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Population-level insights into
temporal interference for focused
deep brain neuromodulation
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2Center for Frontier Medical Engineering, Chiba University, Chiba, Japan

The ability to stimulate deep brain regions in a focal manner brings new
opportunities for treating brain disorders. Temporal interference (TI) stimulation
has been suggested as a method to achieve focused stimulation in deep brain
targets. Individual-level knowledge of the interferential currents has permitted
personalizing Tl montage via subject-specific digital human head models,
facilitating the estimation of interferential electric currents in the brain. While
this individual approach offers a high degree of personalization, the significant
intra-and inter-individual variability among specific head models poses
challenges when comparing electric-field doses. Furthermore, MRI acquisition
to develop a personalized head model, followed by precise methods for placing
the optimized electrode positions, is complex and not always available in
various clinical settings. Instead, the registration of individual electric fields into
brain templates has offered insights into population-level effects and enabled
montage optimization using common scalp landmarks. However, population-
level knowledge of the interferential currents remains scarce. This work aimed
to investigate the effectiveness of targeting deep brain areas using Tl in different
populations. The results showed a trade-off between deep stimulation and
unwanted cortical neuromodulation, which is target-dependent at the group
level. A consistent modulated electric field appeared in the deep brain target
when the same montage was applied in different populations. However, the
performance in terms of focality and variability varied when the same montage
was used among populations. Also, group-level Tl exhibited greater focality
than tACS, reducing unwanted neuromodulation volume in the cortical part by
at least 1.5 times, albeit with higher variability. These results provide valuable
population-level insights when considering TI montage selection.

KEYWORDS

transcranial temporal interference stimulation, brain stimulation, group-level, electric
field, deep brain, transcranial alternating current stimulation

1 Introduction

Non-invasive brain stimulation (NIBS) has generally been used to target superficial brain
areas, but there has been increasing interest in noninvasive neuromodulation of deep focal
brain parts that are strongly implicated in neurological and psychiatric disorders (Holtzheimer
et al., 2017; Gunalan et al., 2018). Transcranial electrical stimulation (tES) and transcranial
magnetic stimulation (TMS) are two conventional NIBS that can generate a significant electric
current in deep brain areas (DaSilva et al., 2015; Csifcsdk et al., 2018; Bikson and Dmochowski,
2020; Gomez-Tames et al., 2020a,b). However, the electric current falls off in both intensity
and focality with increasing depth (Dmochowski et al., 2011; Deng et al., 2013).
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Temporal interference (TI) stimulation has emerged as a
promising alternative for focal deep stimulation while reducing
undesired stimulation in nontarget areas. This is accomplished by
superposing two-kilohertz alternating currents with slightly different
frequencies (Grossman et al., 2017). In principle, the interferential
region created by these two alternating currents (i.e., an amplitude
modulation pattern with a low-frequency envelope) is considered to
produce low-frequency neurostimulation, as illustrated in Figure 1.
This phenomenon is attributed to the low-pass filtering properties of
the neuron membrane accompanied by rectification of the ionic part
(Grossman et al., 2017; Song et al., 2020). Previous studies have
demonstrated a motor response corresponding to the interferential
hotspot stimulus in the brain motor area of the mice (Grossman et al.,
2017; Zhu et al,, 2019; Song et al.,, 2020). In the case of humans,
achieving such stimulation is prohibitive due to the substantial
injection currents required, especially when considering the size
differences between humans and mice (Alekseichuk et al., 2019;
Rampersad et al., 2019). Instead, 5Hz modulated TI has been found
to have neuromodulatory effects on deep brain structures in humans
(Li et al., 2019) resembling the effects of transcranial alternating
current stimulation (tACS), a modality of tES that entrains ongoing
brain oscillations and synchronizes neural networks.

