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ABSTRACT The purpose of this study is to quantify the distributions of the electric field induced by
CoFe2O4 core - BaTiO3 shell magneto-electric nanoparticles (MENPs) when localized in deep brain
structures. These fields can be used for deep brain stimulation (DBS), and their effect is compared to the fields
induced by conventional DBS electrodes in monopolar and bipolar configuration. A computational approach
based on finite element method was applied, along with the use of a highly detailed anatomical model
of the brain structures. Different MENPs configurations were investigated and compared to conventional
DBS electrode configuration. The activation of nervous fibers was quantified by calculating the Activation
Function (AF) defined as the second derivative of the electric potential along the fiber. Electric field
amplitudes obtained by MENPs were much lower than the ones obtained by the monopolar and bipolar
electrode configurations. The AF values showed that MENPs were able to obtain very localized activation
patterns along the fibers. In addition to the minimal invasiveness and proven biocompatibility of the MENPs,
the results show that the proposed approach represents an important step towards a selective and minimally
invasive strategy for DBS. All these findings are essential in identifying the unique characteristics that
MENPs could provide for nervous system stimulation, and how the use of MENPs could improve the
development of a new generation of DBS techniques.

INDEX TERMS Activation function, deep brain stimulation, magneto-electric nanoparticles, minimally
invasive approach, nanotechnology.

I. INTRODUCTION
Alterations in neurological functions due to different causes
(e.g., stroke, trauma, neurodegeneration, epilepsy, neuropsy-
chiatric diseases, among others) commonly exhibits alter-
ations in brain rhythms and activity patterns. This is translated
in a need of increasingly more efficient strategies of neural
stimulation and controlling of neural activity. One of the
well-established neurostimulation techniques successful in
reducing symptoms in different neurological disorders,
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as Parkinson’s disease [1], essential tremor [2], and
epilepsy [3], [4] is Deep Brain Stimulation (DBS) (see,
e.g. [5] and [6]). DBS consists in using electrodes implanted
by stereotactic neurosurgical techniques in the deep regions
of the brain [7], to stimulate basal ganglia using trains of elec-
tric biphasic (or, more rarely, monophasic) pulses with a main
frequency in the range 120-180 Hz. Clinical benefits of DBS
are largely dependent on the spatial distribution of the stimu-
lation field in relation to brain anatomy [8], [9], [10], [11],
maximizing the beneficial effects on motor symptoms if
the electric stimulation is localized in the subthalamic
nucleus (STN). STN is a small nucleus responsible for body
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movements and coordination, mainly connected to another
structure known as globus pallidus (GP), which carries output
to the thalamus (Th) [12], [13]. All these structures form the
anatomical nuclei of the basal ganglia and are located among
the deep structures of the brain.

Although the quality of life of patients is largely
improved by DBS, it remains a highly invasive procedure.
Despite the efforts towards less invasive and safer surgi-
cal procedures, smaller and longer-lasting devices, DBS
presents drawbacks such as hemorrhages, infections, skin
erosions, malfunction of the cables, or reaction of the
tissue that prevents the electrode’s function [14], [15].
This makes the development of new generation technolo-
gies for neural stimulation essential to allow a wider use
of DBS.

