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Life isn’t about waiting
for the storm to pass,

It’s about learning
to dance in the rain.

- Vivian Greene
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Abstract

All functions we use in our everyday life depend on a complex interplay between both
cortical and subcortical brain areas, communicating in between each others. When
a region is affected by either an accident, aging or neurodegenerative diseases, the
whole network is disturbed resulting in functional impairments. Hence, it is highly
important to find methods allowing to better investigate the role of each brain structure
in humans, with the goal of applying this knowledge to improve current rehabilitative
and therapeutic solutions.

Noninvasive brain stimulation (NIBS) techniques can help unveiling the functional
role of specific brain regions in key behaviors of everyday life, such as motor and
cognitive functions. However, current NIBS methods show a major drawback when
targeting subcortical areas, the well-known steep depth-focality tradeoff. The higher
the distance of the target region from the scalp, the lower the focality as well as the
higher the co-activation of no target structures, due to concurrent stimulation of the
overlying tissues. Transcranial Temporal Interference Stimulation (tTIS) is a novel
noninvasive deep brain stimulation technique introduced to overcome the depth-
focality tradeoff, able to reach deep brain structures in a focal manner. This could
provide new insights about the causal role of subcortical regions in humans, which
until now was limited to observations from either animals or implanted patients. First
positive results were obtained in mice and phantom modeling, but the translation
to humans is still missing. Therefore, the goal of this thesis was to fill this gap, by
successfully modulating deep brain regions, leading to behavioral and brain activity
changes. With this purpose, we targeted two main brain regions, the striatum and the
hippocampus, known to be key players in non-declarative and declarative memory
respectively. Stimulation was delivered in a theta burst pattern, which was previously
shown to induce long-term plasticity (LTP)-like effects.

In the first part of the thesis, we investigated the effects of tTIS on striatal and whole
brain activity during rest and during a motor learning task in young healthy subjects.
As a next step, behavioral performance of the motor learning task was analysed and
a first step towards clinical translation was taken by studying the impact of tTIS in
an older cohort compared with a young one. In a second part of the project, tTIS



was applied on the hippocampus in the context of two declarative memory tasks, a
spatial navigation task and a face-name association task, to determine the functional
role of the hippocampus and the exciting opportunity to neuromodulate its function
with respective behavioral and brain activity effects. This work provides first evidence
that tTIS can be used for successful neuromodulation of deep brain structures with
good focality in humans. This was proven via both neuroimaging and behavioral data,
opening future prospective for the translation of the technique in a rehabilitation
setting.

Keywords: noninvasive deep brain stimulation, transcranial Temporal Interference
Stimulation (tTIS), LTP-like plasticity, declarative/non-declarative memory, functional
magnetic resonance imaging (fMRI)



Compendio

Tutte le funzioni che utilizziamo nella vita quotidiana dipendono da una complessa in-
terazione tra aree cerebrali corticali e sottocorticali, che comunicano tra loro. Quando
una regione viene colpita da un evento vascolare, dall’invecchiamento o da malattie
neurodegenerative, l’intera rete neurale viene disturbata, con conseguenti compro-
missioni funzionali. È quindi importante trovare metodi che consentano di studiare
meglio il ruolo di ciascuna struttura cerebrale nell’uomo, con l’obiettivo di applicare
queste conoscenze per migliorare le attuali soluzioni riabilitative e terapeutiche.

Le tecniche di stimolazione cerebrale non invasiva (NIBS) possono aiutare a svelare
il ruolo che ricoprono specifiche regioni cerebrali in comportamenti fondamentali
nella vita quotidiana, come funzioni motorie e cognitive. Tuttavia, gli attuali metodi
NIBS presentano un’importante limitazione quando si tratta di aree sottocorticali, il
ben noto trade off tra profondità e focalità. Maggiore è la distanza tra la regione e lo
scalpo, minore è la focalità e maggiore la coattivazione di strutture al di fuori della
regione di interesse, a causa di una simultanea stimolazione dei tessuti sovrastanti.
La stimolazione transcranica a interferenza temporale (tTIS) è una nuova tecnica
di stimolazione cerebrale profonda non invasiva introdotta per superare il trade off
profondità-focalità, in grado quindi di raggiungere le strutture cerebrali profonde in
modo focale. Ciò potrebbe fornire nuove conoscenze sul legame causale delle regioni
sottocorticali nell’uomo, finora limitate a osservazioni su animali o pazienti impiantati.
I primi risultati positivi sono stati ottenuti in esperimenti su topi e modelli matematici,
ma mancano ancora risultati sull’uomo. Pertanto, l’obiettivo di questa tesi è stato
quello di colmare questa lacuna, modulando con successo delle regioni cerebrali
profonde, con conseguenti cambiamenti comportamentali e di attività cerebrale. Per
raggiungere questi risultati, abbiamo indagato principalmente due regioni cerebrali,
lo striato e l’ippocampo, note per essere parte del sostrato neurale rispettivamente
della memoria non dichiarativa e dichiarativa. La stimolazione è stata effettuata con
un protocollo di theta-bursts, che è stato dimostrato capace di indurre effetti simili
alla plasticità a lungo termine (LTP).

Nella prima parte della tesi, abbiamo quindi studiato gli effetti della tTIS sull’attività
dello striato e delle aree cerebrali ad esso connesse in soggetti sani giovani sia a riposo



sia durante esercizi di apprendimento motorio. Successivamente, sono state analizzate
le prestazioni comportamentali ed è stato fatto un primo passo verso l’implementa-
zione clinica della tecnica, studiando l’impatto della tTIS in un campione di anziani
e comparando i risultati con quelli estratti da un campione di giovani. Nella seconda
parte del progetto, la tTIS è stata applicata all’ippocampo nel contesto di due esercizi
di memoria dichiarativa, cioè un compito di navigazione spaziale e un compito di
associazione volto-nome, per determinare il ruolo funzionale dell’ippocampo e l’inte-
ressante opportunità di modulare la sua attività inducendo effetti comportamentali
e neurofisiologici. Questo lavoro costituisce la prima prova che la tTIS possa essere
utilizzata con successo per la neuromodulazione di strutture cerebrale profonde con
una buona focalità nell’uomo. Ciò è stato dimostrato attraverso dati di neuroimaging e
comportamentali, aprendo prospettive future per il trasferimento della tecnica in un
contesto riabilitativo.

Parole chiave: stimolazione cerebrale profonda non invasiva, stimolazione
transcranica a interferenza temporale (tTIS), plasticità a lungo termine, memoria
dichiarativa/non-dichiarativa, imaging a risonanza magnetica funzionale (fMRI)
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Chapter 1

Introduction
With the higher quality of life and improvements in our occidental health-care system,
life expectancy is continuing to increase (WHO, 2023). Although this allows us to live
a healthier and longer life, it also brings the natural degeneration of the human body
and especially of the human brain, in the form of neurological and neurodegenerative
disorders, to light. The World Health Organization reported that more than two billion
people are expected to be over 65 years old by 2050 (WHO, 2015), with motor and
cognitive impairments being the main burden. With the drastic increase of older
people in the population, a steep increment in the number of people suffering from
dementia is also observed (Nichols et al., 2019), with numbers expected to more than
double in the same time interval. It is hence of primordial importance to understand
the neurological basis of aging and brain disorders leading to motor and cognitive
dysfunction. This would enable, firstly, to deepen our understanding and, secondly, to
develop better and more targeted rehabilitation techniques.

The first step toward a better understanding of altered systems is the understanding
of healthy systems. It is now established that the brain is a structural and functional
network, with regions communicating with each other in a complex interplay, forming
a modular functional architecture (Bullmore and Sporns, 2009). Regions have been
initially investigated via anatomical properties which led to first parcellations of the
human cortex (Brodmann, 1909). With the introduction of novel imaging technolo-
gies, such as functional magnetic resonance imaging (fMRI), regions that are showing
functional coupling can be identified to create atlases, which are fundamental to in-
vestigate the role of each area in specific behaviors (Glasser et al., 2016; Power et al.,
2011; Yeo et al., 2011). Even though the majority of the human brain mapping has
been focused on the cerebral cortex, efforts have been made to extend these networks
to subcortical structures (Fan et al., 2016; Tian et al., 2020). Evidence from animals,
patients and neuroimaging studies, in fact, supports a key role of deep brain regions
within these functional networks (Hardwick et al., 2013; Kim, 2023; Scoville and Milner,
1957). However, results from these studies are limited and cannot fully elucidate the
role of deep brain regions in humans:

• Animals studies - The translation from animal to human brain is not straight
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forward (Kharasch, 2018) and observations from anatomy and functions could
only apply partially to the human brain;

• Neuroimaging studies - Inferences from brain imaging data are limited to asso-
ciative relationships (Kim et al., 2016). Only conclusions about the correlation
between specific brain activity and behavior can be made, but not whether that
specific region led to the observed behavior.

• Patients’ studies - Causal relationships between brain regions activity and be-
havior could be derived from invasive recording in already implanted patients.
However, because of the disease-related brain alterations, comprehensive under-
standing of the physiology of healthy brains are not possible.

To overcome these limitations, noninvasive brain stimulation (NIBS) techniques
offer the exciting opportunity to provide causal information about brain-behavior
relationships in vivo in humans. Currently, we can distinguish two main NIBS methods:
transcranial magnetic stimulation (TMS) (Hallett, 2007) and transcranial electrical
stimulation (tES) (Fertonani and Miniussi, 2017). NIBS demonstrated the ability to
modulate cortical activity and related behavior, by either entraining natural oscillations,
inducing plasticity effects or temporary virtual lesions (Dayan et al., 2013; Hummel and
Cohen, 2005; Pascual-Leone et al., 1999). Despite their great potential, unfortunately,
these techniques show a major drawback when trying to target deeper brain structures,
such as the thalamus, hippocampus or basal ganglia. This limitations originates from
a steep depth-focality tradeoff (Deng et al., 2013). The more in depth the area of
interest is located, the lower the focality reached by the stimulation, since overlying
tissues between the source and the target will be stimulated as well (Deng et al., 2013).
This limitation prevents the investigation and confirmation of the causal role of deep
structures in key behaviors. Hence, finding alternative solutions to neuromodulate
deep structures is of high importance since it could provide new clinical tools and
improve current rehabilitation techniques.

In this line, some novel, innovative methods have been recently proposed, including
transcranial Temporal Interference Stimulation (tTIS) (Grossman et al., 2017). This
technique can be included in the tES category, since it is based on the delivery of
high-frequency currents via two pairs of electrodes. Applying tTIS in mice showed
promising results (Grossman et al., 2017), and several modeling studies from single
neurons to head phantoms have been performed (Rampersad et al., 2019; Song et al.,
2019). First studies on humans have shown the safety and the potential of the technique
by targeting cortical regions (Ma et al., 2021; von Conta et al., 2022; Zhang, Zhou, et al.,
2022; Zhu et al., 2022), but up to now, human applications targeting deep structures
are still missing.
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The goal of this thesis is to demonstrate the use of tTIS to neuromodulate deep
brain structures for the first time in humans. This will be achieved by:

• investigating changes of BOLD activity induced by tTIS in the targeted area;

• studying the effects of the modulation on the linked brain networks;

• demonstrating behavioral effects associated with the targeted structures.

This would translate in a better understanding of the causal role of deep brain regions
in motor and cognitive functions, which could be the first pillar for the development of
future rehabilitation therapies.

1.1 Noninvasive deep brain stimulation

In the following sections, I want to provide an overview of the noninvasive deep brain
stimulation field. Even though this thesis focuses on the tTIS technique, it is important
to consider that, as of today, there are two additional methods which are being used
or have shown promising results to target deep regions noninvasively: deep TMS and
transcranial Focused Ultrasound Stimulation (tFUS). Each method will be described,
discussing computational and animal works, and providing a state-of-the-art of the
current applications.

1.1.1 Deep TMS

Transcranial magnetic stimulation is a noninvasive technique that is able to modu-
late neuronal activity (Barker et al., 1985). The stimulation relies on Faraday’s law of
induction which describes the relationship between a magnetic and an electric field.
An electric current flowing in a close loop generates a magnetic field, which in turn
can generate a second electric current in a conducting medium perpendicular to the
magnetic field. In TMS practice, this principle is used by applying a time-varying elec-
trical current within a coil placed on a subject’s head. The brain acts as the conductive
medium, hence the induced magnetic field modulates the intensity and direction of the
second electric current generated, leading to membrane depolarization and neuronal
activation (Ekhtiari et al., 2019).

In the wide range of parameters that could be tuned, such as duration of pulse
or shape, the two most investigated ones are frequency and intensity. In repetitive
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Figure 1.1: Three main noninvasive deep brain stimulation techniques: deep TMS, transcranial Focused Ultrasound Stimulation
(tFUS) and transcranial Temporal Interference Stimulation (tTIS). A: Deep TMS. i: Several examples of possible TMS coils,
including standard designs such as circular and Figure-8 coils and more complex designs adapted for deep brain stimulation.
Image adapted from (Gomez-Tames et al., 2019). ii: Electric field simulations for the double-cone coil, on top, and the circular
coil, in the bottom. Left column shows the simulated coil, right column shows the simulated fields in the sphere quarter defined
by the black dotted line in the left column. Image adapted from (Deng et al., 2013). B: tFUS. i: Examples of different transducers
and generated focus in the mm scale. In red, an hemispherical array is illustrated which is able to create a circular focus deep in
the brain. In blue two examples of spherical caps which can create an oval focus. By reducing the aperture size, focal length can
be increased. Image adapted from (Darmani et al., 2022). ii: Illustration of possible mechanisms underlying tFUS. A. Acoustic
cavitation. B. Lipid raft preventing interaction between enzymes and substrates. C. Temperature effects. D. Mechanical effects.
Image adapted from (Darmani et al., 2022). C: tTIS. i: Schematic of two pairs of electrodes on a spherical head model, delivering
two high frequency currents at f1 and f1 + ∆f. The resulting fields will create an envelope oscillating at the ∆f between the two
sources and the amplitude could be maximized deeper in the brain, whilst minimize it in the surrounding regions as shown on
the right. ii: Modeling of the tTIS fields on an axial slice, on the left, and on a 3D reconstruction of the brain, on the right. Warmer
colors represent higher tTIS fields and are mainly located in depth in the brain.
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TMS for instance, low-frequency stimuli of around 1 Hz induced inhibitory effects on
neuronal activity whilst high-frequency pulses (> 5 Hz) led to an increase in cortical
excitability (Fitzgerald et al., 2006; Wassermann and Lisanby, 2001). Adjustments of
the intensity have an impact on the depth of the stimulation. Since a significant drop
in the electric field is observed with increasing depth, due to the high conductivity of
the brain tissue, an increase in current intensity is necessary to reach deeper areas.
However, this increase is limited due to a higher risk of undesired side effects, such as
stimulation of superficial nerves and muscles or painful sensation. The traditional TMS
coils, including the circular and Figure-8 coils were shown to successfully modulate
areas at the cortical level (Barker et al., 1985; Ueno et al., 1988). The safety concerns of
the electric current described above however, limit these coils to reach areas up to 2 to
3 cm under the scalp (Deng et al., 2014; Roth et al., 2002; Zangen et al., 2005). To work
around this limitation, variations of the electric field distribution can be controlled by
changing shape, position and number of coils.

New designs have been introduced for this purpose, including double cone coils,
Hesed (H) coils, stretched C-shaped ferromagnetic core coil, circular crown coil, large
halo coil and independently-controlled multi-channel coil arrays (Deng et al., 2013).
These designs improved penetration within the brain, but stimulation of deeper areas
was always associated to higher electric fields at the cortical level. As consequence,
deep TMS protocols have to deal with the tradeoff between focality and depth, with
lower focality associated to higher depth (Gomez-Tames et al., 2019; Guadagnin et al.,
2016).

Taking this tradeoff into account, two designs showed promising results in simula-
tions and clinical applications: the double cone coils (Lontis et al., 2006) and the Hesed
(H) coils (Roth et al., 2002). The former type is composed of two circular coils with an
angle lower than 180◦. The bending allows to reduce coil to skull distance and increas-
ing the coil’s diameter, which allows targeting of deep structures without increasing
the electric current as for the planar coils (Cai et al., 2012). Several versions of the H
coil have been developed to fit specific needs. All are based on a complex structure
trying to maximize tangential components and minimize nontangential components
to reach maximal penetration depth (Zangen et al., 2005). Examples of the two coil
types are visualized in Figure 1.1Ai. These new designs were shown to reach up to 5-6
cm of depth (Guadagnin et al., 2016; Roth et al., 2007), but with still a reduced focality
(Guadagnin et al., 2016).
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Computational modelling

Simulations on different head models were carried out to investigate the differences
in the electric field distribution associated with specific coil designs. When compared
to the standard Figure-8 coil, both double cone coil and H-coil demonstrated higher
penetration depth, at the expenses of a more spread stimulation (Lu and Ueno, 2017;
Parazzini et al., 2017; Schecklmann et al., 2020; Zangen et al., 2005). Comparison with
other types of deep TMS coils showed contradictory results. Deng et al. made an ex-
tensive comparison of the electric field generated by 50 different coil designs on a
spherical human head model (Deng et al., 2013). The highest penetration depth was
associated with the double-cone coils, which also showed comparable or better focality
than the H-coils. Guadagnin et al. compared 16 different coils by means of a more
complex head modelling including 76 different tissues, taking the traditional coils as
reference (Guadagnin et al., 2016). As expected, these last showed the highest focality,
but low stimulation depth. All the other coils resulted in higher penetration depth
at the expenses of focality. Double cone coils demonstrated the highest penetration
depth, but in contrast to the previous results this last was associated with a high vari-
ance in focality, with values comparable or worse than the H-coils ones. Even though
H-coils stimulation did not reach the same depth as the double cone coils, it showed
higher depths then the reference coils with just slightly lower focality. Subsequent
studies included combinations of existing coils in the comparison (Gomez-Tames
et al., 2019; Samoudi et al., 2018), such as the halo figure-8 assembly (HFA) coil (Lu
and Ueno, 2015), the halo circular assembly (HCA) coil (Crowther et al., 2011) and the
halo coil and double cone coil (HDA). The best tradeoff was associated with the double
cone coil, when simulations were performed on realistic head models including 12
tissues (Gomez-Tames et al., 2019). In contrast, when a more complex multimodal
imaging-based detailed anatomical model (153 structures) was used, the combination
of different coils resulted in a higher electric field in the deep regions compared to
the double cone coil. These observations suggest that results of electric field distribu-
tion are highly influenced by the selected head model. Nevertheless, all simulations
highlighted the tradeoff between depth and focality. Hence, no conclusions can be
made about which coil shows the most optimal tradeoff, but a careful analysis has to
be performed in order to select the most suitable coil based on the study design and
goal.
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Human applications

Both double cone coils and H-coils have been tested on both healthy subjects and in
patient cohorts (Bersani, 2013; Kreuzer et al., 2019). However, the H-coil is currently the
most used design tested on humans, because of proven feasibility and safety (Levkovitz
et al., 2007) and of the lower risk of seizure compared to the double cone coil (Deng
et al., 2013; Lenoir et al., 2018). For these reasons, the next paragraph will focus on
H-coil designs only.