Based on digital human head models, computational models have
proven to be effective in predicting the in-vivo tES-generated electric
field (or electric current) according to the anatomical/electrical
properties of the tissues together with the selected montage
configuration (Huang et al., 2017; Opitz et al., 2018; Jiang et al., 2022).
Computational models have also revealed a significant relationship
between the electric field and stimulation outcomes (Laakso et al.,
2019; Hunold et al., 2023). Recently, computational analysis has been
used to investigate the TI-generated electric field to optimize electrode
locations (Huang and Parra, 2019; Rampersad et al., 2019), guide
montage selection on humans (Li et al., 2019), quantify the differences
with traditional tES montages (Rampersad et al., 2019), and clarify the
mechanism of stimulation by including neural models (Mirzakhalili

E,: 2000 Hz
+
E,: 2010 Hz

Epy: 10 Hz

FIGURE 1

Transcranial temporal interference stimulation (Tl) injects two-
kilohertz currents of slightly different frequency via two pair of
electrodes (I, and /,) that produces an amplitude-modulated field
pattern E 4.
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etal,, 2020; Esmaeilpour et al., 2021; Gomez-Tames et al., 2021). This
has led to individual-level knowledge of how the TI-generated electric
field is shaped by the brain and non-brain variable structure and size
(Rampersad et al., 2019; Lee et al., 2020) has been gained. While an
individualized approach enables a high degree of personalization, the
significant intra-and inter-individual variability among specific head
models makes the comparison of electric-field doses difficult.
Furthermore, the practical feasibility of acquiring MRI imaging for
each individual to develop a personalized head model, followed by
using navigation systems to localize optimized electrode positions, is
not always available in various clinical settings, and it is restrictive in
telemedicine applications where there is a need for simple and
consistent electrode placement (Charvet et al., 2018).

The registration of individual electric fields into brain templates
has offered insights into electric field characteristics at a population
level (Fonov et al., 2011; Fischl, 2012). For example, understanding
electric field dose variations between different populations (e.g.,
young vs. elderly) allows us to tailor stimulation parameters to the
specific needs of the target population (population-level knowledge
of the electric field). Also, this facilitates the determination of the
best common montage for all participants based on common scalp
landmarks (international 10-10 system positioning) (Laakso et al.,
2016; Gomez-Tames et al., 2019; Rezaee and Dutta, 2019; Gomez-
Tames et al., 2020a; Soleimani et al, 2021). Population-level
knowledge of the electric field eliminates the need for MRI
acquisition and localization based on a navigation system.
Additionally, it avoids extending participants’ time in the
experiment, aligning with current trends in telemedicine. However,
in the case of T1, it remains largely unexplored how effectively TI can
consistently target small deep human brain structures compared to
other conventional montages, except in a single study (von Conta
etal., 2021). Moreover, the application of population-level TT across
different demographic groups has yet to be explored, given the
potential application of T1, including improving cognitive functions
in the elderly population. Also, populations with affected brain areas
need to be investigated for T1. This becomes relevant considering the
potential differences in the group-level electric field between the
healthy and some clinical populations in tES (Mizutani-Tiebel et al.,
2022). Stroke patients, a target population for alternating current
stimulation (Naros and Gharabaghi, 2017; Fresnoza et al., 2018;
Khan et al.,, 2022), present significant intracranial structure changes
that may affect the electric current distributions during TES (Minjoli
et al,, 2017; Carla Piastra et al., 2021), yet this aspect remains to
be explored for TI.

This work investigated the effectivity of targeting deep brain areas
using TI modulation. For that, we conducted electric field analyses to
explore focality and investigate whether the montage could
consistently stimulate deep brain structures at the population level.
We used a high-resolution computational model with registration
techniques in neurotypical and non-neurotypical brains.

2 Model and methods
2.1 Head models

A template head model was employed to investigate electric
fields generated in its brain template (MNI152 from 152 normal
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adults, 18.5-43.5years). Also, the head models of 120 individuals
were constructed from magnetic resonance images (MRIs) using
SIMNIBS/charm to investigate the electric field at the individual
level (Puonti et al., 2020). The data was obtained from freely available
repositories, as shown in Table 1. The MRI data of each individual
were segmented into ten tissues, including non-brain, brain, and
fluids, as illustrated in Figure 2A. In the case of stroke patients (Liew
et al., 2018), manually obtained lesion masks were added to the
segmented head model. The electrical conductivities of the scalp,
compact bone, spongy bone, blood, muscle, eyeballs CSE, gray
matter, and white matter were 0.456, 0.008, 0.025, 0.6, 0.16, 0.5,
1.654, 0.275, 0.126 S/m, respectively (Gongalves et al., 2003; Wagner
et al., 2004; Dannhauer et al., 2011). The conductivity of the stroke
area was 0.8S/m (Jiang et al., 2022). The conductivities represent
average values used in similar studies (Rampersad et al., 2019; von
Conta et al., 2021).