An encouraging approach for neural tissue stimula-
tion is offered by ad hoc engineered nanoparticles [16].
Among the different types of materials, magneto electric
nanoparticles (MENPs) are very promising, as, due to their
multiferroic structure, made of a ferromagnetic core and fer-
roelectric shell, they exhibit the so-called magneto electric
(ME) effect, i.e. the capability of generating a high amplitude
electric field when stimulated by a small amplitude magnetic
field [17], [18]. This characteristic, along with their tested
biocompatibility (see, e.g., [19] and [20]), allows MENPs
being promising tools in all the biomedical fields requiring
an interaction between electric field and biological tissues.
An important aspect that makes MENPs being so promis-
ing for neural tissue stimulation, and in particular for DBS,
is their minimum invasiveness: even if the MENPs need
to be inserted into brain structures and the delivery meth-
ods already experimented in in-vivo animal studies include
stereotactic [19] and intravenous [20] injections, i.e. invasive
approaches, the possibility of using nano-scale devices with
proven biocompatibility could represent a disruptive step
ahead in term of ‘‘long-term invasiveness’’ if compared with
current DBS techniques [21]. Some recent in vivo studies
analyzed the feasibility of using MENPs for central nervous
system stimulation: in [22], the authors injected intravenously
core-shell CoFe2O4-BaTiO3 MENPs forcing them to cross
the blood-brain barrier and localizing them to the brain tar-
get by applying a static magnetic field. MENPs were then
activated by a low amplitude magnetic field (below 1000 Oe
or 80 kA/m) to induce a local electric field (on the order
of 1000 V/m) due to the magnetoelectric effect. In [23] the
same authors analyzed the capability of MENPs to modulate
brain in vivowhen stimulatedwith a 100Oe (equal to 8 kA/m)
magnetic field in the 0 - 20 Hz frequency range. Results of a
more recent study [20] showed a cortical activation of indi-
vidual neuron and large neural networks in vivo by activating
MEPNs with a pair of electromagnets at about 350-450 Oe
(equal to 28-36 kA/m).

An interesting and recent experimental proof of concept
of the use of MENPs in DBS was proposed in [19]: by
means of stereotactic injection, MENPs were placed into the
subthalamic region of mice and stimulated by coupling DC

and 140 Hz AC magnetic fields, with amplitude equal to
220 and 6 mT, respectively. After 7 weeks, nanoparticles
were found to be still localized in the target area, and results
showed that MENPs induced neural activity able to activate
regions of the cortico basal ganglia-thalamocortical circuit,
thus indicating the approach as feasible for a wireless acti-
vated stimulation in DBS.

Along with these very encouraging experimental results,
an in-silico characterization based on computational model-
ing of the electric quantities involved when using MENPs for
DBS and their correlation with neural activation is essential.
Computational methods represent unique tools for a better
understanding of the insights under phenomena of interest in
neural stimulation, and indispensable enablers of translation
towards clinical use of new stimulation approaches. However,
except than for our recent study [24], in which the use of
MENPs for stimulation of cortical and subcortical areas was
investigated in terms of electric field distribution and the
tissue penetration by computational modeling, no previous
study modeled and quantified electric quantities involved in
the use ofMENPs for neural stimulation, especially regarding
their use for DBS.

This study aims at filling this research gap, by using
computational models to quantify the distributions of the
electric field and electric potential induced by CoFe2O4
core - BaTiO3 shell MENPs when localized in the STN
structures in a highly detailed anatomical head model, and by
numerically comparing them to the distributions obtained by
conventional DBS monopolar and bipolar electrode configu-
rations. Following the approach described by [25], the acti-
vation function AF, defined as the second space derivative of
the electric potential along a fiber direction and usually con-
sidered as indicative of excitation or inhibition of neuronal
fibers, was calculated along 30 fibers connecting the STN to
the GP considering different MENPs configurations. At this
stage, the evaluation of AF allows obtaining a first evaluation
of the excitation or inhibition of neuronal fibers. Even if a
more quantitative evaluation of the response of the fibers
obtained by coupling the dosimetric model to biophysical
models of neurons (see, e.g. [9] and [26]) is beyond the scope
of this study, comparing AF behaviors obtained by various
MENPs configurations to the AF thresholds described in
literature will provide important information for the compre-
hension of a MENPs-based DBS. All these findings will be
essential in identifying the unique characteristics thatMENPs
could provide for nervous system stimulation, and how the
use of MENPs could improve the development of a new
generation of DBS techniques.

II. MATERIALS AND METHODS
A finite element method (FEM) as implemented in the
simulation platform Sim4Life (by ZMT Zurich Med Tech
AG, Zurich, Switzerland, www.zurichmedtech.com) was
used in this study, following a methodology described
in previous publications [27], [28] and detailed here
below.
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FIGURE 1. (a) Anatomical model MIDA and detail of the STN (red tissue),
the globus pallidus (green tissue) and the 3 parallel layers, each made of
10 fibers, going from the STN to the GP. (b) Schematic view of the DBS
electrode and the MENPs clusters.

