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Abstract — The recent advancements in the design of
TMS coils to reach specific cortical and subcortical
regions have allowed the treatment of various
neuropsychiatric disorders, whose prevalence increases
with age. This could be also due to the anatomical and
morphological changes with age of the brain tissues,
such as the atrophy that characterizes the elderly cortex.
This study provides a description of the electric field, the
main engine of the stimulation, distribution induced in
specific cerebral tissues. That was performed by
comparing, making use of computational electromagnetic
techniques, the E distributions in two human models of
different ages (34 and 84 years-old males), the older one
showing cortical atrophy in the prefrontal lobe. The
analysis of the parameters describing the spread of the
electric field distribution shows that the H1 coil is able
to induce in the prefrontal cortex an E amplitude higher
than the neural threshold and with a widespread
distribution in both models, with a slight prevalence on
the younger one. On the contrary, the maximum E
penetration depth and the consequent capability to reach
deeper targets in the brain, is slightly higher for the
elderly model.

Index Terms — Bioelectromagnetics, deep transcranial
magnetic stimulation, elderly, H-coils, neuropsychiatric
disorders.

I. INTRODUCTION

In the last few years, the possibility to approach the
treatment of pathological conditions with noninvasive
techniques of neurostimulation, such as transcranial
magnetic stimulation TMS and transcranial direct
current stimulation tDCS, has become more and more
appealing to neuroscientists. In parallel, their use moved
from the merely diagnosis of damage, to the therapy of
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many neuropsychiatric disorders and spinal injuries [1]-
[8]. The efficacy of these techniques is associated to the
induction of electric field (E), which acts by modulating
the electrical activity of the target neural region of
interest. That can take place in a direct way as in
transcranial electrical stimulation, through electrodes
placed over the skin close to the target of interest, or else
in an indirect way as in the case of TMS, through coils
placed in proximity to the scalp.

Lately, the knowledge of the role of different
cortical and subcortical structures in the development of
specific neuropsychiatric pathologies has moved the
interest of researchers to develop new TMS coils able to
stimulate deep brain structures rather than only the
cortex, giving birth to the deep TMS (dTMS). For
example, in the major depressive disorder (MDD), some
functional neuroimaging studies have shown the
presence of alterations in the prefrontal cortex (PFC) and
in areas belonging to the reward circuit linked with the
dorsal and ventral lateral PFC, i.e., the nucleus
accumbens and the ventral tegmental area [9,10]. The
dorsolateral prefrontal cortex (DLPFC) was found to be
critically involved in both mood and reward mechanisms
and was found to be dysfunctional in both MDD and
substance-abuse patients [11]-[13]. Also, it was indicated,
together with the hippocampus, as the dTMS target for
the treatment of schizophrenia [13] and of dysthymic
disorder [15]. The medial prefrontal cortex (MPFC) was
identified as target region for the treatment of the post-
traumatic stress disorder [16]. The role of the PFC in the
regulation of mood and anxiety was confirmed by a
study in which repetitive TMS of the right DLPFC was
associated with disrupted PFC—amygdala connectivity
[17]. Lastly, it is well known that midbrain and sub-
thalamic structures are strictly involved in the progress
of subcortical dementias, such as Parkinson disease
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(PD), Huntington’s disease and vascular dementia [18].

Many of these pathologies also affect elderly
people, that present a prefrontal atrophy related to the
age [19], and hence, in these patients, the capability to
effectively reach deeper brain regions could be even
more critical.

dTMS is administered by specific coils, designed at
the precise scope to improve the penetration depth of the
stimulation. Among those ones, the so-called Hesed
family (H-) coils have been exploited in several studies
[20]-[28] with significant outcomes. They have larger
dimension with respect to the conventional TMS coils
and a complex three-dimensional structure, which allows
to minimize the non-tangential element in the coil and to
slower the decay of electric field with distance.