As a first step, studies on healthy subjects were conducted. Controversial results
were found on the capacity of the H-coil to reach deeper areas than the Figure-8 coil.
When taking the latency between pulse delivery and muscular response into consid-
eration, measured data showed longer latencies than the ones expected for deeper
stimulation (Fadini et al., 2009). Furthermore, when the coil was used in combina-
tion with behavioral tasks that are known to involve the target deep brain area, no
behavioral changes were obtained (Spagnolo et al., 2019). In contrast, multiple other
studies showed promising results: activation of the motor cortex was observed up to a
coil distance of 5.5 cm for the H-coil, whereas it was just up to 2 cm when using the
standard design (Zangen et al., 2005). Moreover, inhibitory effects of low frequency
rTMS applied with the H-coil were assessed via either Positron Emission Tomography
(PET) (Malik et al., 2018) or functional magnetic resonance (Popa et al., 2019). Decrease
in dopamine level and functional connectivity respectively, in the targeted deep region
or associated areas, supported the hypothesis that the H-coil is able to reach deeper
locations than standard coils. Even though a wide spectrum of effects were observed
and further investigations have to be performed, H-coils represent a safe and promising
tool for modulation of areas too deep to be reached with standard TMS.

Following studies investigated further applications of the coil in patient cohorts.
H-coils have been used to target less superficial cortical areas, such as some parts of
the prefrontal cortex and the insular cortex. In particular, the prefrontal cortex was
shown to be involved in the regulation of emotion in patients suffering from depression
(Downar and Daskalakis, 2013). For this reason, several clinical studies were carried out,
using this region as a target for both Figure-8 and H1 coil TMS stimulation (Harel et al.,
2014; Kaster et al., 2018; Levkovitz et al., 2009). Based on the results highlighting an
antidepressant effect, H1 coil obtained FDA clearance for treatment of major depressive
disorder (MDD) (Perera et al., 2016). The approved protocol consists of high frequency
stimulation of the dorsolateral prefrontal cortex (dlPFC) with an intensity of 120%
of the resting motor threshold (RMT). The H7 coil was also approved a few years
later for treatment of obsessive-compulsive disorder (McCathern et al., 2020), after
showing positive effects following a treatment of 5 to 6 weeks and maintained at 1
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month follow-up (Carmi et al., 2019). The approved protocol consists of high frequency
stimulation of the bilateral dorsomedial PFC (dmPFC) and anterior cingulate cortex
(ACC) with an intensity of 100% of the RMT, for 20 minutes 5 times per week, for 5 to
6 weeks. Finally, the H4 coil targeting the insula and prefrontal cortex was shown to
have positive significant effects on smoking behaviors when applied daily for three
weeks followed by weekly sessions for additional three weeks at an intensity of 120%
of the RMT (Dinur-Klein et al., 2014; Zangen et al., 2021). Based on these results, the
H4 coil received the FDA clearance in the context of smoking addictions. Besides
the approved applications, H-coils have been widely used in the treatment of several
other psychiatric and neurologic disorders (Bersani, 2013). For example, promising
results were obtained in the context of Parkinson disease (Torres et al., 2015), Bipolar
Depression (BD) (Tavares et al., 2017) and alcohol addiction (Ceccanti et al., 2015).
These encouraging findings hold hopes for a broadening of the therapeutic applications
of different H coils. However, all applications are limited to superficial regions.

Safety

Guidelines for standard TMS stimulation protocols have been fixed in order to assure
safety and reduce the risk of undesired side effects (Rossi et al., 2021; Rossi et al., 2009).
Multiple side effects have been reported including transient headache, local pain, neck
pain, toothache and paresthesia as the most frequent ones. Additionally, rare cases of
seizure induction, transient acute hypomania induction, syncope, transient hearing
changes, transient cognitive/neuropsychological changes, burns from scalp electrodes
and other biological transient effects were reported. When using designs for deep
stimulation, the conventional guidelines can only be generalized to some protocols.
For instance, increased risk of seizures or painful stimulation have been associated with
deeper and less focal electric fields (Kreuzer et al., 2019; Zibman et al., 2019). Further
studies and a larger amount of data is required to build an extensive understanding
about the possible effects associated with the new designs and therefore the limits that
are necessary to adopt in order to avoid undesired effects.

To summarize, deep TMS is a promising stimulation technique able to reach deeper
regions with respect to standard NIBS and that showed first clinical results. However,
the increased depth achieved by the new proposed coils is still associated to lower
focality with respect to cortical targets (Deng et al., 2013). This incentivates researcher
to explore further solutions to improve the depth-focality tradeoff.
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1.1.2 Transcranial Focused Ultrasound Stimulation (tFUS)

Transcranial focused ultrasound stimulation is a NIBS technique consisting in the
delivery of sound waves at a frequency within the ultrasound range (higher than 20kHz).
tFUS offers the great advantage of reaching deep structures noninvasively with a high
spatial resolution (i.e millimeters scale precision), thanks to its good tissue penetration
(Baek et al., 2017). This method has been known and used for therapeutic approaches
for several decades, one example being high intensity stimulation used for permanent
ablation of tissues (Krishna et al., 2018). In the last twenty years, focused ultrasound
applied at low intensities has been explored with the purpose of neuromodulation.
Within this time-frame, multiple studies have shown its ability to temporary modulate
neuronal activity in slice, culture and animal works (Khraiche et al., 2008; Muratore
et al., 2009; Tufail et al., 2010; Tyler et al., 2008).

The ultrasound waves are released via one single or an array of transducers (Figure
1.1Bi), which can focus the energy in depth thanks to its/their curvature. Wave prop-
agation can vary based on the tissue type. Whilst similar properties characterize the
different brain components, such as white and gray matter, the skull introduces a sig-
nificant attenuation factor based on the bone thickness and composition (Robertson,
Martin, et al., 2017). This attenuation also depends on the frequency of the ultrasounds,
with higher frequencies leading to a higher attenuation.

Several mechanisms have been proposed and studied to better explain how tFUS
induces neural changes. Mechanical and thermal effects have been hereby suggested to
play a major role (Blackmore et al., 2019; Darmani et al., 2022; di Biase et al., 2019), see
Figure 1.1Bii. A first possible mode of action is based on the effects of the acoustic waves
pressure on mechanosensitive receptors located on the neural membrane (Tyler, 2012).
tFUS was shown to act on channel kinetics by activating voltage-gated ion channels,
requiring potassium and calcium conductance (Yoo et al., 2022). The mechanical force
acting on the membrane could also impact the membrane capacitance by inducing
membrane deformation. The changes in capacitive properties would then induce
capacitive currents and related neural effects (Prieto et al., 2013). Acoustic cavitation
was also observed as a consequence of tFUS stimulation, leading to the formation of
bubbles within the neural membrane. The bubbles would then increase pressure on the
membrane, up to a breaking point, or change its capacitance properties (Krasovitski et
al., 2011). Finally, thermal effects are an important consequence of acoustic sonication.
The change in temperature acts on thermosensitive channels, which are hypothesized
to support potassium capacitance, hence leading to a lowering of the resting membrane
potential and consequent firing rate (Prieto et al., 2020). Whilst thermal changes are
crucial in high-intensity applications of ultrasounds, neuromodulation is thought
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to rely more on non-thermal mechanical disturbance (Fishman and Frenkel, 2017).
Because the mode of action of ultrasounds is so diverse, the exact mechanism leading
to the focal modulation of specific regions is not well understood yet (Pasquinelli et al.,
2019; Sassaroli and Vykhodtseva, 2016).

Computational modelling and animal studies

For this reason, several computational studies have been carried out to optimize sim-
ulations in order to precisely predict the location and size of the stimulation focus
(Zhang, Zhang, et al., 2021). Errors could be in fact induced by different skull character-
istics, techniques to approximate acoustic properties or simulation methods (Angla
et al., 2023). The skull is composed of two main parts, the cortical and the trabecu-
lar bone, that have different densities and elastic properties. Speed of sound and the
frequency-dependent attenuation were shown to highly depend on bone volume frac-
tion (Bossy et al., 2005). Pasquinelli and colleagues confirmed that the introduction of
the skull between the transducer and the target disturbed the intensity and location
of the focus (Pasquinelli et al., 2020). Robertson and colleagues showed that even a
0.1 mm difference in thickness can lead to up to 5% of error in the estimated peak
pressure (Robertson, Cox, et al., 2017). Differences due to intra- and inter- subject
skull variability would hence significantly influence wave propagation and should be
considered when modelling (Pinton et al., 2012). To take the individual skull properties
into account, acoustic measures are usually derived from CT scans, assuming a spe-
cific relationship between the image unit and the physical measure, such as density,
speed of sound and attenuation. Several methods have been proposed including linear
relationship, porosity measures, genetic algorithms (Angla et al., 2023). Lately, efforts
have been made in order to extract the same acoustic information from MR instead of
CT images. MRI is already used to optimize phase and amplitude of the transducer in
transcranial MRI-guided focused ultrasound therapies, hence avoiding the CT would
reduce the procedure load and the exposure to X-rays for the patients (Guo et al.,
2019; Miller et al., 2015; Webb et al., 2021). Finally, multiple simulation algorithms
can be employed to investigate wave propagation. Finite element simulations versus
analytical methods show a tradeoff between accuracy and computational time (Jones
and Hynynen, 2016). Numerical methods can take into account the heterogeneity of
the skull and hence reach higher accuracy, but at the expense of computational load.
Analytical methods reduce the computational time by assuming homogeneous prop-
erties (Pereira et al., 2017), but at the expense of accurate measure approximations.
Because the heterogeneity is mainly present in the skull, a combination of numerical
and analytical techniques is usually used as a compromise (Leung et al., 2021; Wu
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et al., 2020). In addition to the properties of the medium the waves need to travel, it is
important to also consider the transducer itself. Transmission efficiency and focality
further depend on the ultrasound frequency (White et al., 2006) and the aperture size
of the transducer (Chen et al., 2023).

The first study in living animals was conducted by Tufail and colleagues, who
demonstrated that low-intensity ultrasound was able to induce a peripheral motor
response after motor cortex stimulation and led to natural rhythmic activity when the
hippocampus was stimulated in anesthetized mice (Tufail et al., 2010). Subsequent
works confirmed the modulatory effects of ultrasounds (King, Brown, et al., 2013;
Younan et al., 2013) and provided further evidence that by using a focused stimulation
both excitatory and inhibitory effects could be obtained on somatomotor and visual
brain regions depending on the stimulation parameters (Kim et al., 2015; Lee, Lee, Park,
et al., 2016; Yoo et al., 2011). Because of the impact of the anesthesia on tFUS effects,
an important step forward was achieved in both mice and non-human primates by
demonstrating the possibility of tFUS to elicit sonication-related movements, modulate
network activity and high-level cognitive behavior in awake animals (Deffieux et al.,
2013; Lee et al., 2018; Wattiez et al., 2017), with no signs of brain damage or bleeding
after multiple months of stimulation sessions. Starting from these promising results,
relationships between responses and stimulation parameters were investigated more
in depth (Yoon et al., 2019). Motor response showed a dependency on the stimulation
frequency, with higher frequencies requiring higher intensities (Ye et al., 2016). Different
response duration and intensities were observed between continuous and pulsed
stimulation (Lu et al., 2021). Pulsed stimulation, with a 70% duty cycle, led to the biggest
effects (Yoon et al., 2019). Finally, specific tFUS parameters also showed induction of
offline effects up to 2 hours after the stimulation (Folloni et al., 2019; Verhagen et
al., 2019). Even though the field made significant advances in the last years, the full
degree of influence of each parameter on tFUS effects is hard to achieve because of the
discrepancies between set-ups, levels of anesthesia and parameters of the stimulation.
Further studies are needed to continue to investigate the potential of tFUS.

Human applications

Besides the already established applications of high-intensity ultrasounds for ther-
apeutic use in the context of thermal ablations or drug delivery (Bachu et al., 2021),
several groups explored low-intensity tFUS for neuromodulation in humans. Sarica and
colleagues provide an overview of studies performed on humans and report that low-
intensity ultrasound has been already applied in more than 600 subjects (Sarica et al.,
2022). The first application was done in a cross-over experiment on patients suffering
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from chronic pain, showing a positive effect on subjective mood and pain 40 minutes
after the stimulation, when targeting the fronto-temporal cortex (Hameroff et al., 2013).
Since then, several studies on healthy subjects showed successful modulation of the
somatosensory cortex (Lee, Lee, Park, et al., 2016; Legon et al., 2014; Mueller et al., 2014),
primary motor cortex (Ai et al., 2018; Gibson et al., 2018; Legon, Bansal, et al., 2018; Yu,
Liu, et al., 2021) and primary visual cortex (Lee, Kim, et al., 2016), as well as modulation
of sub-cortical regions, such as the thalamus (Badran et al., 2020; Legon, Ai, et al., 2018)
and the superior colliculus (Guerra et al., 2021). Different parameters of the sonication
were tested, confirming findings in animals about differential effects of duration, duty
cycle and frequency on stimulation modulation (Fomenko et al., 2020). Furthermore,
alternative plasticity-inducing protocols were investigated, such as repetitive (Zhang,
Ren, et al., 2021) and theta burst tFUS (Zeng et al., 2021) and demonstrated long-term
potentiation effects for at least 30 minutes after sonication. Behavioral changes ac-
companied most of the reported studies, hence pointing towards the potential clinical
application of tFUS in the context of neurological diseases. First steps in this direction
have been made, by testing the technique on several patient populations. Behavioral
improvements were observed after thalamic stimulation in a severe traumatic brain
injury patient (Monti et al., 2016). Both cortical and sub-cortical regions (hippocampus
and substantia nigra) were targeted in Alzheimer’s and Parkinson’s disease patients and
demonstrated a possibly beneficial impact of tFUS interventions (Beisteiner et al., 2020;
Jeong et al., 2021; Nicodemus et al., 2019). Finally, first results on epileptic patients
(Lee, Chou, et al., 2022) and patients suffering from depression (Reznik et al., 2020)
were also reported, paving the way for future applications. Because neuromodulation
applications developed only recently, reproducibility of the results still needs to be
tested, with particular attention to the employed parameters.

Safety

The wide range of effects associated with focused ultrasound stimulation spans from
permanent damage of tissues to temporarily altered brain activity. For this reason, it
is highly important to establish which parameters would ensure neuromodulation
effects, without the risk of permanent damages. The FDA provides some guidelines for
diagnostics in the US, but the limits should be revised for neuromodulation purposes
(Lee et al., 2021). Some studies indeed showed the need of higher intensities with
respect to the proposed ones in order to obtain stable neural responses (Kim et al.,
2014; Lee et al., 2018). Additionally, usage of values outside the FDA limits were tested
and did not induce adverse events. Control analysis results for the presence of either
micro bleeding, tissue damage or undesired behavioral long-term changes were often
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reported to provide safety information (Pasquinelli et al., 2019). Long-term effects
ranging from a month to a year after the tFUS stimulation were investigated (Legon et
al., 2020), as well as effects of long protocols with multiple sonication sessions (Munoz
et al., 2022). All these animal and human studies repetitively showed low-intensity tFUS
to be safe within the applied parameter range. Nevertheless, it is important to report
that undesired side effects after stimulation were observed in rare cases. In sheeps, Lee
and colleagues reported micro-hemorrhages after highly repetitive sonication (Lee,
Lee, Park, et al., 2016), whilst in a study by Kim and colleagues, 1 out of 37 rats showed
signs of bleeding after being exposed to high intensity sonication (Kim et al., 2014). In
both cases, some of the parameters considerably exceeded the safety limits suggested
by the FDA. These findings highlight the importance of creating new guidelines for safe
delivery of low-intensity focused ultrasound stimulation which would help translating
the technique to the clinical setting.

To summarize, tFUS is an exciting technique which could overcome the depth-
focality tradeoff, obtaining high focality stimulation of deep structures. Nonetheless,
this methods should be carefully studied before extending its usage to a wider spectrum
of applications, since mechanistic understanding is still unclear and simulations seem
to significantly depend on the chosen parameters and individual anatomy. This is
especially important in a technique that could induce permanent damages if applied
at specific intensities and frequencies, such as tFUS.

The two stimulation methods described until here, namely deep TMS and tFUS,
showed encouraging results, but they both also exhibit some major limitations. Deep
TMS successfully reached deeper brain regions with respect to traditional coil designs,
but did not solve the depth-focality tradeoff problem. Overlying tissues were in fact
shown to be engaged by the stimulation. On the other hand, tFUS successfully in-
creased the focality of stimulation in deep regions, but still requires optimization of
several parameters. tFUS mechanisms need to be better elucidated for a safe modula-
tion of deep targets. Furthermore, we saw how errors in the localization of the focus
could be easily introduced by individual anatomy or by the chosen simulation methods.
This is of particular importance in tFUS, because of the high spatial precision of the
technique: even small errors could deviate the stimulation from the target region signif-
icantly. Based on these observation, the next section will focus on the core stimulation
technique employed in this thesis: tTIS. This technique holds the potential of overcom-
ing the limitation of the depth-focality tradeoff, whilst being safe since mechanisms of
tES methods have been better characterized with respect to ultrasounds.
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1.1.3 Transcranial Temporal Interference Stimulation

TTIS is a novel NIBS technique introduced by Grossman and colleagues in 2017 (Gross-
man et al., 2017). Neural modulation is achieved by delivering two high carrier fre-
quency alternating currents (similar to standard transcranial alternating current stimu-
lation, tACS) by means of two pairs of electrodes placed on the head (see Figure 1.1Ci).
The resulting field oscillates at the mean frequency, outside the natural range which
would elicit neural response. In contrast, the envelope of the resulting signal oscillates
at the difference in frequency between the two electrode pairs (please see Figure 1.1Ci).
This shift can be chosen within the dynamic range of neural firing and the resulting
low-frequency oscillating envelope would then be able to modulate neuronal activity.
Neural response at a specific location is obtained depending on the amplitude of the
envelope in that location, which derives from the vectorial sum of the two original
electric field vectors. The site of the maximal modulation, hence maximal amplitude
of the envelope, can be steered by adjusting the electrode’s position or intensity ratio
between the two currents. Deep regions can be targeted by maximizing the envelope
deep in the brain, whilst minimizing it in the cortical areas (see Figure 1.1Ci).