FIGURE 2. Schematic view of the electrode, in both monopolar and
bipolar configurations, and the MENPs clusters in the various
configurations, localized in STN structure (red tissue). The green tissue
represents the GP.

FIGURE 3. Schematic representation of the geometrical configurations of
the three layers of fibers, each composed by 10 parallel fibers ordered
from 1 to 10 and going from the STN structure (red tissue) to the GP
(green tissue).

A. ANATOMICAL MODEL
Amultimodal imaging-based detailed anatomicalmodel [29],
of the human head and neck, named ‘‘MIDA’’ was imported
in the simulation platform Sim4Life. The model was seg-
mented and reconstructed at an isotropic resolution equal
to 0.5 mm, which allowed to distinguish the tissues mainly
involved in the DBS stimulation protocols, such as globus
pallidus (GP), white matter, thalamus and subthalamic nuclei
(STN). Since this last tissue, which is the main target of the
stimulation, was not segmented in the original MIDA model,
we performed a manual segmentation of this structure by
comparing the STN position, orientation and dimension with
MR images-based brain atlas and literature data [30], [31],
[32], [33], [34]. The resulting STN nuclei have an ellipsoidal

shape with a volume equal to 6×8×9 mm3 (width x length x
diameter), main axis directed 60 degrees from the horizontal
plane of the anterior commissure-posterior commissure line
(AC-PC) and 20 degrees from the sagittal plane, and centre
at x= ±11mm (lateral), y= −3 mm (posterior), z= −4 mm
(inferior) from the midcommissural point (Fig 1a).

Since neural activity between subthalamic nucleus and
internal GP is severely impaired in Parkinson Disease (PD),
we also modelled 3 parallel layers of 10 fibers for each
layer (direction along the main STN axis, equally spaced
with a step of 0.5 mm along the antero-posterior direction,
and inter-layers distance equal to 1 mm) connecting these
structures on the right hemisphere, where we focused our
analysis under the hypothesis of symmetry between the two
hemispheres. Each fiber has a length of 14 mm, going from
the STN to the GP. When describing the position along each
fiber’s length, position 0 was defined as corresponding to the
initial point of the fiber, in vicinity of the STN tissue, while
position 14 mm was at the end of the fiber, in proximity of
the GP. The geometrical characteristics of the three layers,
their reciprocal position and the numerical labels correspond-
ing to each fiber are represented in fig. 3.

B. ELECTRODE AND MENP CLUSTER MODELING
To simulate MENPs as sources for DBS, they were modeled
as spherical agglomerates of diameter comparable to the
classical DBS electrodes’ (i.e. Ø=1.27 mm), in accordance
with experimental procedure and findings described in [19].
MENPs clusters were placed in STN considering five con-
figurations using different dimensions and locations of the
MENPs (see Fig. 2):

1) ‘‘MENP_C1’’: one MENPs cluster, of diameter equal
to Ø, positioned in the center of the STN.

2) ‘‘MENP_C2’’: two MENPs clusters, each of diameter
equal to Ø, positioned in correspondence of the posi-
tions in which the active contacts E1 and E2 of the
classical DBS electrode (see Fig.1b) would be placed.

3) ‘‘MENP_C3’’: two MENPs clusters, each of diameter
equal to Ø/2, in correspondence of the positions in
which the active contacts E1 and E2 of the classical
DBS electrode would be placed.

4) ‘‘MENP_C4’’: four MENPs clusters, each of diameter
equal to Ø/4, two of which positioned as in the previous
configuration, the other two in the same plane, at a
distance of 2 mm from the first two, to avoid reciprocal
influence.

5) ‘‘MENP_C5’’: four MENPs clusters, each of diameter
equal to Ø/4, positioned aligned in the vertical direction
at a distance of 1 mm from each other.