2.2 Electrode montages

The electrode montages are shown in Figure 2B. The electrode
model consisted of a 1-mm-thick rubber sheet (conductivity of
0.1 S/m) within a sponge soaked in normal saline solution (1.6 S/m)
(Dundas et al., 2007; Saturnino et al., 2015) for a total thickness of
5mm. The current source or sink was placed in the rubber. The TI
montage was two bipolar electrodes with an injection current of 1 mA
(total injection current of 2mA) and an area of 3.14 cm?. Initially, the
electrode positions corresponded to the montage used for TI
modulation for the human deep brain area (TP7-P8, FT7-F8)
(Violante et al., 2023). The electrodes’ positions were according to the
international 10-10 system, which is used as a standardized method
for EEG electrode localization in the scalp. In addition, a total of 2,250
montages were investigated using two grids centered on TP7 and FT7
to determine variations in the delivered interferential current on
different deep brain targets.

TI was compared with three tACS montages. Two of them were
bipolar montages located at positions that can systematically generate
significant hotspots in deep brain regions in a population (C3-Fp2 and
F3-F4) (Gomez-Tames et al., 2020a; Hamajima et al., 2023). The third
tACS montage consisted of two bipolar montages without phase
difference and placed in identical locations as the TI montage, as a
control montage for TI. The total current injected current was 2mA
for any montage. The area of the electrodes was the same for all
montages (19.63 cm?) to keep the same current density and reach deep
areas with significant intensities (Fresnoza et al., 2018; Kasten et al.,
2019; Gomez-Tames et al., 2020a).

TABLE 1 Head models generated for three populations based on MRI T1
and T2 data.

Head model ‘ Population

Brain template (MNI152) (Fonov
etal., 2011)

Averaged from normative young adults

Neurotypical young adult' 20 males and 20 females (23.0 + 2.9 years)

Neurotypical elder adult! 20 males and 20 females (70.0 + 3.2 years)
Non-neurotypical adult® 40 stroke patients

'https://openneuro.org/; *https://fcon_1000.projects.nitrc.org/indi/retro/atlas.html.
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2.3 Deep brain targets

Three deep brain areas were investigated. The putamen is a round
structure (3.56 +0.10 cm?) that is critical for the execution of motor
behavior (Middleton and Strick, 2000). The caudate nucleus has a
C-shape form (3.00+0.15cm?) involved in various goal-directed
behavior and cognitive functions and has similar associated disorders
(Brown et al., 2004). The nucleus accumbens is a small round structure
(1.72£0.10cm?) that is a key part of the reward system (Volkow et al.,
2017). The different sizes and shapes of these different functional deep
structures (Gomez-Tames et al., 2020b) served as representative
factors for evaluating the performance of TI. These deep brain
structures were obtained from an available developed deep brain atlas
in brain template (MNI-152) (Pauli et al., 2018).

2.4 Electric field model

The electric field (F) generated by the current injected from a pair
of electrodes attached to the scalp was computed using the finite
element method (SimNIBS 4.0) (Thielscher et al., 2015) considering
quasi-static approximation (Plonsey and Heppner, 1967) to solve the
Laplace equation:

V-(oVe)=0, (1)

where @ and o denote the scalar potential and tissue conductivity,
respectively. The electric field E = —V ¢ was calculated in each element.

The same conductivity was used for tACS and TI (listed in 2.1),
considering similar values for their operation frequency (Brown et al.,
2004). The top 0.01 percentile values were removed within the target
tissue to remove potential electric field outliers (Gomez-Tames et al.,
2017; Soldati and Laakso, 2020).