Although these techniques are becoming more and
more popular in neuroscience, little is known about the
actual distribution of the E field induced within the
cerebral tissues by dTMS coil configurations. Although
some estimations of the induced E in dTMS have been
performed in adult or in simplified models [30]-[33], so
far, no investigation has addressed the issue of the E
distribution in elderly people.

This study, therefore, addresses precisely this topic
through a computational approach. In detail, we
assessed, by using numerical electromagnetic techniques,
the E distributions induced by a particular coil of the H-
coil family (the H1 coil) in an anatomical head model of
an 84 years old man with a pronounced age related
prefrontal atrophy. Then it was compared with the E
distribution in an adult male model, stimulated with the
same coil configuration. The purpose is to investigate
and quantify the E distributions in different brain regions
in the elderly, with particular attention to the cerebral
targets for the treatment of neuropsychiatric disorders,
i.e., as stated above, the prefrontal cortex and related
areas and the deeper tissues. The comparison with the
stimulation of an adult head with identical coil
configuration, will also allow exploring the change with
age of the E distribution.

I1. MATERIALS AND METHOD

A computational approach as implemented by the
simulation platform SEMCAD X [34] was used to build
the simulations and then to assess the distribution of the
electric field E inside specific brain target tissues. In
detail, we used the magneto quasi-static low-frequency
solver to solve the Biot-Savart law. It is based on the
scalar potential finite element (SPFE) method. Since in
the low frequency band, the appropriate dimensions of
the computational domain are smaller than the free
space wavelength, the magnetic vector potential A is
decoupled from E. Given here the dominance in the
human body of the conduction currents, E can be
calculated from the scalar potential @, which is given by:
—V:oV®d = jwV - (cA). (1)
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Simulations were conducted over two realistic
anatomical models of the Virtual Population [35]. They
are based on high-resolution magnetic resonance (MR)
images of two volunteers (a 34 and a 84 years-old male
adult models, named “Duke” and “Glenn”, respectively).
Both models distinguish up to 84 tissues within the
whole body and up to 20 different tissues at the head
level. With the aim to analyse the induced E distributions
inside specific brain target areas, in both human models,
we identified the prefrontal cortex (PFC), and within
this, the dorsolateral prefrontal cortex (DLPFC) and the
medial prefrontal cortex (MPFC), and the deeper
neuronal regions of the reward-related pathways such as
amygdala, nucleus accumbens and ventral tegmental
area (VTA), by comparison with MR images based brain
atlas.

To all the tissues we assigned the dielectric
properties based on data at low frequency collected by
the studies of Gabriel and colleagues [36], [37].

A hexahedral uniform meshing algorithm at 1 mm
of resolution, performed by the computational software
[34], was used to discretize the computational domain,
limited to the upper region of the body at the shoulder
level.

Among the Hesed coils family [38], we chose the
H1 coil, recently used in some dTMS studies ([20]-[29])
for the treatment of neuropsychiatric diseases. It is built
on a complex three-dimensional structure, which is
supposed to reach the deep brain tissues as well as to
enhance the PFC stimulation. In detail, it is composed of
12 windings that form a base portion, a protruding return
portion and a contacting return portion, indicated as a, 8
and vy respectively in Fig. 1.