Due to their core and shell chemical compositions, MENPs
are characterized by strong coupling between magnetic and
electric fields, the so-called magneto-electric (ME) effect,
quantified by the magneto-electric coefficient α:

α = 1Pi/1Hi, (1)
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wherePi is induced electric polarization, andHi is the applied
magnetic field. The electric potential on each MENP surface
was found to exhibit a dipole distribution [35], [36] aligned
along the direction of the low-amplitude magnetic field used
for stimulating the ME effect. When considering a great
number of MENPs, such as in the spherical agglomerates
modelled in this study, the macroscopic behavior could be
approximated following different approaches. In this study,
hypothesizing that all the MENPs could be approximated by
dipoles orientated along the same direction, andwith the same
potential of their surfaces, we modeled the distribution of the
electric potential on the MENPs agglomerates by dividing
the surface of the spheres in two areas, one characterized by
positive potential and one by a negative one, divided by an
insulating layer (see fig.1b). This approach, which is the same
regardless to the cluster dimension, is reasonable following
the approximation of electric potential on the surface of a
volume containing electric sources modeled as dipoles, using
the definition of ‘‘volume dipole moment density function’’
as detailed in [37]. For all the considered MENPs configura-
tions, the amplitude of the electric potential on each MENPs
cluster was set equal to ϕ = ±0.05 V, a reasonable value
considering the experimental values observed in previous
studies (see, e.g. [19], [23] and [35]). For all MENPs con-
figurations a potential equal to 0 V was set at the boundaries
of the computational domain, containing all theMIDA tissues
(size = 216.6 × 162.6 × 232.5 mm3).
As a comparison, the distal end of a traditional DBS lead

(Medtronic 3389) was modelled and inserted perpendicular
to the transversal plane of the model with the center of the
2nd contact from the bottom coincident to the center of the
subthalamic nucleus. The portion of the lead modelled, con-
sists of 4 cylindrical conductive contacts (1.5 mm in height,
1.27 mm in external diameter, 0.96 in internal diameter)
with 0.5 fully insulated inter-electrode spacing (Fig 1b). The
conductive contacts (represented in yellow in Fig 1b) were
modelled as perfect electric conductors (PEC), whereas
the insulated sections (represented in blue in Fig.1b) as
polyurethane (electrical conductivity σ = 0 S/m, relative
electrical permittivity εr =3.4).
The following electrodes configurations were imple-

mented (see Fig. 2):
1) ‘‘Monopolar’’ configuration: contact E2 was set as

active to a voltage-controlled boundary condition
(Dirchlet boundary condition set to ϕ=-1 V), the return
electrode (ϕ= 0V)was represented using the boundary
of the computational domain (size = 216.6 × 162.6 ×
232.5 mm3). This configuration, even if hardly used in
current DBS systems, has been simulated for the sake
of comparison with ‘‘MENP C1’’ configuration.

2) ‘‘Bipolar’’ configuration: contact E2 and E3 were set
to voltage-controlled boundary conditions at−1 V and
+ 1 V, respectively.

Sinusoids at a frequency of 130 Hz, similar to the typical
repetition frequency used in DBS applications [38], [39] were
administered to both electrodes and MENPs clusters.

C. ELECTRODE AND MENP CLUSTER MODELING
In this frequency range the electromagnetic ohmic quasi-
static approximation applies and it was used to solve the
Laplace equation:

∇ · (σ∇ϕ) = 0, (2)

where ϕ is the electric potential, σ (S/m) is the electrical con-
ductivity of tissues set according to the DBS frequency [40].
The electric field (E) distribution in all the model tissues was
then obtained by means of the following relation:

E = −∇ϕ (3)

A rectilinear uniform rectilinear mesh with a 0.1 mmmax-
imum step was used to discretize the region around the STN
and GP, and 1 mm step size elsewhere, resulting in about
90 million elements total.

From the potential distribution, we calculated the Acti-
vating Function (AF) defined as the second space derivative
of ϕ, along the fibers lenght:

AF (x) = ∂2ϕ(x)/∂x2 (4)

AF provides a quantitative measure of the excita-
tion/inhibition of each fiber [25].