The volume conductor was divided into spatial elements and nodes
for discrete computations. The tetrahedral head meshes for FEM were
generated using the ‘mri2mesh’ tool in the SimNIBS software pipeline
with an average of 3.5 million facets per head with an average edge
length of 2.1 mm. Dirichlet boundary conditions on electrode surfaces
and homogeneous Neumann boundary conditions elsewhere are
provided. SimNIBS solves the linear system using an iterative
preconditioned conjugate gradient method (Hunold et al., 2023).

A bipolar tACS-generated electric field distribution is obtained
using Equation 1. The electric field of two simultaneous tACS bipolar
electrodes (referred to as 2-tACS) is obtained by the vector sum for
the in-phase condition. Additional calculation steps were necessary to
examine the distribution of the total electric field generated from the
temporal interfering fields of two electrode pairs. The spatial
distribution of the amplitude-modulated envelope (E,,) is obtained
by Equation 2, which is derived from the vector sum of the two
resulting electric fields (E, and E,) with a phase difference (Grossman
etal., 2017; Rampersad et al., 2019; von Conta et al., 2021).

[Eaane (7)) =

2|E; if' |Ex (7)|<|Ey (F
£200) Bl

N

Z‘Ez (F)X (El (7)_E2 (7))/‘E1 (7)— E (7)H otherwise
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A Head models

[ scalp (456:sim)
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|:| Spongy Bone (0.025 Sim)
B 5i00d 05 Sim)
. Muscle (0.16 Sim)
|:| Eyeballs (05S/m)
CSF (1654 Sim)
Gray Matter (0275 Sim)
White Matter (0.126 Sim)
. Stroke area (0.8 S/m)

i o
Template Young Adult

Eldery Adult Stroke Patient

B1 Electrode montage position
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@tACS

|
|
|
|
|
|
|
|
I
| (F3-F4)
|

|

|

|

% Positions are based on international 10-10 system

B2 Electrode montages model

C Deep targets

Caudate Nucleus

Nucleus
Accumbens

Putamen

FIGURE 2

(A) Standard head models and representative head models of
different populations. (B1) The electrode montages were placed
according to the international 10-10 system, based on for the two
stimulations schemes. Temporal interference (Tl) electrode
montages utilize two pairs of electrodes to inject and produce a
modulated current in the brain. Transcranial alternating current
stimulation (tACS) montages generate a non-modulated current
using either two pairs of electrodes (2-tACS) or one pair of
electrodes (tACS). (B2) All electrodes are constructed with rubber
and sponge materials. (C) Deep brain regions of interest

where E (17 and E, (7 ) correspond to the electric fields at
position 7. If |E > ’Eﬂ and the angle (angle between ’E | and ’Eﬂ) is
smaller than 90°, the maximal modulation amplitude is obtained. If
the angle is more than 90°, the sign must be reversed. This is because
the resulting maximum TI field strength in the brain is a combination
of two time points in one oscillation, as implemented in the SImNIBS
toolbox (von Conta et al., 2021). The electric field calculation after
interference for a given montage took approximately 5min on an HP

ProDesk 600 G6 Small Form Factor PC.
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2.5 Analysis methods

The neuromodulation quantity was the modulated electric field
|E y M| in the case of TI or peak electric field (E) for unmodulated
stimulation (i.e., tACS) (Antal and Herrmann, 2016; Grossman et al.,
2017) for each individual. The substantial intra-inter-variability
hinders spatial comparison, requiring methods for determining
population-level knowledge of electric field distributions. Initially,
individual electric fields were estimated in the specific head model
(individual head models from young, elderly, or stroke patients) and
normalized to the head template (MNI152 space) using the
SimNIBS, as
Figure 3A. Normalization to the head template makes it possible to

subject2mni  function  from shown in
calculate the average electric field across multiple subjects (group-level
effect in a population). Analyzing group-level electric fields provides
insights into the knowledge
field distributions.