The base portion (o) has a curved shape along its
length axis in order to wrap the subject’s scalp and it
provides electrical current flow in a direction tangential
to prefrontal and orbitofrontal regions [38]. The
protruding (B) and the contacting (y) return portions are
arranged to carry returning current in a direction opposite
to the one in the brain target area. The coil model was
built to accommodate the anatomy of the head on which
it is placed, as it happens during the experiments. The
current flows clockwise and in the same direction in each
winding. As to the coil positioning, we followed a
procedure mimicking what is currently done in
neurophysiological experiments making use of H-family
coils for stimulating the PFC (see e.g., [13], [15], [22],
[24]-[26], [28], [29]]). For both human models, the coil
was first placed on the scalp and the coil current at a
frequency of 5 kHz was adjusted in order to achieve a
level of E equals to the 120 % of the motor threshold
(i.e., in our case, 120 V/m, considering a threshold
equals to 100 V/m) in the area of the motor cortex
corresponding to the right hand abductor policies brevis
(APB). The 100 V/m threshold (in the following
identified as Ew) was chosen according to the accepted
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range of threshold required for hand motor activation.
Secondly, the coil was moved 5.5 cm anteriorly to reach
the prefrontal cortex, as shown in Fig. 1 for the model
Glenn. With the purpose to describe the E distribution
amplitude, the results in the following section will be
presented in terms of descriptive statistics of the E
amplitudes (median, 25™ and 75" percentiles, minimum
and maximum) in different brain regions. Moreover we
also calculated the spread of the distribution in the PFC,
DLPFC and MPFC by identifying the percentage of
volume of these brain regions where the E amplitude was
equal or greater than 50%, 70%, 80%, 90% and 100% (in
the following of the paper named as V50, V70, V80, V90
and V100) of Es [30].

With the specific intent of quantifying the E
penetration depth reached in the frontal lobe of the two
human models, we calculated the maximum depth of the
point in the prefrontal lobe in which the induced E
amplitude was equal or greater than the 70% and the
100% of Ew. Briefly, we assumed a brain centre located
in the midpoint between the two nuclei accumbens, to
identify a direction of depth in the prefrontal lobe. Then,
we calculated the maximum depth from the scalp, the
cortex and the white matter of the closest point to this
centre with an E amplitude equal to or greater than 70 or
100% E, along the depth direction (i.e., the one passing
through the brain centre mentioned above and the
identified point) For a schematic representation see the
following Fig. 5 (a).

Fig. 1. Front view of H1 coil positioning on the head of
model Glenn with the indication of the three portion
described in the text: base portion (o), protruding return
portion (B), and contacting portion (y).

I1l. RESULTS
Figure 2 shows the descriptive statistic (25, 50™,
75" percentile, minimum and maximum) of the E
amplitude distributions induced in different brain
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structures of the two human models. For both models,
the maximum E was found in the DPFC and equal
to 2224 V/m and 186.3 V/m for Duke and Glenn,
respectively. It is worth noting that, as expected, the
maximum E amplitude has been found higher than the
motor threshold E in various areas, e.g., over the cortex
and the white matter and in all the regions of PFC.

Duke

250.0

200.0

|

100.0

E (V/m)
—t

250.0

200.0

150.0

E (V/m)

100.0

Fig. 2. Descriptive statistic of E amplitude in different
brain regions for both models. Red line marks the level
of the motor threshold Eq.

On the contrary, in the deeper regions, the maximum
E amplitude remains always lower than the 50% of E
(i.e., 50 V/m) in both models. The E amplitude values on
the cortex, the white matter, the PFC and its specific
regions (DLPFC and MPFC), are slightly higher in Duke
than in Glenn both in terms of median and maximum
values, with differences in percentage, across the tissues,
ranging from 16.1% to 58.5 % in the maximum values
and from 0.6% to 21.7% in the median values. On the
contrary, the E amplitude levels in the deep regions are
slightly higher in Glenn than in Duke, with a maximum



difference of 88.6% in the median values and up to 94%
in the peak values, across the different deep brain
structures.

Figure 3 shows an example of E amplitude
distributions on two coronal slices of the brain (grey and
white matter) of Duke (on the left) and of Glenn (on the
right).

Slice

Fig. 3. Examples of E amplitude distributions on coronal
slices of the brain of Duke (left) and of Glenn (right).
The 1% column shows the coronal planes (taken 2 cm
and 3 cm from the extremity of the PFC) where the
sections were calculated. The colour bar is clamped to
Ew=100 V/m.