III. RESULTS
Fig. 4 shows, as an example, the E field distributions in the
STN obtained for the MENP_C1 configuration, and, as a
comparison, for monopolar and bipolar electrodes configura-
tions. As a general observation, the E field distributions due
to the presence of MENPs appear well localized around the
cluster of nanoparticles, while for the electrodes the E field
distributions are more widespread in the tissues: even if the
dimensions of the sources (MENPs and active contact) and
stimulation approaches were identical, the shape of the dis-
tribution was different, probably due to the presence of con-
ductive, although as non-active, components of the electrode.
Table 1 shows the 99th percentiles and the median values
of the root mean square (RMS) of the E field induced in
the STN: values were found to be very similar across the
MENPs configurations. As a comparison, 99th percentiles
and the median values of the E field distributions induced in
the STN by the electrode in monopolar and bipolar configu-
rations were ten/twenty times higher - due to the ten/twenty
times higher surface potentials fixed on the active contacts.

Fig. 5 shows, as an example, the electric potential ϕ
(fig. 5a and c) along one of the fibers modelling the nervous
connection between the STN and the GP and the correspond-
ing AF (fig. 5b and d) for the MENP_C1 and the electrode
monopolar and bipolar configurations. As well expected, due
to the difference in the boundary conditions on the MENPs
cluster and the active contact of the electrodes (ϕ equal to
±0.05 V for MENPs configuration, equal to 1 V for monopo-
lar configuration and to ±1 V for bipolar configuration),
the electric potential along the fibers for the MENP_C1
configuration is ten/twenty times lower than that observed
for the monopolar and bipolar electrodes, respectively. When
considering AF for MENP_C1 slightly positive values were
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observed between 5 and 7.5 mm along the fiber, followed
by negative values, i.e. inhibitory effect, between 7.5 and
9 mm along the fiber, and positive values, i.e. excitatory
effect, between 9 and 10 mm. A very similar behavior, with
alternating inhibitory and excitatory effects, was observed
for the bipolar electrode configuration, while a slightly dif-
ferent behavior was observed for the monopolar electrode
configuration. For this latter, negative values were observed
between 3 and 7.5 mm along the fiber, positive values, i.e.
excitatory effect, between 7.5 and 10 mm, and again negative
until the end of the fiber. Maximum AF values were equal
to 6.0 x104, 3.3 x 105 and 7.5 x 105 V/m2, localized at 9.5,
8.8 and 8.7 mm along the fiber, for MENP_C1, monopolar
and bipolar electrode configurations, respectively.

FIGURE 4. RMS E field distributions on a transversal plane passing in the
center of the STN obtained for the MENP_C1 configuration (a), and for the
monopolar and bipolar electrodes configurations (b).

FIGURE 5. Electric potential ϕ and its second derivate AF along the fiber
#8 of layer 1 for the MENP_C1 (first row) and monopolar electrode
(second row) configurations.

Table 1 shows the descriptive statistic of AF values in terms
ofmaximum andminimumvalues. For all theMENPs config-
urations, except than for MENP_C1 in which results showed
AF values in the range of ±1.5 x 105 V/m2, the maximum
and minimum AF values were of the order of magnitude
of ±106 V/m2. These values were similar to the results
obtained with the electrode configurations, in particular for
the monopolar case.

Fig. 6 and fig. 7 show, for each of the ten fibers in each
layer (namely #1, #2, #3, as defined in fig. 1), the AF obtained

TABLE 1. Descriptive statistics of E field and AF values.

for each MENPs (fig. 6) and for the monopolar and bipolar
electrode configurations (fig. 7). To compare the distributions
of the AF along the fibers for MENPs and electrode configu-
rations, the maximum value of the colormap is fixed equal to
AFThmean = 5×104 V/m2. This value was chosen as a medium
threshold among the AF thresholds identified by Duffley
et al. [26] as sufficient to cause nervous fiber activation,
considering different electrodes configurations and 5.7 µm
diameter mammalian motor axons [41]. AFThmean value thus
represents a rough indication of the AF threshold for the acti-
vation of a myelinated nervous fiber. As a first observation,
for all the MENPs configurations the maximum values of
AF were found along the fibers of the layer #2, while for
layers 1 and 3 the AF was found to reach values higher or
comparable to AFThmean only in few fibers. When observing
a single fiber, AF values different from zero were focused
along a small portion of the fiber length, alternating negative
and positive values.