This stimulation is based on two key assumptions: the temporal interference of
two waveforms and the non-responsiveness of neurons to high-frequency signals.
The former describes how the interference of two signals oscillating at a frequency
f1 and f1 + ∆f respectively results in a third signal oscillating at the mean frequency
of the two original signals and modulated by an envelope oscillating at ∆f. The latter
assumption is currently under debate, since high frequency currents showed effects
on the peripheral nervous system and the impact on the central nervous system is
still not fully understood (Chaieb et al., 2011; Neudorfer et al., 2021). Grossman and
colleagues proposed that the intrinsic low-pass filter property of the neural membrane
(Hutcheon and Yarom, 2000) would filter out high frequency currents within the kHz
range. Further studies challenged this explanation, by suggesting alternative processes
to explain non-responsiveness to high frequencies. Cao and colleagues proposed neu-
ral accommodation as a possible mechanism (Cao et al., 2020), hypothesising that
whilst the balance of inward and outward currents is maintained for high frequency
sinusoidal inputs, sodium channels would quickly respond to the low frequency mod-
ulated envelope, depolarizing the membrane. Potassium channels would in contrast
be too slow to compensate the necessary outward current to prevent this depolariza-
tion. Mirzakhalili and colleagues similarly proposed that a rectification step would
be required before the low-pass filter in order to demodulate the signal (Mirzakhalili
et al., 2020), a phenomenon which has already been observed in neural membranes
(Goldman, 1943). More studies are needed to clarify the effect of tTIS in both modeling

14



and animal works.

Computational modelling and animal studies

The original paper introducing tTIS reported simulations on a cylindrical tissue phan-
tom filled with saline, simulations on spherical head models (both homogeneous and
with four tissues characterization) and experiments on mice (Grossman et al., 2017). In
the paper, modelling simulations were used to characterize the steerability of tTIS by
exploring multiple electrode locations and different current ratios between electrode
pairs. By placing the electrodes in a trapezoid shape, the electric field peak location
could be steered more in depth by increasing the distance between electrodes at the
base of the trapezoid. However, the authors mentioned a tradeoff between depth/peak
width, and strength. Furthermore, changes of the current intensity ratio between the
electrode pairs displaced the electric field peak toward the pair of electrodes delivering
the lowest current intensity. Focality and safety of the stimulation were then tested
on living mice, targeting the hippocampus (sub-cortical region) compared to the so-
matosensory cortex (cortical region). The main mechanisms underlying tTIS were
confirmed: tTIS successfully induced activity in the hippocampus without concomi-
tant cortical activations, whilst unmodulated high frequency stimulation did not elicit
any response. Furthermore, steerability was validated. By adjusting the current ratio,
different locations of the motor cortex were stimulated without the need of moving the
electrodes. This was confirmed by specific activation of the muscle corresponding to
the targeted area of the motor cortex. Neither DNA damage nor changes in neuronal
and synapses density, number of apoptotic cells or microglia and astrocyte response
were associated with tTIS, supporting good safety of this technique.

After this first pivotal study, several groups have tried to reproduce and investigate
tTIS effects. Finite element (FE) simulations on a mice model confirmed that tTIS can
induce an electric field high enough to elicit neuronal activation (Rampersad et al.,
2019) and that the peak can be shifted by adapting current ratios (Gomez-Tames et
al., 2021). Further evidence was provided by the possibility of eliciting neural activity
and even eye movements when targeting the superior colliculus (SC) in awake mice
(Song, Zhang, et al., 2021). More contradictory observations were instead found when
translating the technique to humans. Because of the bigger size of the human head
with respect to mice, the magnitude of the electric field generated by tTIS is drastically
reduced. Even though the electric fields could be maximized within the target deep
areas, some groups obtained values comparable or even lower than the ones achieved
with standard tACS in the same location (Howell and McIntyre, 2021; Huang and
Parra, 2019; Rampersad et al., 2019). However, when the electrode configuration was
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optimized, together with the current ratio between the pairs, tTIS demonstrated higher
focality (Lee et al., 2020; Song et al., 2019) and a better steerability (Rampersad et al.,
2019; Song et al., 2019) compared to standard tACS. Modeling results indicated that
the electric fields required to elicit neural activity (supra-threshold stimulation) are
significantly above the tolerable values of injected currents, from hundreds of mA to
the A range (Esmaeilpour et al., 2021; Negahbani et al., 2018; Wang et al., 2022). Fields
in this range would also provoke conduction block effects, which would act on and
suppress activity in regions receiving pure unmodulated high frequency stimulation
(Mirzakhalili et al., 2020; Wang et al., 2022). On the other hand, all studies agreed that
the magnitude of the electric fields inside the deep targets could induce sub-threshold
modulation (Howell and McIntyre, 2021; Mirzakhalili et al., 2020; Rampersad et al.,
2019), opening a wide range of possible applications. Of note, comparison between
tACS and tTIS fields strength is not straight forward, since neural response to pure sine
waves or modulated envelope could differ.

Deeper analyses of the neurophysiological basis underlying tTIS mechanisms were
performed by looking at the effect of hippocampal stimulation on induced gamma
activity in mice brain slices (Esmaeilpour et al., 2021). The authors suggested that
both selectivity (responsiveness to modulated envelope only) and sensitivity (current
intensity required to elicit neuronal response) depend on the time constants of the
axons’ membrane and slow GABAergic inhibition (GABAb-type). More specifically,
higher time constants and presence of slow GABA inhibition were related to enhanced
modulation. These observations point toward the fact that different neuron types
might respond differently depending on their properties. This was further confirmed
via simulation of a spherical head model with homogeneous neuron-type and same
axonal direction (Cao and Grover, 2018). Three main types of neurons were tested: the
classic HH (squid) neuron, the neocortical pyramidal neuron and the parvalbumin-
expressing (PV) inhibitory neurons. Results demonstrated that the first two neuron
types were responsive to tTIS, whilst PV neurons did not exhibit any tTIS effect. The
proposed role of the membrane dynamics could explain the reported discrepancy
in neuronal behavior (Cao et al., 2020). A negative relationship between sensitivity
and carrier frequencies was also demonstrated in both mice brain slices and cortical
models. For higher carrier frequencies, higher currents are required to elicit a neural
response (Esmaeilpour et al., 2021; Gomez-Tames et al., 2021), as well as, different
optimal envelope frequency (Plovie et al., 2022).

In order to improve simulation results and focality of the stimulation, multiple
optimizations of the original set up have been proposed. A straightforward adaptation
was the introduction of additional pairs of electrodes (Cao and Grover, 2019; Huang et
al., 2020; Lee, Park, Choi, Lee, et al., 2022; Song, Zhao, et al., 2021; Xiao et al., 2019). Other
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groups tested the effect of replacing each single electrode with an array, exploiting
spatial interference, or a high-density electrode montage (Cao and Grover, 2019; Huang
et al., 2020). Simulation results demonstrated theoretically improved spatial precision
when using more pairs and the possibility of simultaneously stimulating multiple sites.
Additionally, more electrodes would also lower the single-electrode intensity required
to reach deep areas. A different approach, which maintains the original set-up with
two pairs of electrodes, is multi-point TI. In this technique each electrode pair delivers
multiple current frequencies by using isolated current sources (Zhu et al., 2019). In
order to avoid skin and skull shunting effects, epidural placement of the electrodes
directly on the dura mater was also explored (Ahsan et al., 2022; Lee, Park, Choi, Lim,
et al., 2022) and modelling results reported higher intensities and focality with respect
to standard tTIS. In the original set up and in all the variations mentioned above, it
is important to consider how the choice of the montage would affect the results. In
fact, different algorithms could achieve higher focality depending on the number of
electrodes (Huang and Datta, 2021) and it was shown that orientation of the electric
field relative to the orientation of the neurons might further play an important role
(Missey et al., 2021). These considerations make electric field simulations a crucial step
to accurately reach the desired deep region.

Because of the clinical potential of tTIS, multiple groups have already started to
explore possible applications of the stimulation on disease models, particularly in
epilepsy, and found encouraging results. Missey and colleagues successfully evoked
seizure-like events (SLEs) in mice when 50Hz-tTIS was delivered to the CA3 part of the
hippocampus (Missey et al., 2021). The SLEs were induced in a focal manner and were
comparable to the ones obtained with invasive stimulation. These results open new
opportunities to define the epileptogenic zone, important for localising the source of
high-frequency discharges. Acerbo and colleagues made a step forward by demonstrat-
ing the ability of tTIS to suppress epileptic biomarkers in mice (Acerbo et al., 2022).
More precisely, they showed that hippocampal 130Hz-tTIS, but not standard tACS,
reduced pathological interictal epileptiform discharges and fast ripples. Additionally,
cadavers measurements were acquired and confirmed an increased depth and focality
of tTIS with respect to tACS in a human head. These results highlight the need to
translate the technique to humans and to assess the capability of tTIS to potentially
replace or support invasive deep-brain stimulation techniques in the future.

Human applications

Currently there is no published data on modulation of deep-brain areas via noninvasive
tTIS in humans. Up to now, five studies explored the possible translation of tTIS to
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humans, but targeting cortical regions, which is already achievable with standard TMS
and tES techniques. These first studies are nonetheless crucial, since they support the
feasibility and the safety of the tTIS technique in humans. Application of tTIS (2mA
peak-to-peak, 2kHz carrier frequency) on the left motor cortex (M1) with an envelope
oscillating at 20Hz (20Hz-tTIS) was demonstrated to promote motor learning (Ma et al.,
2021) and boost resting-state functional connectivity (Zhu et al., 2022). 70Hz-tTIS (2mA
peak-to-peak, 2kHz carrier frequency) led instead to positive effects on reaction times
(Ma et al., 2021). When targeting frontoparietal regions with 6Hz-tTIS (2mA peak-to-
peak, 2kHz carrier frequency) during a N-back task, tTIS showed beneficial effects
on working memory performance with respect to a control stimulation in the higher
cognitive load condition (Zhang, Zhou, et al., 2022). On the contrary, tTIS (1mA peak-to-
peak, 1kHz carrier frequency) with an envelope beating at individual alpha frequencies
of the stimulated participants did not induce any differences in alpha power when
compared to standard tACS and sham (von Conta et al., 2022). It is worth noticing that
in this last study, the current intensity used was half of the one used in the other three
studies and the carrier frequency was 1kHz instead of 2kHz. Additionally, the duration
and site of the stimulation varied, making it hard to draw conclusions. Finally, the fifth
study focused on the safety evaluation of tTIS in humans (Piao et al., 2022). tTIS (2mA
peak-to-peak, 2kHz carrier frequency) was delivered to the left M1 for 30 minutes with
a 20Hz and 70Hz modulated envelope. Several scales and outcome measures were
examined before and after stimulation: neurological and neuropsychological tests,
EEG signatures and adverse events. No difference in any of the scales was observed
and no adverse event was reported, hence supporting the safety profile of tTIS under
the tested conditions.

The technique arose high interest in the scientific community. Successful targeting
of deep structures in humans would open a wide spectrum of potential applications,
including understanding and treatment of some of the most relevant neurological and
psychiatric diseases, such as stroke (Coscia et al., 2019), movement disorders (Bao et al.,
2020), Parkinson’s Disease (Chen and Chen, 2019), anxiety (Lee et al., 2019), addictions
(Ekhtiari et al., 2019) or epilepsy (Wang and Chen, 2019).

Safety

Both Piao and colleagues’ as well as Zhang and colleagues’ experiments on tTIS appli-
cation provide evidence that tTIS applied at a current intensity of 2mA with a carrier
frequency of 2kHz is safe (Piao et al., 2022; Zhang, Zhou, et al., 2022). Further studies
are required to delineate more detailed guidelines for tTIS. For now, even though the
mechanisms could be quite different from the current NIBS techniques,the choice of
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parameters follows the guidelines for transcranial alternating current stimulation. Low
intensity stimulation should hence deliver a maximal current intensity of 4 mA and
duration should not exceed 60 minutes. For high-frequency stimulation in the kHz
range, intensities up to 10 mA are considered safe. Current densities higher than 6.3–13
A/m2 could induce brain damages, hence they should be maintained lower (Antal et al.,
2017). No adverse events linked to tTIS were reported until now.

In the previous sections I described advantages and disadvantages of different
noninvasive deep brain stimulation methods. Among them, tTIS was chosen for this
work as the technique to reach and focally modulate deep structures in humans nonin-
vasively. In the next sections, I want to introduce the concept of memory as possible
model to test tTIS application and as the main function addressed in the experimental
work of this thesis.

1.2 Memory

Memory was chosen because of its important role in everyday life, its suitability to be
studied via experimental tasks and the background knowledge that has already been
acquired in the scientific community. This function relies on different brain networks
which include subcortical structures as main hubs. All these factors make memory a
good candidate to investigate novel noninvasive deep brain stimulation effects.

Memory can be generally classified into two main classes: declarative/explicit
and nondeclarative/implicit memory (Squire, 1987). The former is what is usually
referred to as "memory" in the common sense, thus the conscious storing and retrieval
of information such as facts or events. Nondeclarative memory includes all types
of memory which are acquired in an unconscious manner, from skill learning and
habits to conditioning learning. This kind of memory is usually based on cumulative
experience, rather than recollection (Squire, 1992).

The case of the epileptic patient H.M. became famous in the neuroscientific field
because of the symptoms developed after the removal of his bilateral medial temporal
lobe (MTL) (Scoville and Milner, 1957). The patient showed severe memory loss con-
cerning new events or facts, but no impairments in learning novel motor skills, such
as a hand–eye coordination task (Squire and Dede, 2015). Based on this case, observa-
tions from several amnesic patients and additional animal studies, a framework has
been formed, which describes a differential but interacting ensemble of brain regions
responsible for the two types of memory. The MTL is described to be more involved in
declarative memory, while the basal ganglia are thought to underlie nondeclarative
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memory (Freedberg et al., 2020; Squire, 1992; Squire and Zola, 1996).

In the next paragraphs, a more detailed description of these two categories will be
provided.

1.2.1 Nondeclarative memory

As previously introduced, nondeclarative memory encompasses heterogeneous learn-
ing abilities which are non-consciously acquired and are experience-dependent
(Squire, 1987). Within these functions, in this thesis I will mainly focus on motor
skill learning, which can be defined as the ability of gradually improving motor action
execution with increasing accuracy and speed through practice (Willingham, 1998).
Several kinds of motor learning can be distinguished, including sequential motor learn-
ing, adaptation, de novo learning and motor acuity (Krakauer et al., 2019). All of them
are characterized by three essential phases starting with identification of a motor task
or goal, selection of the actions which would most likely lead to this goal and optimal
execution of the chosen actions (Krakauer et al., 2019). In the current work, I will focus
on one type of motor learning: sequential motor learning.

Sequential motor learning

Sequential motor learning is the field of motor learning consisting in reaching quick
and accurate performance of a multi-element sequence with practice, by associating
a set of independent actions (Doyon et al., 2018; Seidler et al., 2012). Practically, it
is what is required in order to dress up in the morning, type on a keyboard if you
are a writer or prepare some bread if you are a baker. Learning how to perform one
action after the other in a specific order to achieve a final goal is hence the basis for
our everyday life. This is why sequential motor learning is so important and why it
has been intensively studied. Unfortunately, the actions performed in daily life are
often too complex to be studied in an experimental setting, thus simplified tasks that
are able to depict motor learning are usually employed. One of the most widely used
tasks is the sequential finger tapping task (SFTT) (Albouy et al., 2015; Albouy et al.,
2013; Bönstrup et al., 2019; Censor et al., 2012; Karni et al., 1995; Lehéricy et al., 2005;
Maceira-Elvira et al., 2022; Walker et al., 2003; Zimerman et al., 2013). During the SFTT,
participants are asked to reproduce a sequence of numbers on a button box as fast and
as accurately as possible. Each finger is associated with a specific number. The majority
of the studies test the non-dominant hand in order to increase the difficulty of the task
and depict the learning curve better. Knowledge of the sequence can be either implicit
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Figure 1.2: Evolution of motor learning performance over time

or explicit. Whilst some studies require the subjects to learn the sequence prior to
training (Albouy et al., 2015; Fogel et al., 2017; Lehéricy et al., 2005), others attempt to
reduce the cognitive load by constantly displaying the sequence in front of the subject
during the task (Albouy et al., 2013; Bönstrup et al., 2019; Maceira-Elvira et al., 2022;
Walker et al., 2003). Blocks can be time limited, hence lasting a fixed duration of time
and either externally-paced (Karni et al., 1995; Lehéricy et al., 2005) or internally-paced
(Bönstrup et al., 2019; Maceira-Elvira et al., 2022; Walker et al., 2003). Duration can also
be based on individual performance, hence terminated when i.e. the subject reaches
a certain number of key presses (Albouy et al., 2015; Albouy et al., 2013; Fogel et al.,
2017). Finally, the number of presented keys can also vary, with typical lengths ranging
from 5 to 9 digits.

All these set-ups share the same overall goal which is to investigate how perfor-
mance evolves over time. For this purpose, accuracy and speed are usually used as
outcome measures. Generally, both variables increase over time, but have different
dynamics depending on the learning stage, see Figure 1.2. Motor skill learning com-
prises an initial "fast" phase during which performance increases significantly in a
short time period and a "slow" phase during which performance increases at a reduced
pace (Karni et al., 1998). The transition from the first to the second phase can vary in
time depending on the task (Dayan and Cohen, 2011).

Whilst fast learning usually happens during a first training session, the slow phase
can last up to several weeks and the improvement gradually builds up over sessions. An
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increase in performance from the beginning to the end of the same session is defined
as online gain (Wessel et al., 2015). Additionally, a consolidation process is in place
in between practices, which allows to maintain or even enhance previously acquired
skills in the absence of interference (Walker et al., 2003). The improvements gained in
these periods, without practice, are defined as offline gains. Finally, once the motor
skills are well consolidated, it is possible to perform the motor action independently of
interference, even after long training breaks which can last up to several months. This
stage is defined as the long-term retention phase (Romano et al., 2010).

