the core is placed over the head’s front, the y component
of the field is increased there).

Regarding the field’s decay-rate, we’ve shown that the core is capable of decreasing it
over the left hemisphere. The presence of the core over the head’s front, however,
doesn’t lead to such a decrease of the decay-rate. We think that with a more careful
design of the core it is possible to improve the decay-rate of the field over the head’s
front.

The core also affects the focality of the field. The model with the two cores showed an
improved focality of all the studied components of the field. Using smaller cores will
increase further the field’s focality but, if not carefully placed, these cores won’t affect
as much the field’s magnitude and decay-rate.
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