For MENP_C1 in layer 1 the AF values showed values
comparable to AFThmean only for fiber from 1 to 3, while in
layer 2 fibers 2 to 8 showed values higher than 4× 104 V/m2

and in layer 3 fibers 1 to 5 showed values higher than
4 × 104 V/m2. For MENP_C2, i.e., when inserting a sec-
ond MENPs cluster with the same dimensions, no remark-
able difference in the AF was noticed, except than for the
shape obtained along the fibers 1 to 6 of the layer 3, that
reflected the presence of two sources. For MENP_C3, i.e.,
when considering two clusters placed in the same positions
of MENP_C2 configurations, but with smaller dimensions,
the patterns of AF values along fibers showed different
shapes compared to the ones observed for MENP_C1 and
MENP_C2. Layers 1 and 3 showed similar patterns, with
smaller AF values compared to those observed for the same
layers in MENP_C1 and MENP_C2. The highest AF values
were found along layer 2, with fibers from 2 to 8 showed
maximum AF values comparable or higher than AFThmean. For
MENP_C4 configuration, i.e., when considering 4 MENPs
clusters with diameter equal to Ø/4, layer 1 showed AF values
higher or comparable to AFThmean along fibers 3 to 5. For
layer 2, AF values were more focused along fibers than in the
other MENPs configuration, with values higher than AFThmean
along fibers 3 and 4, at a position of 0.7 mm, and along
fibers 6 and 7, at a position of 0.5 mm. Finally, for MENP_C5
configuration, i.e. when considering 4 MENPs clusters with
the same dimensions of MENP_C4, but aligned along the
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FIGURE 6. AF values obtained along the ten fibers of each layer (columns) for each MENPs configuration (rows).

vertical direction, AF showed negligible values for the fibers
in layers 1 and 3, while almost all the fibers of layer 2 showed
AF values higher than AFThmean.
As to the AF values obtained by the electrode in monopo-

lar and bipolar configurations (fig. 7), results indicates that
almost all the fibers in all the considered layers showed
AF values comparable or higher than AFThmean. AF showed
non-zero values for almost all the fibers’ length, alternating
negative and positive values.

Fig. 8 shows the quantification of the percentage of length
of each fiber, summarized by layers, for which the obtained
AF values were higher or equal to AFThmean, i.e. the percentage
of points along the fibers that could represent a starting
point for action potential. For MENP configurations these
percentages were found to be lower than 4% in all cases,
much below those observed in monopolar and bipolar elec-
trodes configurations. For MENP_C3 and MENP_C5 per-
centages equal to 2.4 and 2.9%, respectively, were found
along layer 2, while in the other layers the percentage was

equal to zero. For MENP_C1 and MENP_C4 the higher
percentage, equal to 2.5 and 1.4 respectively, were found
for layer 2, while a small percentage, lower than 1% was
found for the fibers belonging to layer 1 and 2. MENP_C2
showed the highest percentages, equal to 3.9 and 3.1 % for
layer 3 and 2, respectively. On the contrary, for the traditional
electrodes the percentages of length of each fiber for which
AFwas higher thanAFThmean weremuch higher, withminimum
values equal to 6.5 and 7.7% along layer 1 for monopolar
and bipolar configuration respectively, and maximum values
equal to 10.1% along layer 2 for monopolar and 15.2% along
layer 3 for bipolar configurations. These results showed that
MENPs allowed focusing the activation on specific areas of
the nervous fibers with great selectivity among layers.

IV. DISCUSSION
In the context of the growing interest for new approaches
for minimizing invasiveness while maximizing efficiency and
spatial accuracy of brain stimulation MENPs could play a
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FIGURE 7. AF values obtained along the ten fibers of each layer (columns) monopolar (first row) and bipolar
(second row) electrode configuration.