Besides the characterization of behavioral evolution, several groups investigated
the neural basis of motor learning. Gathering results from fMRI studies, an overview
of the brain areas implicated in motor learning is described in the meta-analysis of
Hardwick and colleagues (Hardwick et al., 2013), see Figure 1.3A. This study highlights
consistency between imaging findings which identify both cortical and sub-cortical
regions as important hubs of the motor network. Cortico-cerebellar and cortico-striatal
loops in particular have been found to be critically implicated in this process (Doyon
et al., 2003), together with limbic structures (Schendan et al., 2003). These systems
showed differential motor-task related activity, with early participation of associative
regions and later involvement of sensorimotor areas (Coynel et al., 2010; Doyon and
Benali, 2005). Associative areas include cortical regions such as the pre supplementary
motor area (preSMA) and dorsolateral prefrontal cortex (DLPFC), and sub-cortical
areas such as the ventromedial striatum and cerebellar cortex. The sensorimotor loop
also includes cortical and subcortical regions such as supplementary and primary
motor cortex, the dorsolateral striatum and dentate nucleus (Hikosaka et al., 2002;
Schendan et al., 2003). There are differences between these systems in the temporal
evolution of the activity shift from associative to sensorimotor regions. The change
from cerebellar cortex to dentate nucleus engagement, for instance, is restricted to the
early phase of learning, before performance reaches asymptotic behavior (Doyon et al.,
2002; Jueptner et al., 1997; Lohse et al., 2014), whilst in later stages, cerebellar activity is
generally reduced. In contrast, the reorganization within the striatum covers both early
and later stages of the learning process (Cataldi et al., 2021; Lehéricy et al., 2005; Yin et
al., 2009), highlighting the possible role of the striatum in long-term retention. Finally,
limbic structures, including regions of the medial temporal lobe and in particular the
hippocampus, were shown to be associated with motor learning, mostly in the initial
phase and during consolidation periods (Albouy et al., 2008; Schendan et al., 2003).
These results show the complexity of the motor learning process, emphasizing the
interplay between multiple brain regions (see Figure 1.3B), among which the striatum
is seen as one of the core hubs, common to both early and late stages of learning.
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Figure 1.3: Motor network and striatal pathways.
(A) Results from a meta analysis summarizing regions commonly activated in motor learning tasks (Hardwick et al., 2013). The
putamen, sub-region of the striatum, is highlighted as one of the main sub-cortical structure involved in motor learning functions.
Image adapted from (Hardwick et al., 2013). (B) Schematic of the enlarged motor learning network, including regions which
contribute in different aspects and different phases of the process. Image adapted from (Krakauer et al., 2019). (C) Schematic
summarizing direct and indirect path. Direct pathway is depicted in red, whilst indirect pathway is highlighted in blue. Image
adapted from (Calabresi et al., 2014).
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Striatum in motor learning

Because of the key role of the striatum in motor learning, this section will be dedi-
cated to deepen its structural and functional properties derived from both animal and
human studies. The striatum consists of three sub-structures: the putamen, the cau-
date nucleus and the nucleus accumbens. The common predominant cell type is the
GABAergic medium spiny neuron (MSN), which composes up to 95% of the structure
(Kemp and Powell, 1971; Kreitzer and Malenka, 2008). The remaining part incorporates
different types of interneurons and peptidergic neurons (Bolam et al., 2000). The MSNs
receive a main stream of inputs from a broad portion of the cortex and the thalamus
via glutamatergic synapses. This flow is modulated by additional dopamine projec-
tions coming from the substantia nigra pars compacta (SNc) (Calabresi et al., 2007;
Hunnicutt et al., 2016). As a result, the striatum can be seen as the primary gateway
to the basal ganglia. Cortical and thalamic projections maintain a topological distri-
bution within the striatum (Gerfen, 1992; Selemon and Goldman-Rakic, 1985), which
allows to separate ventral, dorsomedial and dorsolateral parts, corresponding to limbic,
associative and sensorimotor regions respectively. The ventral part of the striatum
collects inputs mainly from the ventromedial and orbital prefrontal cortex, the anterior
cingulate, the amygdala and the hippocampus. The associative dorsomedial sub-unit
receives dorsolateral prefrontal cortex projections, whilst the sensorimotor dorsolateral
part gathers afferent connections from primary motor, premotor and supplementary
motor cortical areas (Haber, 2016; McCutcheon et al., 2018). The separation between
these functional regions is not sharp and each of them include portions of the initially
presented striatal sub-structures. The limbic part encompasses the nucleus accumbens,
but also the most ventral part of the caudate and the putamen. The associative area
includes the caudate nucleus and a ventral portion of the putamen. The sensorimotor
part is instead comprised of the dorsal parts of both the caudate and the putamen
(Groenewegen, 2003). As described in the previous section, these functionally distinct
territories participate differently in the motor learning process, with associative areas
being more involved in the initial part of learning and sensorimotor regions supporting
later stages. Whilst this is well established in animals, the functional role of the striatal
subregions in humans has been investigated only in an associative way (Lehéricy et al.,
2005). An additional layer of complexity is introduced when the output streamlines
are also considered. Striatal afferent fibers form two separate pathways with oppo-
site net effects on the cortico-basal ganglia-thalamo-cortical loop: the direct and the
indirect pathway (Albin et al., 1989), see Figure 1.3C. The former originates from the
inhibitory projections from striatonigral MSNs to the internal globus pallidus (GPi)
and the substantia nigra pars reticulata (SNr), which then send inhibitory information
to the motor nuclei of the thalamus. The latter is composed by striatopallidal MSNs
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sending inhibitory projections to the external globus pallidus (GPe), which in turn has
an inhibitory influence on the subthalamic nucleus (STN), responsible for excitatory
projection toward GPi and SNr. Even though how these two pathways participate in
motor functions is still under investigation, the net effect of the direct path would result
in the excitation of thalamocortical projections and motor outcomes facilitation. On
the contrary, the indirect path would inhibit the thalamocortical projections, which
in turn would impair movement (Kreitzer and Malenka, 2008). Interestingly, the two
pathways are also characterized by different dopamine receptors, with dopamine D1
receptors mainly found in the MSNs of the direct path and dopamine D2 receptors
in the indirect path (Gerfen et al., 1990). Because dopamine D1 receptors have a fa-
cilitatory impact on the direct path, in contrast to the inhibitory effect of dopamine
D2 receptors on the indirect path, an increased level of dopamine would result in a
net disinhibition of basal ganglia targets and hence movement facilitation (Albin et al.,
1989; Groenewegen, 2003).

1.2.2 Declarative memory

The second type of memory I mentioned at the beginning of this section is declarative
memory. This consists in the ability to explicitly recollect facts or events (Squire, 1987).
The major components of this type of memory are episodic and semantic memory
(Tulving, 1972). They refer to the difference between recalling contextual information
with spatio-temporal features (episodic) and the general knowledge of concepts (se-
mantic). However, the distinction between the two is debated and there is evidence
of common networks underlying these functions (De Brigard et al., 2022). In the next
sections, we will focus on two particular aspects of declarative memory, namely spatial
and associative memory.

Spatial Navigation

Spatial memory is a crucial ability which allows to associate spatial information with
past experiences, promoting navigation and interactions with the surrounding envi-
ronment (Herweg and Kahana, 2018). Edward Tolman was the first to propose almost
100 years ago that navigation behaviors could rely on cognitive maps in the brain repre-
senting the surrounding environment (Tolman, 1948). However, for multiple decades,
technology did not allow to further support or disprove this theory. Thanks to the
famous case of patient H.M. who, concomitant to the other memory impairments,
reported problems in recalling locations of new places after the bilateral removal of
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the MTL (Scoville and Milner, 1957), the field found a renewed motivation in the un-
derstanding of spatial memory functions, and in particular in the role of hippocampal
formation. Significant steps towards understanding spatial memory were made by
the discovery of multiple cell types encoding for specific spatial properties (Grieves
and Jeffery, 2017; Hartley et al., 2014), namely place cells, head direction cells, grid
cells and boundary cells. The first cell type was described by O’Keefe and Nadel who
observed in freely moving rats that specific hippocampal cells preferentially fired at
specific locations in space (O’Keefe, 1976). Different cells coded for different places
creating a map of the environment, as suggested by Tolman, with relative firing posi-
tions between neurons flexibly changing in between different settings (Moser et al.,
2008). Some years later, Rank and colleagues reported an additional cell type which
was responsive to head orientation, and was located in both the hippocampus and the
entorhinal cortex (EC) (Taube et al., 1990). These head direction cells were also shown
to influence place cell stability (Calton et al., 2003) and have been described in several
brain regions, including areas outside the MTL (Yoder and Taube, 2011). Grid cells were
then introduced by Hafting and colleagues as the neurons within the medial EC which
fired at multiple locations in space in a geometrical defined arrangement, so as to cre-
ate a hexagonal grid (Hafting et al., 2005). This grid was characterized by the distance
between the firing spots, orientation and phase with respect to external references. In
contrast to place cells, the pattern of activation of grid cells remains stable between
different environments (Fyhn et al., 2007). Finally, boundary cells are another neuron
variant which was proposed based on the observation that some neuronal populations
adapted the firing relative to the boundaries of the environment (Lever et al., 2002). The
four mentioned cell types are the most studied in the field, but additional types have
been described (Grieves and Jeffery, 2017), such as goal, object and egocentric cells.
Even though it is clear from these findings that the hippocampus and surrounding
regions are fundamental in encoding spatial information, the question about how
the different properties are integrated remains (Moser et al., 2008). For instance, it is
hypothesized that place cells need external sensory stimuli as well as self-motion infor-
mation to know the location where to fire. Nevertheless, whilst some groups proposed
that grid cells are mainly responsible for place cells firing (Rolls et al., 2006), others
support the need of additional inputs (Neher et al., 2017). How grid cells can build and
maintain a grid field is also still under debate, several models have been proposed,
which could help in the understanding of possible mechanisms, but experiments are
necessary to validate them (Giocomo et al., 2011). Further investigations are hence
needed to explore the interactions within and between these cell types.

Until this point, information on the neuronal basis of spatial representations was
provided based on findings from animal studies, due to the possibility of recording
single cells. Nonetheless, it is important to understand whether these findings can be
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translated to humans. Because of the involvement of the MTL in epilepsy, intracranial
recordings from these areas are possible in patients with already implanted deep brain
electrodes. Thanks to these patients, evidence was provided about the presence of
neurons in humans showing place and grid cell like activity (Herweg and Kahana,
2018). Neurons were found within the human hippocampus and parahippocampal
gyrus, which fired as a function of specific locations or landmark views respectively
(Ekstrom et al., 2003; Jacobs et al., 2013). The typical triangular lattice structure ob-
served in the rodent grid cells activity was also detected in neurons of the human
entorhinal cortex (Jacobs et al., 2013), showing however, an enhanced dependency
on context information such as visual cues (Nadasdy et al., 2017). Additionally to the
invasive recordings, grid cell like representations were detected at the population level,
measured by BOLD signal changes (Doeller et al., 2010; Moon et al., 2022). After the
identification of subject-specific mean grid orientations within the ECs in a whole brain
analysis, a significant activity modulation in the right EC and, less reliably, in the left
EC was observed. Interestingly, the coherence of the grids was correlated with spatial
memory performance (Doeller et al., 2010). First results also highlighted a possible net-
work containing grid-like cells, including the medial prefrontal cortex, medial parietal
cortex and lateral temporal cortex. Together with the hippocampus, parahippocampal
gyrus and entorhinal cortex, these regions could hence serve successful navigation in
humans. Because of the complexity of spatial navigation, it is to be expected that the
hippocampal complex, even though representing a key hub, is part of a larger network
and that this network could vary depending on the navigation conditions.

27



A

B

Prefrontal cortex

Planning,

adaptation

Occipital cortex

Visual information

Retrosplenial cortex

Scene translation,

orientation

Parietal cortex

Body-oriented information

Parahippocampal

Processing of visual cues,

context recognition
Hippocampus

Event within a scene,

scene construction

Perirhinal cortex

Object-based information

Entorhinal cortex

Self-related

navigation

Figure 1.4: Spatial navigation network.
(A) On the left, scenes of a spatial navigation environment. On the right, schematic of a path in a round arena. (B) Schematic of
the spatial navigation network. Image derived from Hocquet, 2021 and Vann et al., 2009.

Several fMRI studies investigated the brain regions engaged in spatial navigation
tasks and tried to disentangle the role of each area. In these studies, as expected, acti-
vation of the MTL was consistently found and has been linked to spatial representation
of the environment, planning and distance to the target (Howard et al., 2014; Spiers
and Maguire, 2006), which has been shown to be of particular importance during the
initial exploration (Hirshhorn et al., 2012). Additional regions were highlighted, namely
the parahippocampal place area, the retrosplenial cortex, the occipital and prefrontal
cortex, the precuneus and several others. The parahippocampal place area was shown
to be involved in the processing of visual cues and context recognition (Epstein, 2008;
Julian et al., 2018). The retrosplenial cortex was described as a key structure in cogni-
tive functions and notably in navigation (Vann et al., 2009). However, its role remains
debated and theories proposed an involvement in translating information between ref-
erence frames (Vann et al., 2009), in orientation (Marchette et al., 2014) or in recovering
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of familiar scenes (Epstein, 2008). It has also been hypothesized to receive perceptual
information by the occipital and parietal regions via the dorsal visual stream (Rolls,
2022), such as environment boundaries from the occipital place area (Julian et al., 2018)
or landmark representations from the precuneus (Cona and Scarpazza, 2019). Within
the prefrontal cortex several loci were described to underlie planning and adaptation
(Kaplan et al., 2017; Spiers and Maguire, 2006). Even though the implication of these
regions in navigation is established, attention should be paid when comparing imaging
results (Boccia et al., 2014; Li et al., 2021). Certain regions are in fact more involved in
allocentric (navigation with respect to external cues) than in egocentric (navigation
centered with respect to the individual subject space) navigation. Familiar places elicit
differential activation patterns compared to new places and spatial scale space (vista
versus environmental) activity have specific related activity. It is hence important to
consider the design and conditions of each experiment to draw final conclusions.

To go beyond the MRI studies, further investigations on the causal role of hippocam-
pal and entorhinal cortex in humans are still missing. Hence, tTIS could represent an
opportunity to explore how modulation of place and grid cells in humans would affect
spatial navigation behavior. Furthermore, stimulation of the hippocampal-entorhinal
cortex would benefit not only spatial memory functions, but could unveil the functional
role of the regions in several types of memory, including associative memory.

Associative memory

Associative memory refers to the capacity of encoding, storing and retrieving the
link between contextual information (Suzuki, 2007). Pairing of items between (i.e.
face-name) or within (i.e. face-face) domains is fundamental in this type of memory
and it is composed of two main phases: a first encoding of the information and a
subsequent retrieval (Yu, Cheval, et al., 2021). During the encoding phase, new memory
traces are formed, which are then actively recalled during the retrieval phase (Meltzer
and Constable, 2005). Paired-associate learning paradigms have been highly used
in the laboratory setting to investigate associative memory (Yu, Cheval, et al., 2021)
and the neural basis of the binding process has been extensively studied. Different,
but overlying networks were found to be implicated depending on the phase and
domain of the associations (Klamer et al., 2013; Pergola and Suchan, 2013; Small et al.,
2001). Despite the diversity of tasks, set-ups and methods used, there is a convergent
agreement on the implication of the MTL in associative memory (Opitz, 2014). On the
other hand, the specific role of each MTL structure is still unclear.

Some studies found similar involvement within the middle section of the hippocam-
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pus in both encoding and retrieval of face-name pairing, whilst single-items, seeing
faces or hearing names only, were engaging either posterior or anterior compartments
respectively (Small et al., 2001). Subsequent investigations observed distinct patterns of
activation during the encoding period in which the anterior hippocampus was involved
in correct binding pairs, whilst the middle and posterior hippocampus were involved
in the overall encoding (Sperling et al., 2003). Alternative results did not show a signifi-
cant difference between the anterior and posterior part (Westerberg et al., 2012). Even
though the findings are variable, the hippocampus was consistently identified as the
supporting structure for successful association formation across-domains. In contrast,
the perirhinal and the parahippocampal cortex were found to be less implicated in the
association process. Lately, the perirhinal cortex has been linked to within domain as-
sociations, related to familiarity (Voss and Paller, 2010) and is seen as a memory storage
(Mayes et al., 2007). Its functions could also depend on the domain, since contribution
of the region was for instance shown in item-color, but not item-context bindings
(Staresina and Davachi, 2008). The parahippocampal cortex is instead hypothesized to
gather and communicate contextual aspects of the associations (Li et al., 2016). This
evidence highlights the importance of the MTL in associative memory, however, further
experiments should be carried out to better understand the causal role of each region.

As for the other memory domains described, associative memory relies on the
interplay of several regions. Recent meta-analyses have gathered the results of sev-
eral imaging studies trying to define a common network for associative recall (Kim,
2023; Spaniol et al., 2009). Because of the variety of possible tasks and memory as-
pects that can be explored, several categories have been distinguished, including the
comparison hit versus miss. This consists of experiments during which pairs of items
(face-face, face-name, etc.) are presented and subjects are later asked to recall each
association: hits represent correctly retrieved associations, whilst misses equal wrong
ones. During both encoding and retrieval MTL regions were consistently implicated,
confirming the hypothesis about a preferential activation of the anterior part of the
left hippocampus during encoding, and an engagement of the posterior left MTL areas
during retrieval. The amygdala was also consistently found to be activated during the
retrieval period, however, the lateralization was not consistent in between studies. The
dorsal and ventral prefrontal cortex (PFC) was implicated in both encoding and re-
trieval, demonstrating bilateral or lateralized activity toward the left. Dorsal and ventral
PFCs are suggested to support memory by strengthening association formation or by
helping the selection of goal-relevant item information respectively (Blumenfeld and
Ranganath, 2007). Prefrontal regions are also considered key areas in the consolidation
process (Tompary and Davachi, 2017; Winocur et al., 2010). Finally, posterior regions
including the bilateral posterior cingulate cortex, the intraparietal sulcus and several
parts of the parietal lobe were also identified in both encoding and retrieval phases.
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Figure 1.5: Brain regions implicated in associative memory.
(A) ALE meta-analyses results from Kim, 2023 for the Hit > Miss contrast. (B) Schematic of the main regions involved in associative
memory.