To investigate focality in the target region, we estimate the volume

population-level of electric

where the electric field exceeds a neuromodulation threshold (called
The
neuromodulation volume was obtained in the following regions of

neuromodulation  volume: EFpo; > Threshold [V/m] ).

interest (ROI): gray matter (GM) and the three deep brain areas on
the left hemisphere (deepROI). A trade-off is formed between the
neuromodulation volumes in the gray matter and the deep target, as
illustrated in Figure 3B. The ideal case was set as the one in which both
neuromodulation volumes would result in an optimal outcome. The
electrode configuration closest to the ideal case in trade-off was
chosen as the improved montage. In other words, the best focality
corresponds to the stimulation that maximizes the neuromodulation
volume on the deep brain region and minimizes the neuromodulation
volume on the gray matter (unwanted neuromodulation). This process
can be used to ascertain the optimal electrode configuration to
determine highly focal placements for each deep brain target.

For the neuromodulation threshold, a minimum threshold of
0.1 V/m has been reported to generate tACS modulation effects based
on intracranial measurements and individualized electric field
modeling in monkeys [0.12V/m (Kar et al., 2017)] and human
[0.13V/m, 0.08 to 0.36 V/m (Puonti et al., 2020)] which are within the
range that modulates neural activity in vitro and in vivo studies
(Francis et al., 2003; Ozen et al., 2010; Fonov et al., 2011).

3 Results

3.1 Group-level effect of Tl on deep
structures

Figure 4A shows the deep focal neuromodulation performance of
TI montage using the head template model. It shows the
neuromodulation volume for gray matter and each deep brain region
for a total of 2,250 montages based on the combination of electrodes
located on a grid centered on a reference TI montage (Figure 4A).
Figure 4B shows the focality for the different montage combinations,
as the relationship between the neuromodulation volumes
(Eamm>0.1V/m) and deep brain region (Exydeepron > 0.1 V/m). A
trade-off between both neuromodulation volumes is presented,
forming a Pareto front (Figure 4B).
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FIGURE 3
Electric field analysis. (A) Normalization of the electric field (EF) of specific brain anatomical model of the subject N (EFy) to a common brain template
(EFn_1). The group level is the resulting average of the electric fields normalized to the template. (B1) For various montages on the grid (each blue dot),
a trade-off appears between neuromodulation volume percentage in the deep brain target (deepROI) and neuromodulation volume percentage in the
gray matter (GM), as shown in the x-and y-axis, respectively. The selected improved montage is the one with the shortest distance from the ideal case
(i.e., a maximum field in deepROI and minimum field in GM). (B2) The neuromodulation volumes are illustrated in the right side for the putamen as one
deep target (wanted modulation volume) and in the GM (unwanted neuromodulation volume).
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We select the best montage using the minimum distance
between the Pareto front and maximum focality. Figures 4B,C show
that the improved montage location differs according to the deep
brain target despite their relatively close location. The
neuromodulation volume in the gray matter (unwanted stimulation)
is reduced by a percentage change between 40 and 50% for the three
deep targets from the reference. Also, the neuromodulation volume
in the deep brain areas increased by a percentage change between 30
to 800%. For the latter, the improvements were significantly
important for the small deep brain target (nucleus accumbens). It is
also possible to make the selection by a different criterion, such as
minimizing the neuromodulation volume in the gray matter while
keeping the same neuromodulation volume in the deep brain target
(reduction by four and eight times for the putamen and caudate

nucleus, respectively).

3.2 Dependency on target population

Figure 5A shows the group-level modulated electric field of
young, elderly, and stroke populations for TI. The electric fields
are shown in a cross-section of the head, along with the 3D data
of three deep brain targets for both non-normalize and normalized
data. The group-level electric field exhibits disguisable hotspots
in the normalized data hotspot distributions of the three deep
targets of different populations. The non-normalized data shows
that the fields in the accumbens are weaker than in the other two
deep brain areas. Figure 5B shows a closer look into
neuromodulation volume at each deep brain target. The results
show that the neuromodulation volume in gray matter is higher
in the young population than in the elderly and stroke populations
when targeting the caudate and putamen. Additionally, the
neuromodulation volume is slightly higher in the young
population in caudate and accumbens targets. Regarding
variability of the neuromodulation volumes, Table 2 shows
marginal differences between young and elderly populations for
deep brain targets. There was higher variability in the stroke
group, as expected.