FIGURE 8. Percentage of length of each fiber, summarized by layers, for
which the obtained AF values were higher or equal to AFTh

mean, for MENPs
configurations, and, as a comparison, for the conventional monopolar
and bipolar electrodes configurations. Note that the difference in the
percentages between MENPs and electrodes configurations reflects the
difference in the potential amplitudes between the two approaches.

fundamental role. In this study the feasibility of usingMENPs
as minimally invasive sources, if compared with conven-
tional electrodes, for DBS was investigated. A computational
approach was used to quantify the distributions of the E fields
induced by CoFe2O4-BaTiO3 MENPs placed in STN with
different configurations, and results were compared to those
obtained by conventional DBS monopolar and bipolar elec-
trode configurations.

The E field distributions due to the presence of MENPs
appeared as well localized around the clusters of nanoparti-
cles, while for the electrodes, the E field distributions were
more widespread in the tissues. This difference was prob-
ably not due to the slightly different geometry between the
spherical cluster of MENPs and the active contact, but to the
presence in the electrode of other conductive, although as
non-active, components of the electrode, that could influence
the electric field distribution [42]. As to the amplitude of the
E field induced by MENPs, the presence of different number
of MENPs was found to be minimally influential on the
99th percentile and the median value of the distribution.

As well expected, the amplitude of the E field induced
by MENPs was ten/twenty times lower than the amplitude
induced by the electrode in monopolar and bipolar config-
urations, respectively. This was due to the amplitude of the
electric potential set on the surface of each MENPs cluster,
ten/twenty times lower to the potential set on the active
contacts in monopolar/bipolar electrode configurations. The
choice of using such a value was based on previous experi-
mental characterization of different types of MENPs, as the
characterization of a specific MENP is beyond the scope of
the study. In [43] the ME coefficient in different CoFe2O4
core - BaTiO3 shell MENPs has been measured to be in the
range from 10 to over 100 mV cm−1 Oe−1, corresponding
to 10-100 kV m−1 T−1. In [35] the authors found a surface
potential almost equal to 40 mV, with a dipole distribution
aligned to the external magnetic field on the surface of a
80 nm MENP when stimulated by a 60 Hz magnetic field
at 5 mT. Considering these measurements, and hypothesiz-
ing that the high number of MENPs in each of the spher-
ical agglomerate modelled in this study would be aligned
all in the same direction, i.e. the one of the external mag-
netic field, an amplitude of 100 mV, corresponding to the
±50 mV values set of the two parts of the surface of the
each agglomerate, that would correspond to a stimulating
AC magnetic field of amplitude 12.5 mT if using the same
MENPs described in [35], appeared reasonable. This value is
widely achievable with conventional coils systems, such as
Helmhotz coils (e.g., R=20 cm, NxI= 3000 A, uniform B
between the two Helmholtz coils = 13.5 mT) or a simple
TMS circular coil (e.g., R= 5 cm, NxI= 10kA, B field in the
center = 140 mT and Bfield at z=10 cm equal to 12.4 mT).
Also more complex systems, such as deep TMS coils, which
allow to reduce the rapid decay of B-field with distance,
could be eventually used to elicit the magnetoelectric behav-
ior. Using these more complex systems could allow obtain-
ing amplitude of the B field at the subthalamic level even
50 times stronger than the ones required by our assumptions
(see e.g., [44]). Of course, a detailed set of simulations of
realistic systems for eliciting MENPS mediated stimulations
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will be focus of in future studies to allow the technique
to be translated into human applications. When considering
AF, i.e., the second derivative of the electric potential along
the fibers connecting the STN to the GP, results showed a
similar behavior in terms of presence of inhibition and acti-
vation patterns for MENPs and monopolar/bipolar electrode
configurations. The same fiber when stimulated with either
MENPs or electrode may be excited in the region where
the AF is positive and inhibited where the AF is negative.
This finding agreed with results of previous studies [25],
[45] reporting activation or inhibition of the fibers during the
DBS stimulation. As to the amplitude of the AF, which can
be a useful quantification of the response of the fibers, the
values obtained by the MENPs configurations were lower
than the values obtained by the electrodes. Many studies in
literature focused on defining stimulation thresholds in terms
of AF for DBS for different types and duration of stim-
uli, electrodes, stimulation protocols and axon dimensions:
in [46] the authors found, using computational approach and
axon cable models, that the mean AF threshold values for
a 60 µs stimulus delivered by electrode similar to the one
simulated here were equal to 3.62 x 105, 9.2 x 105 and
4.5 × 105 V/m2 for axons with diameters equal to 2.5, 5 and
7.5 µm, respectively. In another study [47] the authors esti-
mated the AF thresholds 12V/1x2 for different stimulation
configurations as being in the range 5-20, were 1x was
equal to 5 mm. In [26] a wide range of DBS experimental
conditions, including different types of electrodes, durations
of stimuli and axon dimensions, were tested with the aim
of defining AF thresholds and evaluating different strategies
for estimating the activation volume. The authors showed
AF thresholds within the range 2-8 ×105 V/m2. All these
values were comparable to the AF values obtained byMENPs
configurations in the present study, thus meaning that, even
if the E field distributions obtained by MENPs were much
lower than the ones obtained by the electrode, still an activa-
tion of nervous fibers occurred. Considering as a reference
the AF threshold equal to 5 × 105 V/m2, being a mean
value across the conditions analyzed in [26], the activation
patterns along the fibers for all the MENPs conditions were
described. Results showed that MENPs were very accurate in
stimulating precise fibers: even when considering the larger
clusters, i.e., the ones with diameter equal to the diameter of
the electrode active contacts, the AF function values higher
than 5 × 105 V/m2 were localized in small parts of the
nervous fibers, while for both monopolar and bipolar elec-
trode configurations almost all the considered fibers were
activated. When simulating smaller MENPs clusters, the
stimulation and activation patterns of the fibers were even
more localized: only small percentages of the length of the
analyzed fibers were activated, while elsewhere the AF values
were almost equal to zero. These findings are very promis-
ing: in clinical practice it is known that accurate targeting
of the correct brain structure is important for maximizing
the clinical benefit of DBS therapy, despite the target struc-
tures are small, present non-spherical shapes and complex