31



Several interpretations about the role of parietal areas have been proposed, namely
either attentional (Uncapher and Wagner, 2009) or familiarity (Dickerson and Eichen-
baum, 2010) functions. The majority of these regions belonged to either the MTL or to
the default mode network (DMN). Activity in the DMN was already shown to correlate
with the amount of retrieved information during an association task (Rugg et al., 2012),
which is in line with higher activity during hit compared with miss trials. These were
some of the most important regions that, together with other brain structures (lingual
gyrus, striatum, thalamus), are supporting the MTL structures for successful associative
memory retrieval/performance.

Again, evidence on the causal involvement of the hippocampal structures in asso-
ciative memory is based on either animal or pathological studies. Healthy humans data
are only providing correlative relationships between neural and behavioral processes.
Better exploration of the causal link between hippocampus functions and associative
memory is needed and tTIS could offer a way of studying this relationship.

Spatial and associative memory within the same framework

To conclude the section on declarative memory, it is important to combine the inde-
pendent views on spatial and associative memory and to understand how they can
coexist both having their neural basis within the MTL. Some studies demonstrated that
place cell activity was not only dependent on a specific location in space, but that it was
affected by previous and future actions (Wood et al., 2000). However, these observations
were proposed to rely on specific conditions, such as the presence of reward (Smith
and Mizumori, 2006). Cells within the hippocampal formation were for instance found
to fire when familiar concepts were encountered, leading to the proposition of "con-
cept cells" (Quiroga, 2012). Furthermore, specific place cells were shown to fire after
an exact delay in time despite the location (MacDonald et al., 2011; Pastalkova et al.,
2008). Taken together these results could indicate a time-context-spatial-dependent
encoding of place cells, which would integrate information about "where", "what"
and "how" within the hippocampal structure (Takahashi, 2018). Several groups pro-
posed different interpretations, from the integration of objects and action mapping
within spatial scenes (Eichenbaum, 2004) to the creation of mental maps structured
in mnemonic, temporal and spatial components (Milivojevic and Doeller, 2013). A
compromise can be hence found by extending the role of the hippocampus to encod-
ing of events integrating spatial and non-spatial elements, and a more general view of
navigation within a memory space (Eichenbaum and Cohen, 2014). This integrative
view of the hippocampal region highlights how stimulation of the same area, applied
during different memory tasks, could eventually result in different effects depending

32



on the cell populations engaged and the associated network.

After having set the ground for the behavioral models which will be used and having
identified the key subcortical regions to target, the next question is how we can achieve
neural modulation of these areas. Depending on the temporal distribution and the
frequency of the stimulation, different mechanisms can be elicited (Elyamany et al.,
2021; Miniussi and Ruzzoli, 2013). In the next section, I will describe a well-established
stimulation protocol used in the TMS field to induce long-term plasticity effects, which
we will mimic via tTIS in the following experimental chapters.

1.3 Long term plasticity protocol: theta burst stimulation

(TBS)

In this paragraph I will illustrate the stimulation protocols we employed in the present
work: intermittent and continuous theta burst stimulation (iTBS and cTBS respec-
tively).

Originally, repetition of bursts in the theta range frequency was proposed in order to
mimic the natural theta rhythms observed in the hippocampus. First evidence of mod-
ulatory effects came from animal brain slice work in which long-term potentiation was
observed when two high-frequency bursts (100Hz) were applied with a delay between
200 msec and 2 seconds (Larson and Lynch, 1986). The first burst was hypothesized to
act as a primer of postsynaptic activity. Hence, by steering subsequent stimuli timing,
either long-term potentiation (LTP) or long-term depression (LTD)-like effects could
be induced based on the postsynaptic status (Bliss and Lomo, 1973; Hess et al., 1996).
Extensive research in the last decades obtained consistent results, confirming these ob-
servations and robustly reproducing the brain plasticity effects of TBS (Hoffman et al.,
2002; Huemmeke et al., 2002; Larson and Munkácsy, 2015; Nishiyama et al., 2000). LTP
and LTD-like plasticity effects induced by TBS involve both glutamatergic and GABAer-
gic neurotransmission (Labedi et al., 2014; Li et al., 2019; Rounis and Huang, 2020; Teo
et al., 2007) and depend on N-methyl-D-aspartate receptors (NMDAR) activity (Bliss
and Collingridge, 1993). Calcium concentration, highly dependent on NMDAR activity,
is thought to play a key role in deciding whether a synapse will show potentiation or
depression effects (Nishiyama et al., 2000). The presence of low calcium concentra-
tions would support LTD, whilst higher NMDAR calcium influx would mainly drive
LTP. However the precise dynamics of TBS induced plasticity are still under debate
and there is evidence on dose-dependent and duration-dependent neural responses
(Goldsworthy et al., 2016; Huang et al., 2005; Li et al., 2019; Merken et al., 2021).
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Based on these observations, iTBS and cTBS protocols were firstly introduced in
humans to modulate cortical brain activity and brain plasticity (Huang et al., 2005).
These two protocols consisted in a series of bursts at a frequency within the theta
range (5Hz) composed of three pulses at 50Hz. In the intermittent protocol, bursts are
delivered in trains of 2 seconds every 10 seconds, whilst in the continuous protocol,
they are delivered continuously (Huang et al., 2005). iTBS demonstrated successful
LTP-like plasticity induction, by increasing motor evoked potential (MEP) amplitudes
(Brownjohn et al., 2014; Goldsworthy et al., 2016) when stimulation was applied on
motor-related regions and by inducing facilitation of somatosensory pathway activity
when applied to the primary somatosensory cortex (S1) (Katayama and Rothwell,
2007). In contrast, cTBS showed inhibitory effects by reducing the MEP amplitude when
applied on motor-related regions (Huang et al., 2005). The long-term potentiation effect
of iTBS was linked to the recruitment on slow indirect waves (I-wave) (Di Lazzaro et al.,
2008), whilst cTBS effects were explained by the specific inhibition of the fast I1-wave,
which was not generalized to the overall corticospinal excitability (Di Lazzaro et al.,
2005). These two patterned stimulation have been highly used in the neuromodulation
field, because of their ability to induce either long-term potentiation (LTP) or long-term
depression (LTD)-like plasticity effects (Brownjohn et al., 2014; Goldsworthy et al., 2016;
Huang et al., 2005), which are believed to be crucial in learning and memory process
(Lynch, 2004).

In fact, synaptic strengthening due to LTP process associated with memory tasks
was naturally observed in several regions including hippocampus (Whitlock et al.,
2006) and motor cortex (Cantarero et al., 2013; Rioult-Pedotti et al., 2000). Several
studies also showed correlation between LTP magnitude and behavioral memory
performance (Dringenberg, 2020; Reynolds et al., 2001). Furthermore, blockage of
NMDAR, proposed to disrupt LTP process, was shown to impaired learning associated
to the targeted regions (Cain et al., 1997; Lemay-Clermont et al., 2011; Morris, 1989;
Yin et al., 2005). Taken together, these results highlight the important role of LTP-like
plasticity in memory functions. Hence, a protocol able to induce LTP-like plasticity
effects, such as TBS, represents an optimal candidate to neuromodulate subcortical
regions via tTIS and to induce behavioral changes.

1.4 Thesis objectives and organisation

Through the previous sections, I reviewed the existing work in the field of stimulation
and raised several open questions which remain to be addressed. In this thesis, we
aim to bring new elements to the field by investigating how tTIS can be applied to
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modulate deep brain structures in humans and to consequently induce significant
behavioral changes. To do so, we identified memory as a suitable behavioral model for
tTIS application because of the large involvement of deep brain structures. Specifically,
the striatum was highlighted as a key hub and therefore adapt target in the frame of
sequential motor learning, whilst the hippocampal complex has been described as the
central region for both spatial and associative memory.

The next chapters will develop as follows:

• Chapter 2: Noninvasive theta burst stimulation of the human striatum enhances
striatal activity and motor skill learning.

In this chapter, we studied the effects of tTIS when targeting the striatum during
a sequential motor learning task. A first investigation on the neural responses
associated with striatal tTIS was performed in a young healthy cohort during an
fMRI task. Based on the promising results, a similar protocol was reproduced in
an older cohort, outside the MRI environment, to better investigate behavioral
effects.

Personal contribution: Study design, recruitment, data acquisition, data analysis,
results interpretation, writing, and editing of the manuscript.

• Chapter 3: The causal functional role of the hippocampal-entorhinal complex for
spatial navigation.

The chapter describes the possibility of modulating spatial navigation functions
via tTIS targeting the right hippocampal complex. Neural correlates were ex-
plored during a task-based fMRI session in which young healthy subjects were
immersed in a virtual reality environment and executed a spatial navigation task
with concomitant stimulation.

Personal contribution: Study design, recruitment, data acquisition, data analysis,
results interpretation, writing, and editing of the manuscript.

• Chapter 4: Noninvasive theta bursts deep brain stimulation of the hippocampus
to modulate memory functions.

In this final chapter, tTIS was applied on the hippocampal complex of an older co-
hort during a face-name association task. We looked at behavioral performances
to assess whether tTIS could support associative memory.

Personal contribution: Study design, recruitment, data acquisition, data analysis,
results interpretation, writing, and editing of the manuscript.
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2.1 Abstract

The stimulation of deep brain structures has thus far only been possible with inva-
sive methods. Transcranial electrical temporal interference stimulation (tTIS) is a
novel, noninvasive technology that might overcome this limitation. The initial proof-
of-concept was obtained through modeling, physics experiments and rodent models.
Here, we show for the first time successful noninvasive neuromodulation of the stria-
tum via tTIS in humans using computational modeling, fMRI studies and behavioral
evaluations. Theta-burst patterned striatal tTIS increased activity in the striatum and
associated motor network. Furthermore, striatal tTIS enhanced motor performance,
especially in healthy older participants as they have lower natural learning skills than
younger subjects. These findings place tTIS as exciting new method to target deep
brain structures in humans noninvasively, thus enhancing our understanding of their
functional roles. Moreover, our results lay the groundwork for innovative, noninva-
sive treatment strategies for brain disorders in which deep striatal structures play key
pathophysiological roles.
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2.2 Introduction

Neuromodulation of cortical and subcortical brain structures is an important step
toward improving our understanding of neuronal processing across brain networks,
thereby allowing us to probe and decipher causal brain-behavior relationships (Pascual-
Leone et al., 1999). Existing noninvasive brain stimulation (NIBS) techniques, including
transcranial magnetic stimulation (TMS) and transcranial electric stimulation (tES),
have been widely used to investigate healthy and pathological systems (Polanía et al.,
2018). However, these approaches show a steep depth-focality tradeoff (Deng et al.,
2013), with focality decreasing as depth increases. As a result, deep brain structures,
such as the basal ganglia and hippocampus, cannot be reached directly without dif-
fusely costimulating the overlying cortex (Deng et al., 2013; Wagner et al., 2007). Thus,
these deep structures have been accessible only through the use of invasive brain
stimulation techniques (Krauss et al., 2021). To perform deep brain stimulation in
healthy subjects and reduce the side effects associated with invasive procedures, new
concepts and technologies are needed. One exciting possible solution was recently
proposed by Grossman et al., who introduced the transcranial temporal interference
stimulation (tTIS) technique in rodents (Grossman et al., 2017). During tTIS, two pairs
of electrodes are placed on the head, with each pair delivering a high-frequency alter-
nating current. Importantly, this frequency should be sufficiently high and thus not
affect the mechanisms maintaining neuronal electrical homeostasis. Moreover, a small
frequency shift is applied between the two alternating currents. The superposition
of the electric fields creates an envelope oscillating at this low-frequency difference,
which in turn influences neuronal activity. By optimizing the electrode placement
and current intensity ratio across stimulation channels, the maximal amplitude of the
envelope can be steered; hence, the primary focus of neuromodulation can be directed
toward individual deep brain structures while minimizing neuromodulation in the
surrounding and/or overlying areas (Grossman et al., 2017). In the present work, we
employed the tTIS strategy in humans to study the effects of striatal neuromodulation
on local and network brain activity and associated motor learning behavior. Motor
learning is a crucial process for a variety of daily life activities, ranging from learning to
use tools, playing musical instruments and recovering from motor disabilities, and has
been the focus of numerous neuroscientific studies in recent decades (Hardwick et al.,
2013; Hashemirad et al., 2016). These works have revealed that multiple deep brain
structures play essential roles in motor learning and motor control, with the striatum
being a key hub in this motor network (Doyon and Benali, 2005; Hardwick et al., 2013).
However, in human neuroscience, the contribution of these structures has been largely
assessed via associative methods, e.g., through indirect inferences from neuroimag-
ing results. In particular, two main motor learning phases have been identified: an
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initial fast phase, during which subjects significantly increase their performance by
integrating sensory inputs, and a later slower phase, during which improvements are
less pronounced and are gained slower (Dayan and Cohen, 2011). Moreover, different
neural substrates have been suggested to be specifically involved in each of these
phases, and the striatum with its substructures has been proposed as one of the most
important subcortical hubs that is involved in both the fast and slow learning phases
(Cataldi et al., 2021; Fitzroy et al., 2021). The activation and engagement of different
parts of the striatum dynamically change throughout the learning process, with the
caudate nucleus implicated during the initial fast learning phase and the putamen
more associated with the slower phase (Cataldi et al., 2021; Yin et al., 2009). Even within
the putamen, different compartments have been found to change their activity over
time, i.e., the activation shifts from the associative (rostrodorsal) part to the sensori-
motor (caudoventral) part during training (Lehéricy et al., 2005). It should be noted
that the duration of the learning phases is highly task specific, e.g., the fast phase could
last approximately 30 min for simple laboratory-based motor tasks, such as those used
in the present work, or up to several months for complex everyday activities, such as
learning a piece of music (Dayan and Cohen, 2011; Karni et al., 1995). A critical limita-
tion of existing human neuroimaging techniques, e.g., functional magnetic resonance
imaging (fMRI), positron emission tomography (PET) and electroencephalography
(EEG), is that these approaches provide only associative evidence of the brain-behavior
relationships underlying motor learning (Bergmann and Hartwigsen, 2021; Pascual-
Leone et al., 1999). Most causal evidence originates from animal work (Brooks et al.,
2007; Jay and Dunnett, 2007), striatal lesion studies of patient cohorts (Heindel et al.,
1988), or invasive deep brain stimulation studies of connected nuclei (de Almeida
Marcelino et al., 2019; Mure et al., 2012), which have indicated the significant role of
the striatum in motor learning. However, since human data have been obtained from
patients with altered network properties due to disorder-related neurodegeneration
or lesions, we cannot draw comprehensive conclusions on the physiology of healthy
systems. The noninvasive modulation of striatal activity during motor training with the
tTIS strategy may allow us to address this critical gap. In the present study, we applied
tTIS to the striatum in randomized, double-blind, crossover designs, demonstrating for
the first time the possibility of noninvasively targeting the striatum in humans without
coactivating overlying cortices beneath the electrodes. Moreover, we characterized
local and network effects on brain activity using fMRI recordings during stimulation
(Experiment 1) and quantified behavioral effects by studying the evolution and effi-
ciency of acquiring novel hand-based motor skills in healthy young and healthy older
subjects (Experiment 2).
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2.3 Results

2.3.1 Experiment 1

tTIS increases specific striatal activity during motor learning

In Experiment 1, task-based fMRI was acquired during a sequential finger tapping task
(SFTT) (Karni et al., 1995; Wessel et al., 2021) with concomitant theta-burst patterned
tTIS or high-frequency (HF) control stimulation. Theta-burst patterned stimulation
was chosen as the active condition because this form of stimulation has been shown
to induce long-term potentiation (LTP)-like effects in previous animal and human
works (Huang et al., 2005; Larson and Lynch, 1986). Specifically, a train of two-second
theta bursts was delivered every ten seconds to mimic an intermittent theta burst
stimulation protocol (Huang et al., 2005). The task was divided into six blocks, with
each block consisting of ten 30-second repetitions of the SFTT with concomitant
stimulation alternated with 30 seconds of rest without stimulation. To investigate the
effects of the stimulation on the target region, the average activity in subregions of
the striatum was extracted, as shown in Fig. 2.1a. A significant effect of the region
(F(1, 276)=260.01, p<0.001, η2

p
=0.49 [large]) and a significant region x stimulation in-

teraction (F(1, 276)=4.48, p=0.035, η2
p

=0.02 [small]) were detected. The region effect
can be explained by higher activity in the putamen than in the caudate during the
task (t(276)=-16.13, p<0.001, d=-1.83, Tukey adjustment). The interaction effect can
be explained by higher activity in the putamen during tTIS than during HF control
stimulation (t(276)=-2.55, p=0.01, d=-0.41, Tukey adjustment), while no difference was
observed in the caudate region (t(276)=0.45, p=0.65, d=0.07, Tukey adjustment). This
result suggests that LTP-like plasticity effects induced via tTIS preferentially increased
activity in a striatal subregion (putamen) that was more activated during the motor
task. To better understand the effect of stimulation within the putamen, we distin-
guished the anterior and posterior parts of the putamen (Fig. 2.1a, bottom panels).
The stimulation effect was confirmed, which is consistent with the results reported
above (F(1, 299)=13.47, p<0.001, η2

p
=0.04 [small]), with tTIS leading to increased activity.

This increase was not specific to a particular part of the putamen and was present
in both subregions, as no significant region x stimulation interaction was observed
(F(1, 299)=0.13, p=0.72, η2

p
<0.001 [micro]). Finally, a significant subregion effect was

also observed (F(1, 299)=37.03, p<0.001, η2
p

=0.11 [medium]), with the posterior part of
the putamen showing higher activation than the anterior part (t(299)=-6.09, p<0.001,
d=-0.66, Tukey adjustment). Next, we characterized the temporal changes in activity
within the striatum during learning based on previous findings (Lehéricy et al., 2005;
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Miyachi et al., 1997; Miyachi et al., 2002). Areas in the right striatum showing a trend
of linear increases or decreases in activation over time were extracted for each of the
two stimulation conditions (uncorrected p=0.01 at the voxel level, and uncorrected
at the cluster level). Fig. 2.1b shows that for both stimulation conditions, the activity
in the lower part of the putamen increased, while the activity in the superior part of
the caudate decreased, which is consistent with the literature (Lehéricy et al., 2005;
Miyachi et al., 1997; Miyachi et al., 2002). The evolution of these functional changes
over time is visualized in Fig. 2.1c, in which the striatal activity and peak locations
are depicted. During tTIS, a greater part of the sensorimotor striatum is involved over
time, with activity observed also in the inferior part of the striatum. This shift was less
pronounced when HF control stimulation was applied during the task, with activity
still located between the superior and inferior parts of the striatum during the last
block of training. In brief, the analyses indicate that simultaneous application of theta
burst-patterned tTIS and motor training could induce a differential effect on activity
in striatal subregions and accelerate the shift of activation toward sensorimotor sub-
regions, which has been linked with learning in prior studies (Lehéricy et al., 2005;
Miyachi et al., 1997; Miyachi et al., 2002). This finding suggests that tTIS can regulate
learning phase-dependent recruitment patterns in the target region.