3.3 Population-level montages comparison

Figure 6A shows the group-level electric field for TT and tACS
montages in a young adult population. TI is shown to be more
effective in generating clear hotspots in deep brain parts than two
classic bipolar montages (C3-Fp2 and F3-F4) and control (2-tACS) for
normalized data. TT also presents advantages for generating focalized
fields in deep targets, although weaker fields are presented compared
to the other montages observed from normalized data. Figure 6B
shows that TT can reduce the neuromodulation volume in the gray
matter by at least 1.5 times compared to 2-tACS or at least 1.3 times
compared with the two bipolar montages.

Regarding the variability of the neuromodulation volumes,
Table 3 shows a generally larger neuromodulation variability in the TT
montage than in the tACS montages in gray matter and deep brain
targets. The variability increased significantly in deep brain targets
compared to gray matter for the different montages, particularly for
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TI. This shows the importance of controlling the TT dose more than
the tACS montages.

4 Discussion

Invasive electrical deep brain stimulation (DBS) has been used to
treat patients with severe movement disorders (Elias et al., 2018).
However, the risks associated with brain surgery make exploring
different brain targets difficult and limit potential therapeutic impact.
The ability to non-invasively stimulate deep brain regions in a focal
manner brings new opportunities for treating brain disorders (Bikson
and Dmochowski, 2020). In this study, we investigated the population-
level effectiveness of focal deep brain structures targeting via TI
stimulation in different groups of subjects for the first time.

Focality was used to guide the selection of montage location
on an averaged brain model (human head template model).
Focality refers to maximizing the neuromodulation volume in
deep brain areas and minimizing the neuromodulation volume on
the gray matter. A trade-off between both neuromodulation
volumes emerged and formed a Pareto-front for the different
combinations of the electrode locations (Figure 4) in agreement
with other studies (von Conta et al., 2021). The best electrode
location varied between deep brain targets despite their relative
proximity. Variability of the Pareto fronts has been found among
deep brain targets in agreement with (Wang et al., 2023). The
importance of montage selection becomes particularly evident
when aiming for improved focality of small deep brain targets,
such as the nucleus accumbens. It is worth noting that the
modulation volume on the gray matter can be minimized to values
near zero (fundamental for achieving true deep focal stimulation)
at the expense of a smaller neuromodulation volume. We need to
determine how much the TI injection current can be increased so
the electric field reaches neuromodulation levels when the
neuromodulation volume in gray matter is minimized.

Personalized TT at the individual level has been suggested to
enhance its efficacy, considering the variations in the optimal
montage location among a limited number of head models (Lee
et al., 2020). However, given that several computational studies
have shown significant and focal fields are produced in deep brain
targets at the individual level for TI (Huang and Parra, 2019;
Rampersad et al., 2019) and the feasibility of achieving consistent
targeting with conventional (unmodulated) tES stimulation at the
group level (Kasten et al., 2019), it is important to investigate TT at
group-level.  Surprisingly, population-level knowledge of
interferential currents for TI remains largely unexplored, except for
one study (von Conta et al., 2021). Moreover, the application of
population-level TI across different demographic groups has yet to
be explored (Naros and Gharabaghi, 2017). In this study, we applied
the same montage location for all head models in the different
populations based on the international 10-10 system localization.
The results show that despite the individual differences, it was
possible to have a consistent group-level modulated electric field in
the deep brain targets (Figures 5, 6). This demonstrates that TI can
be applied using “one-for-all,” which can be applied in various
clinical settings. However, differences were found between
populations in the group-level electric field distribution and
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focality. Also, there were differences in the variability of the
neuromodulation volume variability. Stroke patients had higher
variability of neuromodulation volume in deep brain targets than
young and elderly populations due to the inherent inter-variability
of the affected areas. The elderly population had a higher variability
of neuromodulation volume in the gray matter. In addition,
we compared group-level electric fields between TI and tACS
montages. The TI montage had better focality than a 2-tACS, both
with the same electrode position, as well as two classic bipolar
montages. The focality difference between TT and 2-tACS primarily
resulted from a smaller neuromodulation volume in the cortex
(unwanted co-stimulation) rather than variations in deep brain
targets, which was also observed by von Conta et al. (2021). On the
other hand, TI had higher variability of the neuromodulation
volume than tACS in the different ROIs.