The 1% column shows the coronal planes (taken at
2 cm and 3 cm from the frontal extremity of the PFC)
where the sections were calculated. The colour bar is
clamped at Eq. The panels clearly show that the H1 coil
can induce an E amplitude value higher than Eq in a
large part of the prefrontal cortex and in both
hemispheres. Moreover, as one can note, it is also able to
reach wider and deeper regions of the brain with E
amplitude values greater than 50% of E in both human
models. The different morphology of the brain, due to
the different age, seems to affect both the focality and the
amplitude of the distribution.

In order to better quantify the spread of the E
amplitude distributions, Fig. 4 shows the percentages of
volume (V50, V70, V80, V90 and VV100) of PFC (left or
right), DLPFC (left or right) and MPFC where the E
amplitude is equal or greater than a certain percentage of
Ewn for both human models. The figure clearly shows that
the H1 coil is able to induce E amplitude values above
Ew in a not negligible percentage of volume of the
DLPFC, where it can reach up to 21% of the volume in
the left DLPFC of Duke. More broadly, comparing the
two human models, these percentages are slightly higher
in Duke’s DLPFC (both left and right) and left PFC, the
average percentage increasing across V50-V100 in Duke
of the 7.0%, 16.3% and 7.8% in left PFC, left DLPFC
and right DLPFC, respectively. On the contrary, in the
right PFC and MPFC these percentages instead remain
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guantitatively comparable between the two human
models with an average increase of 1.4% and 1.3% in
Duke right PFC and MPFC, respectively.
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Fig 4. Percentages of volume of PFC, DLPFC, both
divided in the two cerebral hemispheres, and MPFC with
E amplitude equals or greater than 50% (V50), 70%
(\V70), 80% (\V80), 90% (V90) and 100% (V100) of E
for Duke (black) and Glenn (yellow).

Figure 5 summarizes the penetration depths
calculated from the scalp, the cortex and the white matter
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in the two models, with respect to the brain centre (in the
figure a pictorial description of the brain centre
identification is also shown). We can notice that in both
models the H1 coil is able to penetrate the cortex to up
to 3.9 cm with an E amplitude higher than the 70% of
the neural threshold and up to 2.8 cm with an E
amplitude above the neural threshold. Moreover, the H1
coil seems to be able to penetrate in the white matter with
an E amplitude value above the neural threshold for
approximately 2-2.5 cm. These penetration depths have
been found always higher for Glenn.

T
gm  Nasion

(@
1
From white 0d100 Glenn
0d70 Glenn
W d100 Duke
@ d70 Duke
| |
From scalp —_‘—‘
0.0 2.0 4.0 6.0
Penetration Depth (cm) (b)

Fig. 5. (a) Pictorial representation of the penetration
depth calculation from the surface of the scalp (taken as
an example) over Glenn model. (b) Three-dimensional
depth (cm) of the deepest point at 70% and at 100% of
Ew (100 V/m) from the surface of the scalp, of the cortex
and of the white matter of Duke and Glenn.

1V. DISCUSSION AND CONCLUSIONS

Although the recent application of dTMS for the
treatment of neuropsychiatric disorders have attained
significant outcomes, there is still a paucity of studies
dedicated at a detailed description of the electric field
distribution induced by coils specifically designed for
dTMS. The very few studies that have recently addressed
this topic [30]-[33], have used very simplified head
models, such as spheres or have analysed just one
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subject, mainly adult. In particular, no study has
previously addressed the estimation of the E
distributions in models of elderly people, for whom the
presence of atrophy, due to the age, in the prefrontal area
(one of the target of the stimulation for neuropsychiatric
disorders), could modify the field distribution, and hence
the treatment efficacy. In this study, we therefore have
compared the E distributions in cerebral structures,
typically target of dTMS by H-family coils, in two
human models of 34 and 84 years old, respectively. The
results of this study show that the maxima levels of the
electric field are located mainly over the whole
prefrontal cortex, the two dorsolateral prefrontal cortices
and the medial prefrontal cortex, disregarding the age.
These values can be noticeably higher than the motor
threshold (see e.g., Fig. 2).