Striatal tTIS increases activity in the motor network and not in brain regions below

the stimulation electrodes

To evaluate how the modulatory effects of striatal theta burst-patterned tTIS influence
the rest of the brain, whole brain blood oxygen level-dependent (BOLD) activation
during the motor task was compared between the tTIS and HF control stimulation
conditions. First, we characterized the regions involved in the motor task during HF
control stimulation (Fig. 2.2a), which included the main nodes of the motor learning
network, as expected; for review, please see, e.g., Hardwick and colleagues (Hardwick
et al., 2013). Then, clusters with significantly higher activation during tTIS than during
HF control stimulation were identified (uncorrected p=0.001 at the voxel level, and
false discovery rate (FDR) corrected p = 0.05 at the cluster level) (Fig. 2.2b). Significantly
higher activity was found in regions associated with the motor learning network for
tasks performed with the left hand, including the right striatum (31.9% of the amygdala
cluster), right thalamus and supplementary motor area (SMA), and left cerebellum
(for the complete list of regions, please see Table 2.S1 in the supplementary informa-
tion). To evaluate whether these changes could be driven by striatal modulation, we
performed a connectivity analysis (generalized psychophysiological interaction) from
the right putamen to the motor regions showing higher activity during tTIS, which
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Figure 2.1: Results of the task-based fMRI experiment – local activity.
(a) Average BOLD activity in the putamen (top left) and caudate (top right) during tTIS and HF control stimulation. tTIS led to
significantly higher activity in the putamen (t(276)=-2.55, p=0.01, d=-0.41, Tukey adjustment) but not in the caudate. The average
BOLD activity in the posterior (bottom left) and anterior (bottom right) putamen during tTIS and HF control stimulation was also
studied. tTIS led to significantly higher activity in both areas (F(1, 299)=13.47, p<0.001, η2

p=0.04 [small]). Shaded areas represent
standard errors (SEs). (b) Voxels showing a trend of linear changes (uncorrected p=0.01 at the voxel level, and uncorrected at the
cluster level) over time in the striatum during tTIS are shown on the left and during HF control stimulation on the right, on a
group level. The sections are ordered from caudal to rostral. Hot colors represent increased activity over time, while cold colors
represent decreased activity. The green area indicates the striatum. (c) Qualitative characterization of the location of the activity
during each of the six blocks during tTIS (on top) and HF control stimulation (on the bottom). Data are shown on a group level,
highlighting voxels involved in the task when compared to baseline (uncorrected p=0.001 at the voxel level, and uncorrected at
the cluster level). The left side corresponds to the early training phase, and the right side corresponds to the later training phase.
The shift from the superior to the inferior striatum is consistent with previous observations (Lehéricy et al., 2005; Miyachi et al.,
1997; Miyachi et al., 2002). The green area indicates the striatum. The color bar indicates the t statistic.
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included the following areas: the clusters touching the cerebellum, thalamus and SMA
(for more details, please see the supplementary material section 2.12.2 ªConnectivity
analysis – Generalized psychophysiological interactionº). A significant effect of the
cluster (F(2, 450) = 30.70, p < 0.001, η2

p
= 0.12 [medium]) and a significant interaction

stimulation x cluster (F(2,450) = 3.26, p = 0.04, η2
p

= 0.01 [small]) were obtained (see Fig.
2.S1). The interaction was driven by a lowering of putamen-cerebellar connectivity in-
duced by tTIS. As a speculation, it could be hypothesized that the reduced connectivity
disturbed the natural inhibitory influence of the putamen on the cerbellum (Liebrand
et al., 2020), leading to the observed increased BOLD activity in the cerebellum. In
a supplemental analysis, we also compared the estimated exposure strength to the
tTIS field in supratentorial hubs with higher activity during tTIS to that of the striatal
target region. The results indicated higher exposure levels in the striatum, as shown in
Fig. 2.3. As a further step, we performed an electrophysiological control experiment in
which we measured corticospinal excitability linked to the motor cortex with transcra-
nial magnetic stimulation (TMS); for a detailed description of the experiment, see the
supplementary material section 2.12.3 ªControl experiment - transcranial magnetic
stimulation (TMS)-based excitability measuresº and Fig. 2.S2. The data suggest that
neither tTIS nor HF control modulated corticospinal excitability linked to the motor
cortex (stimulation x timing: F(2,34.03)=1.19, p=0.32, η2

p
=0.07 [medium]). These results

strongly suggest that striatal tTIS successfully modulated activity in the striatum and
the associated motor learning network without engagement of the overlaying cortices
beneath the electrodes or the motor cortex with respect to the activity during the
nonmodulating HF control stimulation.
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Figure 2.2: Results of the task-based fMRI experiment – network activity.
(a) BOLD activity during the motor task with concomitant HF control stimulation. The regions in the motor network involved
in the SFTT are shown. Significant clusters are shown for uncorrected p=0.001 at the voxel level, and FDR corrected p=0.05 at
the cluster level. (b) Comparison of BOLD activity between tTIS and HF control stimulation. Hot colors represent higher activity
during tTIS. Significant clusters are shown for uncorrected p=0.001 at the voxel level, and FDR corrected p=0.05 at the cluster level.
(c) Behavioral results of Experiment 1. Performance is shown as the correct number of key presses normalized to the baseline.
A significant effect of the stimulation was present, with tTIS leading to overall higher performance (F(1, 1560)=6.35, p=0.01,
η2

p=0.004 [micro]). Shaded areas represent standard errors (SEs). (d) Areas in the right striatum where activity was significantly
modulated by the behavioral score (correct key presses) during tTIS. Significant clusters are shown for uncorrected p=0.001 at the
voxel level, and FDR corrected p = 0.05 at the cluster level. No significant clusters were observed during HF control stimulation.
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Figure 2.3: tTIS exposure strength in control regions with respect to the targeted striatum.
Histogram depicting the tTIS exposure distribution within specific regions of interest (ROIs) computed for a 2 mA current intensity
per channel (peak-to-baseline). (a) tTIS exposure distribution of voxels in 10 mm radius spheres underneath the four stimulating
electrodes, averaged for the frontal and posterior electrodes, compared to that in the bilateral striatum (putamen, caudate and
nucleus accumbens). The horizontal axis scale was limited to the range [0, 1] for visualization purposes. As a result, nine values
greater than 1 V/m were omitted, which most likely represented noise values at the edges of the brain mask. (b) tTIS exposure
distribution of voxels in subparts of the target region, namely, the right putamen and right caudate. (c, d, e) tTIS exposure
distribution of voxels in supratentorial hubs showing stronger BOLD activation during the task-based fMRI experiment with
concurrent tTIS than during HF control stimulation compared with that in the right striatum (putamen, caudate and nucleus
accumbens). (c) tTIS exposure distribution of voxels in the right striatum compared to voxels in the specific Brainnetome atlas
(BNA (Fan et al., 2016)) regions of the thalamus, which contained voxels showing higher BOLD activity during the task-based
fMRI experiment with concurrent tTIS than during HF control stimulation. (d) tTIS exposure distribution of voxels in the right
striatum compared to voxels in the specific BNA (Fan et al., 2016) regions of the amygdala, which contained voxels showing
higher BOLD activity during the task-based fMRI experiment with concurrent tTIS than during HF control stimulation. (e) tTIS
exposure distribution of voxels in the right striatum compared to voxels in the specific BNA (Fan et al., 2016) regions of the SMA,
which contained voxels showing higher BOLD activity during the task-based fMRI experiment with concurrent tTIS than during
HF control stimulation. 45



In an additional control analysis, we examined whether the BOLD signals below
the electrodes were modulated by the stimulation condition. BOLD signals were ex-
tracted from 10 mm radius spheres and the region of the Brainnetome atlas (BNA
(Fan et al., 2016)) beneath the electrode location. The following regions in the BNA
atlas were selected: the left and right A9/46d (dorsal area 9/46) underlying F3 and F4,
respectively, and the left and right anterior superior temporal sulcus (aSTS) underly-
ing TP7 and TP8, respectively. In these control regions, no effect of stimulation was
found (F(1, 651)=2.04, p=0.15, η2

p
=0.003 [micro] when using the sphere model and F(1,

651)=0.38, p=0.54, η2
p

<0.001 [micro] when investigating activity in the BNA regions);
for additional details, please see Fig. 2.S3 in the supplementary information. These
results strongly suggest that striatal tTIS successfully modulated activity in the striatum
and the associated motor learning network without engagement of the overlaying
cortices beneath the electrodes with respect to the activity during the nonmodulating
HF control stimulation.

Striatal tTIS increases behavioral responses during motor learning

We next evaluated whether the neural effects of striatal tTIS were associated with
changes in motor learning behavior by measuring changes in correct key presses dur-
ing training (Fig. 2.2c). Significant effects of block (F(6, 1560)=243.22, p<0.001, η2

p
=0.48

[large]) and stimulation (F(1, 1560)=6.35, p=0.01, η2
p

=0.004 [micro]) were found. The
significant block factor confirms the presence of learning effects during the task. The
small but significant difference between the stimulation conditions highlights that com-
pared with HF control stimulation, motor task performance improved when tTIS was
applied. The block x stimulation interaction was not significant, indicating that stimu-
lation effects did not differ over time. Moreover, we investigated behavioral changes
by computing the gain as the difference between the first and last task repetition of
a session, the micro-online and the micro-offline learning. No significant effect of
stimulation was found on the three measures (gain: t(13) = 0.23, p = 0.82, d = 0.06,
for micro-online and offline learning; please see the supplementary material section
2.12.5 ªMicro-online and micro-offline learningº). According to these findings, we
investigated whether the magnitude of BOLD activation in the striatal target region was
related to behavioral outcomes. We considered the normalized number of correct key
presses as a parametric modulator in the general linear model at the individual subject
level. Group statistics restricted to the right striatum revealed significant modulation
of striatal activity in the putamen, both in the anterior and posterior part, during tTIS
(Fig. 2.2d and Table 2.S3 in the supplementary material). In contrast, activity was not
significantly modulated by behavioral performance when HF control stimulation was
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applied. Together with the connectivity findings, this result strengthens the hypoth-
esis of direct modulation of striatal activity via tTIS, which not only leads to higher
activation but also supports a relationship between brain activity and behavior.

No striatal tTIS effects were observed in the absence of task-evoked activity

Because striatal tTIS was shown to modulate BOLD activity and motor learning, we
next assessed whether striatal tTIS modulated BOLD signals in the absence of task-
evoked activity. Resting-state fMRI (rs-fMRI) data were acquired in separate sessions.
We analyzed seed-based connectivity using the right striatum as a seed. No interaction
between stimulation conditions and the period (pre, during and post) was found.
Additionally, we did not observe a difference in connectivity between striatal tTIS and
HF control stimulation (uncorrected p=0.001 at the voxel level, and FDR corrected p =
0.05 at the cluster level). The absence of significant effects supports the hypothesis that
behavioral coactivation is necessary to induce LTP-like plasticity effects via theta burst-
patterned tTIS in the targeted brain area, linked network and associated behavior. This
is in line with what has previously been suggested for other conventional low-intensity
plasticity-modulating tES protocols (Hummel et al., 2008).

2.3.2 Experiment 2

Striatal tTIS effects are larger in older adults

In a second experiment, we validated the striatal theta-burst patterned tTIS approach
in a behavioral experiment by recruiting a cohort of older adults (N=15, right-handed,
9 females, average age 66.00±4.61 years), who often demonstrate diminished perfor-
mance gains in motor learning tasks (Maceira-Elvira et al., 2022; Voelcker-Rehage,
2008), have underlying brain networks that are less tuned (King et al., 2018; Tomasi and
Volkow, 2012) and may have higher sensitivity to plasticity-modulating NIBS protocols
(Maceira-Elvira et al., 2022; Zimerman et al., 2013). Additionally, a new cohort of young
healthy control subjects (N=15, right-handed, 8 females, average age 26.67±4.27 years)
was recruited. The subjects performed the SFTT in a shorter training session with
longer blocks (seven 90-second blocks) while simultaneously receiving either striatal
tTIS or HF control stimulation following a randomized, double-blind, crossover design.
The overall duration of the training and stimulation was approximately three times
shorter than that in Experiment 1. This difference was introduced to adapt the protocol
for follow-up studies recruiting patient cohorts and to homogenize it with protocols
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considered in previous studies (Maceira-Elvira et al., 2022; Wessel et al., 2021). The
analysis of the training phase indicated significant effects of block (F(6, 351)=30.16,
p<0.001, η2

p
=0.34 [large]) and population (F(1, 27)=4.36, p=0.046, η2

p
=0.14 [large]), as

well as significant stimulation x population (F(1, 351)=6.71, p=0.01, η2
p

=0.02 [small])
and block x population interaction effects (F(6,351)=2.29, p=0.04, η2

p
=0.04 [small]) (Fig.

2.4a and b). Post hoc analysis of the stimulation x population interaction indicated a
significant difference across stimulation conditions in the older cohort, with this cohort
performing better during striatal tTIS than during HF control stimulation (t(351)=3.26,
p=0.001, d=0.45, Tukey adjustment). No significant difference was found in the younger
cohort (t(351)=-0.45, p=0.65, d=-0.06, Tukey adjustment). Moreover, we investigated
behavioral changes by computing the gain as the difference between the first and last
task blocks. A significant difference was found for the older cohort, with striatal tTIS
leading to significantly higher gains than HF control stimulation (V=96, p=0.04, d=0.76).
No significant difference was found for the younger cohort (V=40, p=0.28, d=-0.39).
The stimulation-associated effect in the younger and older cohorts was specific to
the trained motor sequence, as no effects on motor performance were detected in an
intermingled block, in which the order of key presses followed a predefined pseudoran-
dom sequence (younger subjects: V=53, p=0.72, d=-0.19; older subjects: V=82, p=0.23,
d=0.44); for additional details, please see Fig. 2.S6e and f in the supplementary infor-
mation. Additionally, we extracted micro-online or micro-offline learning to assess
whether stimulation was acting specifically on one process or another. No significant
effect of stimulation was found (for more information, please see the supplementary
material section 2.12.5 ªMicro-online and micro-offline learningº). Because of the dif-
ference in results between the two young cohorts from Experiment 1 and Experiment
2, we merged the two datasets by separating the 90-second block of Experiment 2 into
three 30-second blocks and extracting the correct number of key presses to obtain a
comparable dataset as in Experiment 1. From the linear mixed model with stimulation
and block as main factors, a significant effect of the two was found (stimulation: F(1,
999) = 3.88, p=0.049, η2

p
=0.0039; block: F(18, 999) = 48.29, p<0.001, η2

p
=0.47). Hence,

by considering all young subjects, tTIS still induced higher motor performance with
respect to HF control stimulation. These results support the presence of a stimula-
tion effect even when participants were performing a shorter training paradigm. In
both cohorts, the effect of stimulation on the follow-up measurements (post training
(post), 90-min follow-up (FU1) and 24-hour follow-up (FU2)) was also investigated by
analyzing performance normalized to the last block of the training (Fig. 2.4c and d).
No significant stimulation effect was found (stimulation factor: F(1, 537)=0.15, p=0.70,
η2
p

<0.001 [micro]; stimulation x follow-up: F(3, 537)=0.22, p=0.88, η2
p

=0.001 [micro];
stimulation x population: F(1, 537)=2.71, p=0.10, η2

p
=0.005 [micro]).
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Figure 2.4: Behavioral experiment results in Experiment 2.
(a) Motor task performance for the younger cohort. Performance is shown as the correct number of sequences normalized to the
baseline. No differences across stimulation conditions were observed. (b) Motor task performance for the older cohort. Performance
is shown as the correct number of sequences normalized to the baseline. The post hoc analysis showed that this cohort performed
significantly better during tTIS than HF control stimulation (t(351)=3.26, p=0.001, d=0.45, Tukey adjustment). (c) Motor task
performance during the follow-up sessions for the younger cohort. Performance is shown as the correct number of sequences
normalized to the baseline. No differences across stimulation conditions were observed. (d) Motor task performance during the
follow-up sessions of the older cohort. Performance is shown as the correct number of sequences normalized to the baseline. No
differences across stimulation conditions were observed. (a-d) Shaded areas represent standard errors (SEs).
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Analyses of stimulation-associated sensations, blinding integrity, attention and fa-

tigue

The analyses of stimulation-associated sensations across stimulation conditions did
not reveal differences in strength across the tested current intensity levels (0.5, 1.0, 1.5,
and 2 mA per stimulation channel) (stimulation condition x current strength interac-
tion, F(3,837.95)=0.06, p=0.98, η2

p
<0.001 [micro]) or sensation categories (stimulation

condition x sensation category, F(6,727.26)=0.73, p=0.63, η2
p

=0.006 [micro]); for addi-
tional details, please see Fig. 2.S7 in the supplementary information. At the end of the
experiment, the subjects correctly identified the session in which tTIS was applied at
approximately chance level (Experiment 1: task-based fMRI p=0.75, rs-fMRI p=0.55;
Experiment 2: p=1.00 for both cohorts); for additional details, please see the supple-
mentary information 2.12.8. This finding suggests the excellent blinding integrity of
tTIS. Furthermore, the stimulation and time did not alter the subjects’ attention (Ex-
periment 1: V=45, p=0.66; Experiment 2 – young: t(14)=-0.54, p=0.60; Experiment 2 –
older: V=35, p=0.48) or fatigue levels (Experiment 1: t(13)=-0.77, p=0.46; Experiment 2
– young: t(14)=-0.77, p=0.46; Experiment 2 – older: t(14)=-1.55, p=0.14), as quantified
with visual analog scales; please see Fig. 2.S8 in the supplementary information for
more information.
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2.4 Discussion