Frontiers in Human Neuroscience

The current study has various limitations. First, the study
presented here is purely numerical and is based on head models
with only ten tissues, which may oversimplify some structures.
Second, modeling approaches typically assume tissue conductivity
to be constant across individuals, as in the current study
(Indahlastari et al., 2020; Antonenko et al., 2021). However, the
effects of aging on conductivity may impact the estimated electric
fields. One study found a reduction in intracranial electric field
intensity due to a reduction in skull conductivity with age
(McCann 2021). Thus,
age-appropriate skull conductivity in the models may enhance the

and Beltrachini, incorporating
observed electric field magnitude reduction in the elderly
population (due to the loss of grey matter volume), as shown in
our study and others (Antonenko et al., 2021). In the case of CSF,
its conductivity remains relatively stable (Baumann et al., 1997).
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deep brain targets (3D data, frontal view). (C) Focality graph showing the relationship between neuromodulation volumes in the gray matter and targets
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Further conductivity data from intracranial tissues is needed to
understand better how age conductivity changes affect electric
field analysis to enable age-appropriate conductivities in future
computational modeling. Third, the head model did not consider
the anisotropic effects of the conductivity of brain tissues, in
particular for the white matter, that could yield stronger hotspots
in deep brain structures (Katoch et al., 2023). Despite these

Frontiers in Human Neuroscience

limitations, it is important to note that electric field analysis
methods have been able to reproduce in vivo measurements of
intracranial currents (Puonti et al., 2020; Wang et al., 2022).
Nevertheless, we acknowledge the need for detailed experimental
validation to enhance the accuracy of electric field computation
and improve parameter fitting, particularly when considering
aging effects and non-typical brains.
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Finally, we explored montage location based on an initial
reference montage used for effective TI modulation in the deep
brain. Future studies may adopt optimization studies to investigate
optimized focality considering all scalp positions (Ferndndez-
Corazza et al., 2020; Stoupis and Samaras, 2022). Also, TI and

TABLE 2 Relative standard deviation (RSD) of neuromodulation volumes
in different populations using TI montage.

RSD [volume (EFzo,>0.1V/m)] [%]

Young Elderly Stroke
Putamen 12.8 12.6 20.4
Caudate 28.8 26.0 33.8
Accumbens 255 27.5 20.8
GM* 40.3-54.4 52.6-67.6 22.8-40.2

*A range is reported for GM considering each deep brain target. TT and 2-tACS used the
same montage.

10.3389/fnhum.2024.1308549

2-tACS used the same montage location for fair comparison. This
comparison does not consider differences in the stimulation
waveforms or the effect of high-frequency components on neuronal
modulation and should be considered in future work (Mirzakhalili
et al., 2020). In addition, future studies need to investigate the
impact of the arrangement and orientation of neurons in deep fibers
relative to the induced electric field in deep structures (Richter
etal., 2013).

5 Conclusion

This study contributes innovative population-level insights for
selecting Temporal Interference (TI) montage. Firstly, a consistently
modulated electric field is observed at the group level in deep brain
regions. Secondly, the study demonstrates that the group-level
electric field generated by TI offers advantages over its tACS
counterpart, particularly in reducing undesired stimulation in the
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(A,B) Group-level electric field distribution comparison between different montages (n = 40, young population) for normalized and non-normalized
electric fields. (C) Focality graph showing the relationship between neuromodulation volumes in the gray matter and targets for different montages.
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TABLE 3 Relative standard deviation of neuromodulation volumes using
different montages.

RSD [volume (EFgo,>0.1V/m)] [%]

Tl 2-tACS C3-Fp2 F3-F4
Putamen 13.1 7.3 5.3 26.3
Caudate 29.4 21.2 17.9 39.3
Accumbens 25.4 19.9 19.4 116.5
GM 38.9-53.5% 29.8-33.6* 15.7 24.8

*A range is reported for GM considering each deep brain target. TI and 2-tACS used the
same montage.

gray matter. Finally, the research highlights the importance of group-
level montage selection based on the target population and the
specific deep brain target.
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