substructures [13], and are surrounded by other structures
which upon stimulation can cause adverse side effects [39].
Due to their nanometric dimension, MENPs will allow very
high spatial resolution in brain stimulation, including the
possibility of targeting very precise and high detailed struc-
tures, such as GPi fibers, but a very crucial importance
towards clinical applications will be played by the strategy
for MENPs delivery. A high number of factors will influence
the MENPs correct positioning, such as the efficiency of the
delivery, as well as the long-term lasting of the MENPs in
the desired location. This makes the choice of the positioning
strategy and of the quantity of MENPs to be inserted highly
complex. Even if preliminary experimental studies [19], [20]
showed very promising in-vivo results, deep investigations
by experimental in-vivo and multi-scale computational mod-
elling studies will be required to obtain reliable estimation
of the better strategies to be applied for DBS mediated by
MENPs in human beings. Once optimized these aspects, the
use of MENPs could offer a great step ahead in generating
optimal therapy without triggering side effects. This charac-
teristic, along with the minimally invasiveness, represent an
important step ahead towards the possibility of developing a
completely new paradigm for the stimulation of deep neural
structures [20], [48], [49].

V. CONCLUSION
A computational approach was used to quantify the distri-
butions of the electric field and electric potential induced
by CoFe2O4-BaTiO3 MENPs localized in the deep brain
structures in a highly detailed anatomical head model, and
by numerically comparing them to the distributions obtained
by conventional DBS monopolar and bipolar electrode con-
figurations. Results showed that very focused patterns of
nervous fibers activation could be achieved, potentially mini-
mizing side effects. These results, along with their minimally
invasiveness nature and their proven biocompatibility, makes
MENPs mediated DBS representing a significant improve-
ment towards a minimally invasive strategy for stimulation
of deep neural tissues.
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