The present study, by investigating three independent cohorts (two younger cohorts
and one older cohort), demonstrates for the first time that theta burst-patterned stri-
atal tTIS can noninvasively modulate striatal activity and improve motor learning in
humans. Specifically, striatal tTIS enhanced activity in the putamen and in core hubs
of the associated brain network. Furthermore, striatal tTIS led to behavioral effects
by increasing training gains during a motor learning task. The behavioral effect was
particularly pronounced in older participants, who are known for their lower motor
learning performance (Maceira-Elvira et al., 2022; Voelcker-Rehage, 2008) and less
well-tuned underlying brain networks than younger participants (King et al., 2018;
Tomasi and Volkow, 2012). In this work, we demonstrated that tTIS can overcome the
depth-focality tradeoff observed in conventional NIBS techniques in humans, lead-
ing to sufficient current strengths to induce specific, focal, and functionally relevant
modulation of brain activity in deep brain structures, such as the striatum. An impor-
tant feature of tTIS is that it operates in the subthreshold range and does not directly
induce neuronal action potentials. Thus, to further shape its topographic specificity,
behavioral coactivation is likely needed. This argument is supported by the finding that
striatal tTIS did not modulate seed-based functional connectivity in the target region
during resting state; this functional connectivity was quantified by concurrent rs-fMRI
recordings. In other words, when the target region is at rest, tTIS alone cannot affect its
connectivity. Furthermore, whole-brain analyses of task-evoked fMRI activity indicated
tTIS-associated increases in functional activation only in the right striatum (Fig. 2.2b),
which is strongly engaged in motor learning paradigms performed by the contralateral
left hand (Lehéricy et al., 2005; Taniwaki et al., 2003). This result is consistent with
previous theories and experimental data acquired with brain slice-based electrophysi-
ology, which suggests that the generation of neuroplasticity through low-intensity tES
protocols requires coactivation by synaptic input or task-induced activity (Alekseichuk
et al., 2022; Fritsch et al., 2010). In addition, the presence of endogenous activity has
been shown to lower the entrainment threshold of neuronal activity at certain resonant
frequencies (Ali et al., 2013; Antal and Herrmann, 2016). How are the brain activa-
tion patterns induced by striatal theta burst-patterned tTIS linked to the associated
behavioral enhancements? The present data suggest multiple, potentially complemen-
tary phenomena. First, the correlation analysis in the right striatum suggests that the
magnitude of the tTIS-induced BOLD activity in the right putamen is associated with
behavioral performance (Fig. 2.2d). Thus, stronger tTIS-associated activation in this
specific target subregion is beneficial for supporting motor learning behavior. Second,
the region of interest (ROI)-based analysis indicates that tTIS increased activity in the
putamen, which comprises a large part of the sensorimotor subdomain of the striatum
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(Fig. 2.1a) (McCutcheon et al., 2018), which has been linked to a more advanced stage
of motor learning (Lehéricy et al., 2005; Miyachi et al., 1997; Miyachi et al., 2002). These
stimulation-induced effects on activity were not observed in the caudate nucleus,
which is linked to the associative subdomain (Fig. 2.1a) (McCutcheon et al., 2018).
An additional hint is provided by the qualitative observation of the learning-phase-
dependent activity shift toward inferior sensorimotor subregions over time (Fig. 2.1b
and c), which appeared to be more pronounced when tTIS was applied with respect
to the control condition. Overall, these findings suggest that striatal tTIS increases
activity in striatal subregions linked to advanced learning phases (Lehéricy et al., 2005;
Miyachi et al., 1997; Miyachi et al., 2002), thereby enhancing associated behavior. This
observation is in line with data from animal models showing that the LTP induction
protocols increase the BOLD signal in the target region and that population spikes and
the slope of the excitatory postsynaptic potentials are positively correlated with the
detected BOLD signal change (Canals et al., 2009). It should be noted that the duration
of the fast and slow learning phases is highly task-specific. Based on previous work
using similar tasks, we anticipated a transition from the fast phase to the slow learning
phase after approximately 30 min of training (Karni et al., 1995). Therefore, we assumed
that independent of stimulation-related shifts, both phases would be captured during
the fMRI experiment (experiment 1; training duration including 65 min). Does striatal
tTIS achieve focused neuromodulation with minimal exposure in the overlying cortices
or other functionally relevant hubs of the motor learning network? The present results
highlight stronger activation in typical core areas of the task-related motor network
(Hardwick et al., 2013) during tTIS. Even though this could be due to off-target stimula-
tion, the likelihood is low based on the tTIS field modeling results, which indicate lower
exposure in these hubs than in the striatum, as shown in Fig. 2.3. Moreover, we note
that similar results could have been found by stimulating cortical areas. However, there
are several arguments against this assumption. First, the conducted electromagnetic
simulations indicated that the estimated tTIS exposure strength is lower in BNA regions
beneath the electrodes than in the striatum (Figs. 2.3 and 2.5f). Second, the present
TMS control experiment revealed that the intermittent theta burst patterned tTIS pro-
tocol does not modulate corticospinal excitability, as documented by similar patterned
TMS or low-intensity tES protocols directly targeting the motor cortex (Huang et al.,
2005; Kunz et al., 2016). Third, these results were confirmed by dedicated control analy-
ses, indicating that striatal tTIS, which is capable of modulating BOLD activity patterns
within the target structure, does not modulate BOLD signals in regions below the elec-
trodes (Fig. 2.S3). These points argue against a relevant role of off-target stimulation
of superficial cortical areas in mediating the reported effects on BOLD signals and
behavior. The other possible component of the stimulation, namely, the HF control
fields, was comparable in the tTIS and HF control stimulation; thus, this component
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should lead to similar effects in the brains of participants in both conditions, which is
not consistent with the differences in the observed BOLD signal. Finally, taken together,
the behavioral modulation and connectivity analysis between the putamen and motor
regions support the hypothesis that the increased activity of the motor network hubs is
more likely explained by striatal modulation. Our findings support a causal relationship
between tTIS-induced changes in striatal activity and the connected areas of the motor
network, in which activity was enhanced as a function of striatal stimulation in the
absence of significant stimulation of the overlaying brain regions. Does the tTIS effect
depend on the stimulation dose or the lifespan stage? The present findings indicate the
possible presence of a dose-dependent effect of striatal tTIS on behavior. In younger
subjects, motor performance increased when the stimulation was applied for up to
half an hour (in Experiment 1), which is three times the amount of stimulation applied
in Experiment 2, during which no stimulation effects were observed. This difference
could be due to an already optimal integration of task-relevant information, which
is mainly important during early learning stages. The stimulation may thus support
the optimization process of motor sequences during later stages of online learning
via the cortico-basal ganglia loop (Hikosaka et al., 2002). Despite the shorter protocol,
when investigating the striatal tTIS effects in an older population, the motor perfor-
mance during training was better during tTIS than during HF control stimulation.
Striatal theta-burst patterned tTIS led to strongly enhanced learning effects, with a
33.6% improvement over the control condition, even with this short training protocol.
The pronounced response to the present intervention in the older participants can be
explained by several potential reasons. One simple explanation is that healthy older
adults have more room for improvement with striatal stimulation than young adults
since healthy older adults show decreased motor learning abilities (Maceira-Elvira
et al., 2022; Voelcker-Rehage, 2008) (Fig. 2.S9). Another possible explanation is based
on previous imaging studies, which suggest suboptimal processing across dedicated
brain networks during motor learning in older adults (King, Fogel, et al., 2013; Monteiro
et al., 2019). Thus, striatal tTIS might improve processing in this striato-cortical net-
work and lead to corresponding behavioral improvements. Moreover, aging is related
to structural and functional neurodegeneration and reduced brain plasticity, which
are in turn associated with functional impairment (Schott, 2017; Tatti et al., 2016).
Improving brain plasticity in regions affected by aging-related changes might result
in the restoration of ªnaturalº dynamics, ultimately leading to behavioral improve-
ments (Maceira-Elvira et al., 2022). In line with this hypothesis, previous studies on
neurological disorders also found stronger NIBS effects in patients showing stronger
dysfunction and impairment (Sankarasubramanian et al., 2017). Thus, the observed
results suggest that striatal theta-burst patterned tTIS might have larger behavioral
effects in cohorts with more pronounced brain malfunctions, such as in healthy older
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individuals and patients with brain lesions or neurodegenerative disorders. However,
this hypothesis has not yet been tested. What are the possible underlying mechanisms
of striatal tTIS? In recent decades, several studies have consistently demonstrated that
theta-burst patterned protocols can induce LTP-like plasticity effects (Hoffman et al.,
2002; Larson and Munkácsy, 2015; Nishiyama et al., 2000). Early evidence of modula-
tory effects originated from work conducted in brain slices, in which LTP was observed
when two high-frequency bursts were applied with interpulse intervals between 200
ms and 2 seconds (Larson and Lynch, 1986). The first burst was hypothesized to act
as a primer of postsynaptic activity. Hence, by manipulating stimuli timing, either
LTP or long-term depression (LTD) can be induced based on the postsynaptic state.
The invention of patterned TMS enabled LTP-/LTD-like protocols to be applied in
in-vivo studies on monkey and human subjects. In this case, theta-burst patterned
protocols demonstrated an ability to modulate cortical brain activity and plasticity in
an LTP-/LTD-like manner (Huang et al., 2005; Romero et al., 2022). Here, we applied
tTIS to achieve comparable LTP-like plasticity effects in the striatum, with the aim of
supporting task-related synaptic plasticity. This approach is different from that taken
in studies with conventional nonpatterned tTIS, which is assumed to achieve its effects
through neural entrainment to the constant stimulation frequency. After the introduc-
tion of the temporal interference concept in the brain stimulation field by Grossman
et al. (Grossman et al., 2017), the findings were reproduced in animal and computa-
tional models (Gomez-Tames et al., 2021; Rampersad et al., 2019; Song, Zhang, et al.,
2021); however, further investigations of the underlying mechanisms led to several
hypotheses, open questions, and disagreements between mechanistic models and
experimentally observed responses (Esmaeilpour et al., 2021). For instance, experi-
mental findings suggest that the stimulation effects depend on the time constants of
the axon membrane and slow GABAergic inhibition (GABAb-type) (Esmaeilpour et al.,
2021). This finding indicates selective responsiveness depending on neuron types and
properties (Cao et al., 2020). GABAergic receptors, including GABAb-type receptors,
are highly expressed in the striatum, with evidence pointing toward the expression of
GABAb receptors on dopaminergic neurons (Lopes et al., 2019), which are important
for the occurrence of striatal LTP effects (Centonze et al., 1999). Although LTP/LTD-like
plasticity effects have been mainly studied in hippocampal and cortical slices, there is
strong evidence that comparable phenomena occur in the basal ganglia. Previous work
has shown that theta-burst patterned stimulation can induce LTP- and LTD-like effects
in the dominant striatal cell type, GABAergic projecting medium spiny neurons (MSNs),
especially in cortical-striatal and thalamo-striatal inputs (Hawes et al., 2013). The re-
sults of the present study can thus be interpreted as demonstrating the ability of striatal
tTIS to induce LTP-like plasticity effects and optimize the integration of cortical and
thalamic inputs in the striatum. Currently, we speculate that this effect impacts local
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processing in the striatum and potentially the fine-tuning of the drive of basal ganglia
output, which serve as potential mechanisms of action of tTIS. Moreover, an additional
characteristic of the axonal membrane, which is fundamental in tTIS, is the passive
membrane filter property of neurons (Hutcheon and Yarom, 2000). Currently, there
is an open debate with alternative mechanistic hypotheses affirming the necessity
of a rectification step prior to filtering to demodulate the electric field, thus allowing
selective responses to the modulating envelope (Mirzakhalili et al., 2020). To date, only
a small number of published studies have applied tTIS in humans (Ma et al., 2021; Piao
et al., 2022; von Conta et al., 2022; Zhu et al., 2022). Nevertheless, they have targeted
primary motor and parieto-occipital cortices, which are already reachable with conven-
tional NIBS techniques. Studies targeting the motor cortex suggest that tTIS can obtain
neural and behavioral effects, namely, tTIS can modulate functional rs-connectivity,
induce faster reaction times and increase implicit motor learning (Ma et al., 2021; Zhu
et al., 2022). Furthermore, Violante et al. (preprint 2022, bioRxiv) suggested that theta-
band tTIS applied to the hippocampus can modulate the activity and connectivity
profile of the subcortical target structure and enhance episodic memory performance
in young healthy subjects (Violante et al., 2022). Importantly, electric field modeling
and measurements in a human cadaver suggest that this effect is driven by focused
stimulation of the hippocampus and minimizes tTIS exposure in the overlaying cortex.
Together with our results, this finding suggests that tTIS can focus on specific deep
brain regions in human subjects without engaging overlaying cortices. These effects are
induced by temporal interference modulation and are independent of the HF content
of the carrier signal. tTIS can modulate brain activity in the target region, the associated
brain network and linked behavior. Importantly, striatal tTIS induces only minimal
stimulation-associated sensations, has good blinding integrity and does not modulate
subjects’ attention or fatigue levels (see supplementary information), which is an im-
portant prerequisite in future controlled human neuroscience and clinical studies. In
addition to the current findings, several points should be addressed. First, even though
the present intervention was applied in three cohorts, including both younger and
older individuals, and across two experiments, interpretations of these findings need
to consider the small sample size. Second, NIBS techniques show relevant intersubject
variability in terms of response rates (Ziemann and Siebner, 2015). The degree of stimu-
lation response variability during tTIS within and across subjects is currently unknown
and should be addressed in future studies. Third, based on work suggesting mild effects
of low-intensity kHz-frequency stimulation at the cortical level, we cannot completely
rule out the possibility that a portion of the induced striatal neuromodulation effects
was caused by the unmodulated high-frequency signal (Chaieb et al., 2011). However,
the facts that the montage for the striatal target was optimized based on the modulated
tTIS fields, that motor corticospinal excitability was not influenced by tTIS and that we
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could detect several significant contrasts between the tTIS and the HF control stimula-
tion strongly suggest that the effects would more likely be explained by properties of
the tTIS that are not present in HF control stimulation. Two are the possible differences:
the exposure modulation amplitude or the offset in the mean frequency between the
two stimulation protocols (tTIS carrier frequencies, f1 = 2.00 kHz, f2 = 2.10 kHz, fmean
= 2.05 kHz, unmodulated HF control frequency, f1 = f2 = fmean = 2.00 kHz)). For the last
option to be true, the brain should show a frequency-dependent exposure distribution,
meaning that exposure should sensibly depend on the carrier frequency. This scenario
would require that the dielectric tissue properties vary significantly with frequency
(dielectric dispersion). However, current tissue measurements indicate that no such
variations occur in the low kHz range (Gabriel et al., 2009; Hasgall et al., 2012). Hence,
based on these observations, the behavioral and brain activity differences would more
likely be explained by a decisive contribution of the time-modulated exposure mag-
nitude. Furthermore, it was not within the scope of the study to investigate whether
patterned theta-burst tACS protocols, which are modulated in the time domain similar
to Kunz et al. 2017 (Kunz et al., 2016), can achieve comparable effects. However, the
fact that the peak of the stimulation field of such protocols cannot be focused on deep
brain regions without strongly stimulating the overlying cortex, along with their char-
acteristic of only achieving mild and inhibitory effects (Kunz et al., 2016), makes this
possibility very unlikely. Finally, in the present work, the optimized electrode montage
was chosen based on electric field distributions from simulations involving a detailed
reference head model. However, there are important variabilities in anatomy and tissue
properties, which can explain some of the observed response variability (Steiner, 2022).
By using image-based and subject/patient-specific modeling to personalize electrode
placement and stimulation parameters, it is likely that the selectivity and effective-
ness of tTIS could be further optimized in the future (Lee et al., 2020; von Conta et al.,
2021). Subject specific, image-based information about brain anisotropy, e.g., from
DTI, can also be used to consider the known (Missey et al., 2021; Steiner, 2022) impact
of the relative orientation of the exposing field and the principal neural structures on
stimulability (Steiner, 2022), in addition to the stimulability differences inherent to the
different brain regions and neuron types.
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2.5 Conclusion

The present work reveals, for the first time in humans, the ability to noninvasively
modulate neuronal activity in deep brain regions via theta-burst patterned striatal tTIS.
The modulation led to increased activity not only in the targeted deep brain structure,
namely, the striatum, but also in the linked functional brain network. Furthermore,
striatal theta-burst patterned tTIS induced significant behavioral improvements in a
motor learning task, and this effect was especially pronounced in healthy older subjects.
In general, the proposed stimulation approach is a crucial step forward for the field of
systems neuroscience, as it allows us to noninvasively characterize the effects of direct
neuromodulation of deep brain activity. This approach thus suggests exciting opportu-
nities for better understanding physiological and pathophysiological processes based
on causal rather than associative evidence, e.g., evidence derived using conventional
neuroimaging techniques. Overall, the proposed tTIS approach has high potential for
noninvasively modulating and studying brain plasticity of deep brain structures in
clinical contexts. This is of particular interest and importance as deep brain regions,
such as the striatum, hippocampus and thalamus, play critical roles in various motor
and cognitive functions and are key pathophysiological substrates in numerous neu-
rological and psychiatric disorders, such as Alzheimer’s disease, Parkinson’s disease,
stroke, addiction or anxiety disorders. To extend this proof-of-principle work, further
investigations are required to evaluate underlying mechanisms, develop strategies for
improving behavioral effects and establish pathways for personalized applications
with the aim of translating this exciting, innovative approach to clinical settings.

57



2.6 Methods

2.6.1 Participants

Forty-five healthy participants were included in the two experiments. In Experiment 1,
15 healthy young subjects (9 females, mean±SD age 23.46±3.66 years) were recruited.
Fourteen out of 15 participants performed the full protocol, while one participant
dropped out between sessions for personal reasons. Only the 14 full datasets were
included in the analyses. In Experiment 2, 15 healthy older subjects (9 females, av-
erage age 66.00±4.61 years) and 15 healthy young subjects (8 females, average age
26.67±4.27 years) were recruited and completed the study. All subjects self-reported
being right-handed, and handedness was confirmed by the Edinburgh Handedness
Inventory (Oldfield, 1971) (please see Table 2.S4 in the supplementary information).
The exclusion criteria are listed in the supplementary information section 2.12.9 ªStudy
participant selection criteriaº. The studies were conducted in accordance with the Dec-
laration of Helsinki. All studies were approved by the Cantonal Ethics Committee Vaud,
Switzerland (project number 2020-00127). All participants provided written informed
consent.

2.6.2 Experimental protocol

Experiments 1 and 2 both followed a double-blind, crossover design. The order of
the experimental conditions followed a predefined pseudorandom sequence. A base-
line visit was always performed after inclusion, as described in the supplementary
information section 2.12.10 ªBaseline characterization of participantsº and Table 2.S4.