However, the anatomical variability affects directly
both the levels of the fields in the PFC (Fig. 2), with a
consistent decrease in the median and peak levels for the
elderly model, and the field distribution (Fig. 3).

This could be due to the age related prefrontal
atrophy that affects this latter model. Indeed, the distance
between scalp and cortex equals to 20 mm in Duke
against 29 mm in Glenn and the grey thickness in the
prefrontal lobe is 3.1 mm in Duke, against 2.9 mm in
Glenn. That age-effect is less evident if we compare the
median levels over the entire cortex, it disappears in the
white matter, and it reverses the trend in the subcortical
regions, as a function of the reduction of the anatomical
differences between the subjects.

The capability to reach deeper targets in the brain is
higher for the elderly model, with an E amplitude below
the 50% of the neural threshold (Fig. 2 and Fig. 5).

The maxima levels of E have been found in the two
DLPFC, both in terms of field amplitude (Fig. 2) and
spread of the distribution (Fig. 4), for both models.
Indeed, almost the whole volume of DLPFC (90-94%, in
the right and left DLPFC respectively) in the younger
model and about the 70% in the older one, are above the
50% of En and a consistent volume across the models
(10-20%) is above the neural threshold (see Fig. 4).
These data could results of great interest in the clinical
use of dTMS H1 coil, since those regions, as mentioned
in the introductive section above, are strictly involved in
the treatment of schizophrenia [14], dysthymia [15] and
major depression [27]. The data about the spread (Fig. 4)
show a slight effect of laterality in the stimulation of the
DLPFC, with a prevalence for the left hemisphere (21%
of the left DLPFC volume versus 13% of the right
DLPFC volume above the neural threshold). This has
been found in both models with a slight increase in the
younger one. These results are in agreement with recent
studies, which found the major depressive disorder
associated with a decrease activity of the left DLPFC
[39], [40].

As to the involvement of MPFC, Isseler and



colleagues [16] have indicated that cortical area as the
target region for the treatment of post-traumatic stress
disorder. Interestingly, our results show that the H1 coils
is able to induce in about the 40% of the volume of this
region an E amplitude above 50% of Ey, in both models.
Therefore, the use of H1 coil could be advisable for the
stimulation of this target, disregarding the age.

Literature studies [16]-[18] have highlighted the
possible involvement of some subcortical structures,
such as amygdala, hippocampus, thalamus, nucleus
accumbens and ventral tegmental area, in circuits related
to the growth of depression disorders. Moreover, it is
well known that the subthalamic area is strictly linked to
the treatment of Parkinson disease and other dementias.
Our results demonstrate that H1 coil can reach these
structures with an amplitude field of about 25% E,, with
a slight prevalence on the older model. In line with this
finding, we found a major capability to penetrate the
cortex and the white matter with an amplitude field
higher than the 70% and 100% of E in the old model
(Fig. 5). This trend could be properly linked to the
different anatomy between the two subjects (including
the different scalp-grey distance and grey thickness
mentioned above, as well as the head diameter and the
cortical folding). In particular it could suggest that if on
one side the prefrontal cortex atrophy of elderly people
is responsible of lower E amplitude values on the cortex,
on the other side it could facilitate the selectively
reaching of brain regions below the grey and the white
matter, improving the efficacy of this technique.

In conclusion, our study demonstrates that dTMS
administered by H1 coil is capable to induced high
levels of electric field E in typical target areas of
neuropsychiatric disorders, disregarding the age of the
subject. However, one should take into account that the
levels of E slightly decrease in the elderly, although the
depth of penetration of the induced filed increases. These
results confirm that the description and the quantification
in terms of amplitude, focality and penetration depth of
the distribution of the E in different brain regions, as here
presented, could be of great help in planning and
optimizing the clinical protocols, and in evaluating the
outcomes of therapeutic treatments of differently-aged
patients.
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