2.6.3 Motor task

The motor task consisted of an established and widely used 9-digit SFTT (Karni et
al., 1995; Wessel et al., 2021). The subjects had to reproduce a sequence shown on a
computer screen with their nondominant left hand by pressing a 4-button box, with
each finger corresponding to a specific number (from 2-index to 5-little finger; please
see Fig. 2.5a). Oral and written instructions were provided, asking the participants
to perform the task ªas fast and as accurately as possibleº in the fixed period of 30 or
90 seconds provided for each block in Experiments 1 and 2, respectively, to prevent
the participants from performing the task at the extremes of their individual speed-
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accuracy tradeoff. A dot was displayed below the number corresponding to the digit to
be pressed, and the dot moved to the next digit as soon as a key was pressed, regardless
of whether the correct key was chosen. No feedback about the correctness of the
responses was provided. The block durations were chosen based on the experimental
conditions and the research question. In task-based fMRI studies, blocks should not
be too long due to the high-pass filtering step in signal preprocessing (Henson, 2007).
Outside the scanner, a duration of 90 seconds was used based on protocols used
in previous studies to depict the motor learning curve (Maceira-Elvira et al., 2022;
Wessel et al., 2021). All sequences had an equivalent Kolmogorov complexity, which was
determined based on a well-established procedure (Wessel et al., 2021). The order of the
applied sequences before and after the crossover was randomized and counterbalanced
between subjects.

2.6.4 Experiment 1

In Experiment 1, four fMRI sessions were performed, with two rs and two task-based
sessions with concomitant tTIS or HF control stimulation. For further details, please
refer to the section below. Between sessions, we included a wash-out phase of at least 3
days (7.4±4.2 days between resting state sessions and 10.3±4.7 days between task-based
fMRI sessions). During the rs-MRI sessions, functional images were acquired during
three resting state sequences lasting 8 minutes each, namely, before (pre), during,
and after (post) stimulation, while subjects fixated on a white cross on a black back-
ground. During the task-based fMRI sessions, the participants performed six 9-minute
30-second training blocks with an approximately 1-minute 30-second break between
blocks (Fig. 2.5b). Each block included ten 30-second repetitions of the motor task
(see Experimental protocol - Motor task 2.6.3) with the respective stimulation con-
dition, alternated with 30 seconds of rest (fixation cross). All participants performed
a short familiarization session outside the MRI environment and a 30-second base-
line measurement inside the scanner before starting the training blocks. The baseline
performance was verified to ensure that at least one entirely correct sequence was
performed; otherwise, the baseline was repeated, and the new block was used for
analysis instead of the first block. At the beginning of each of the four fMRI sessions,
participants completed the Stanford Sleepiness Scale (Hoddes et al., 1973) (SSS) ques-
tionnaire to confirm that the subjects started the experiment at comparable levels of
sleepiness across conditions (please see Fig. 2.S8). A visual analog scale (VAS) was
employed to test subjects’ attention and fatigue before and after MRI acquisition. After
each of the two study phases (i.e., rs and task-based fMRI), we employed a standardized
questionnaire adapted from Antal and colleagues (Antal et al., 2017) to evaluate the
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sensations associated with tTIS and to quantify the efficiency of the blinding.

2.6.5 Experiment 2

In Experiment 2, two main training sessions were performed, with at least a 3-day
wash-out period between sessions (9.5±4.0 days between sessions for the younger
cohort and 9.2±3.9 days between sessions for the older cohort); please see Fig. 2.5c for
more details. During each session, either tTIS or control stimulation was applied as
participants performed seven 90-second blocks of the motor task (see Experimental
protocol - Motor task 2.6.3) alternated with 90-second breaks. In the central block,
the order of requested button presses followed a predefined pseudorandom sequence
to assess sequence-independent learning effects. A 90-second baseline block was
acquired before training to assess initial individual performance, and 3 additional
blocks were collected immediately (post), 90 minutes (FU1) and 24 hours (FU2) after
the stimulation. The baseline performance was investigated to ensure that at least
one entirely correct sequence was performed; this effect was consistently achieved,
and thus, additional repetitions were not needed. The subjects’ attention and fatigue
levels were collected by having them complete VAS questionnaires (see above) before
the baseline measurement, after the post measurement, and before and after each
follow-up, while the SSS was completed before the baseline and follow-up assessments
to confirm that the subjects began the experimental sessions at comparable levels of
sleepiness across conditions. At the end of the second post measurement, participants
were asked to complete the same sensation questionnaire as for Experiment 1.

2.6.6 tTIS

General concept

Temporal interference stimulation is a novel brain stimulation strategy that employs
two or more independent stimulation channels delivering high-frequency currents
(oscillating at f1 and f1+∆f) within the kHz range, which are assumed to be inert in
terms of inducing neuronal activity (Grossman, 2018; Grossman et al., 2017). The
two currents generate a modulated electric field, with the envelope oscillating at the
low frequency ∆f (target frequency) where the currents join or cross. The peak of the
envelope amplitude can be steered toward target areas located deeper in the brain
by tuning the electrode position and current ratio across stimulation channels; see
Grossman and colleagues (Grossman et al., 2017) and Fig. 2.5d for further details.
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Based on these properties, temporal interference stimulation can focally target deep
structures without engaging overlying tissues. In the present work, we applied tTIS
via surface electrodes, applying a low-intensity, subthreshold protocol respecting the
currently accepted cutoffs and safety guidelines for low-intensity transcranial electric
stimulation (Antal et al., 2017).

Stimulators

The tTIS currents were generated by two independent DS5 isolated bipolar constant
current stimulators (Digitimer Ltd, Welwyn Garden City, UK). The stimulation patterns
were created using a custom-written MATLAB-based graphical user interface and
transmitted to the current sources using a standard digital-to-analog converter (DAQ
USB-6216, National Instruments, Austin, TX, USA).

Stimulation paradigms

We employed two stimulation conditions: active stimulation delivered in theta bursts
(tTIS) and a HF control. The control stimulation consisted of two oscillatory high-
frequency currents delivered at 2 kHz without any frequency shifts, which led to a
flat envelope of high-frequency exposure incapable of eliciting brain physiological
responses, as suggested by previous work (Grossman et al., 2017). tTIS was delivered
in an intermittent pattern designed to mimic established theta burst stimulation pro-
tocols, which were developed in hippocampal slice preparations (Larson and Lynch,
1986) and have been adopted in previous NIBS approaches (Huang et al., 2005; Kunz
et al., 2016). These theta-burst stimulation protocols share two features of hippocam-
pal physiology: (i) the presence of bursting patterns and (ii) modulations at the theta
frequency (Larson and Munkácsy, 2015). The chosen stimulation strategy thus differs
significantly from that used in previous work on conventional (unpatterned) tTIS (Ma
et al., 2021; Vassiliadis, Beanato, et al., 2022; Violante et al., 2022; von Conta et al., 2022;
Zhu et al., 2022), which, analogous to tACS protocols, is thought to mediate its effects by
synchronizing neuronal oscillators to the stimulation frequency (neural entrainment)
(Esmaeilpour et al., 2021; von Conta et al., 2022). The aim of the theta burst tTIS pro-
tocol employed here was to probe and support task-induced modulation of synaptic
transmission efficiency. The stimulation pattern was derived from slice preparations
(Larson and Munkácsy, 2015) and well-established TMS-based plasticity induction
protocols (Huang et al., 2005). Compared to TMS-based approaches, the intraburst
frequency was increased from 50 to 100 Hz to more closely resemble protocols induc-
ing LTP-like effects developed in slice preparations (Larson and Munkácsy, 2015). It
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should be noted that some features of the stimulation protocol used differed slightly
from physiological theta bursts. Examples of such deviations are the lack of modula-
tion of the interpulse interval, the number, or the amplitude of the pulses during the
bursting events and the rigid theta-frequency employed in the stimulation protocol
(Hines et al., 2022; Ranck, 1973). Stimulation was applied using a novel pulsed stimu-
lation approach that utilizes frequency modulation, changing one of the two carrier
frequencies to switch between modulated and unmodulated exposure. This allowed
us to achieve an arbitrary waveform pattern without the need to change the current
amplitude. During tTIS, bursts of 3 pulses at 100 Hz were repeated every 200 ms (5 Hz,
i.e., the theta rhythm) for 2 seconds (train). To obtain this pattern, the first channel
continuously delivered a current at a frequency f1 = 2 kHz, while the frequency of the
second electrode pair was switched from f1 = 2 kHz to f1 + Delta(f) = 2.1 kHz every 200
ms during the 2-second trains to create pulses of 100 Hz. During the interburst and
intertrain intervals (8 seconds), nonamplitude-modulated HF stimulation was applied
(please see Fig. 2.5e). The other stimulation parameters were set as follows: the current
intensity per stimulation channel was set to 2 mA and kept constant across sessions
and across subjects for the main experiments; pure stimulation duration=30 min (for
Experiment 1) and 10 min 30 sec (for Experiment 2), with breaks within each protocol;
ramp-up/ramp-down period=5 sec; electrode type: round, conductive rubber with
conductive cream/paste, and electrode size=3 cm2. Only in the evaluation of perceived
sensations, during the stimulation tests preceding the main experiments, the intensity
per channel was increased in the following steps: 0.5 > 1 > 1.5 > 2 mA (see below and in
the supplementary information 2.12.8). For Experiment 1, the stimulation was applied
in the MRI environment by employing a standard radio frequency filter module and
MRI-compatible cables (neuroConn GmbH, Ilmenau, Germany). The technological,
safety and noise tests and methodological factors are reported based on the ContES
Checklist (Ekhtiari et al., 2022) in Table 2.S5 in the supplementary information.

Modeling

Electromagnetic simulations were performed to identify the optimal electrode place-
ment and current steering parameters. The simulations were performed using the
MIDA head model (Iacono et al., 2015), which is a detailed anatomical head model
featuring 117 distinguished tissues and regions that were derived according to mul-
timodal image data of a healthy female volunteer. Importantly, in brain stimulation
modeling, the model distinguishes different scalp layers, skull layers, gray and white
matter, cerebrospinal fluid, and the dura. Circular electrodes (N = 77, radius = 7 mm)
were placed on the skin according to the 10-10 system, and the electromagnetic expo-
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sure was determined using the ohmic-current-dominated electroquasistatic solver in
Sim4Life version 5.0 (ZMT Zurich MedTech AG, Switzerland), which is suitable due to
the dominance of ohmic currents over displacement currents and the long wavelength
compared to the simulation domain. The dielectric properties were assigned according
to the IT’IS Tissue Properties Database v4.0 (Hasgall et al., 2012). Rectilinear discretiza-
tion was used, and grid convergence and solver convergence analyses were performed
to ensure negligible numerical uncertainty, resulting in a grid that contained more
than 54 M voxels. Dirichlet voltage boundary conditions were applied, followed by
current normalization, and the electrode-head interface contact was treated as ideal.
tTIS exposure was simulated for 1 mA current intensity and quantified according to
the maximum modulation envelope magnitude formula proposed by Grossman et al.
in 2017 (Grossman et al., 2017). The current amplitude used to optimize the position
of the electrodes did not influence the optimization since the scaling of the current
was equivalent to the scaling of the tTIS exposure distribution. Subsequently, a sweep
over 960 permutations of the four electrode locations was performed, considering
symmetric montages with parallel (sagittal=729 configurations; coronal=231 configu-
rations) or crossing current paths, and the bilateral striatum (putamen, caudate, and
nucleus accumbens) exposure performance was quantified according to three metrics:
(1) the target exposure strength, (2) focality ratio (the volume ratio of the target tissue
above the threshold to the overall brain tissue above the threshold, which measures
stimulation selectivity), and (3) activation ratio (the percentage of the target volume
above the threshold, which measures target coverage). The threshold was defined as
the 98% volumetric iso-percentile level of the tTIS. Two configurations were noted in
the resulting Pareto-optimal front: one that maximized focality and activation (Pair 1:
AF3 and AF4, Pair 2: TP7 and TP8 montage; focality=30.3%, activation=28.2%, thresh-
old=0.19 V/m) and one that accepts a reduction of these two metrics by a quarter while
increasing the target exposure strength by more than 50% (Pair 1: F3 and F4, Pair 2: TP7
and TP8; focality=23.9%, activation=22.1%, threshold=0.31 V/m). As the latter montage
predicted a larger stimulation intensity, this configuration of electrodes was selected
to ensure that the target could be stimulated. Subsequently, the modeled electrodes
were enlarged to match the size of the electrodes selected for the experiment (radius
= 9.8 mm), and a new TI exposure simulation was performed (please see Fig. 2.5f).
Consistent with our previous findings for smaller electrodes, the new TI field predicted
a high activation ratio (21.6%) and focality (22.4%) with a threshold equal to 0.29 V/m.
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Comparing TI and tDCS

To find an optimal solution for striatum stimulation, we compared the predictions of
the last tTIS simulation with the configuration of electrodes used to stimulate the mo-
tor system with tDCS (Bikson et al., 2010). This tDCS montage assumed the application
of two electrodes (4 x 4 cm2) located at the C3 (anodal) and Fp2 (cathodal) positions
according to the 10-20 EEG system. To derive the electric field (E-field) generated with
this setup, we used the same MIDA head model, Sim4Life solver, grid and tissue prop-
erties database as were used for the tTIS simulations. While the tTIS configuration was
aimed at bilateral stimulation and the tDCS montage was used to affect the unilateral
brain regions, we compared the resulting tTIS field and electric field in bilateral and
unilateral structures. In particular, we calculated different parameters of the tTIS field
for the bilateral striatum and a control region, namely, the precentral gyri including
the upper limb region, and the E-field generated with the tDCS montage for the left
striatum and left precentral gyrus. As a result of this comparison, we concluded that the
optimized tTIS configuration was more efficient for targeting the striatum (within stria-
tum: mean ± standard deviation = 0.26 ± 0.04 V/m, median = 0.27 V/m, 99th percentile
= 0.35 V/m) than tDCS stimulation (within striatum: 0.17 ± 0.02 V/m, median = 0.17
V/m, 99th percentile = 0.25 V/m). Additionally, according to the modeling predictions,
the tTIS should be more focal due to a lower field generated in the precentral gyrus
(mean ± standard deviation = 0.2 ± 0.04 V/m, median = 0.2 V/m, 99th percentile = 0.29
V/m) than the tDCS montage (0.25 ± 0.04 V/m, median = 0.24 V/m, 99th percentile =
0.34 V/m). The activation of the other brain regions, which excluded the target and
control structures, was similar between the types of simulation (tTIS: mean ± standard
deviation = 0.15 ± 0.06 V/m; tDCS: 0.16 ± 0.14 V/m). The location of the target and
control regions was identified after coregistration of the MIDA brain with the BNA (Fan
et al., 2016).

2.6.7 Electrode positioning and evaluation of stimulation-associated sensa-

tions

The stimulation electrode positions were defined based on the above model and de-
termined in the framework of the EEG 10-10 system (Seeck et al., 2017). The optimal
positioning leading to the best stimulation of the target structure, i.e., the bilateral stria-
tum, included the following electrodes: F3, F4, TP7 and TP8. Their scalp locations were
marked with a pen. After skin preparation (cleaned with alcohol), round conductive 3
cm2 rubber electrodes were placed by adding a conductive paste (Ten20, Weaver and
Company, Aurora, CO, USA or Abralyt HiCl, Easycap GmbH, Woerthsee-Etterschlag,
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Figure 2.5: Experimental setup.
(a) Illustration of the sequential finger tapping task (SFTT) (Karni et al., 1995; Wessel et al., 2021): participants were asked
to reproduce a sequence displayed on a screen with a four-button box. (b) Protocol of the task sessions in Experiment 1: the
baseline measurement was followed by training with concomitant stimulation, consisting of 6 blocks containing 10 30-second
task repetitions alternated with 30-second rest periods. (c) Protocol of Experiment 2: the baseline measurement was followed by
training with concomitant stimulation, consisting of 7 repetitions of 1 minute 30 second task blocks. A post assessment (Post)
with 3 block repetitions was performed immediately after and in a follow-up assessment 90 minutes (FU1) after and 24 hours
(FU2) after the end of the stimulation. (d) Temporal interference stimulation concept. On the left, two pairs of electrodes are
shown on a head model, and currents are applied with frequencies of f1 and f1+∆f. On the right, the interference between the
two electric fields within the brain is plotted at two different locations with high and low envelope modulation. (e) In the pulsed
stimulation mode, the frequency shift is only introduced during an exposure phase, e.g., a burst. This allows the delivery of
patterned intermittent theta burst protocols in which 3 pulses of amplitude modulation at 100 Hz (burst phase) are repeated
every 200 ms (theta frequency) for a 2-second train. The trains are repeated every 10 seconds. (f) Electric field modeling with the
striatal montage. The top panel shows the electric tTIS exposure distribution in three chosen slices passing through the target
region. The bottom panel shows a 3D reconstruction of the structural MRI data, highlighting the electrode positioning.
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Germany) as an interface to the skin and held in position with tape. In Experiment 1,
the electrode cables were oriented toward the top of the head to allow good positioning
inside the scanner, while in Experiment 2, the electrode cables were oriented toward the
bottom and fixed on the shoulders to prevent electrode displacement. The impedances
were checked and optimized until they were less than 20kΩ (von Conta et al., 2022).
Once good contact was obtained, the subjects underwent current intensity testing to
be familiarized with the perceived sensations and to systematically document their
reactions. The tTIS and HF control stimulation protocols were both applied for 20
seconds with increasing current amplitude per channel as follows: 0.5 mA, 1 mA, 1.5
mA and 2 mA. The participants were asked to report any kind of sensation, and if a
sensation was felt, participants were asked to grade its intensity from 1 to 3 (light to
strong) and to provide at least one adjective to describe the sensation (please see Table
2.S6 in the supplementary information). After this step, in Experiment 1, the cables
were replaced by MRI-compatible cables, and a bandage was added to apply pressure
on the electrodes and keep them in place. In Experiment 2, an EEG cap was used to
hold the electrodes in place. The electrode impedances were measured before the
current intensity testing, before the training with concomitant stimulation and after
the intervention.

2.6.8 Image acquisition

Structural and functional images were acquired using a 3T MAGNETOM PRISMA scan-
ner (Siemens, Erlangen, Germany). The 3D MPRAGE sequence was used to obtain
T1-weighted images with the following parameters: TR=2.3 s, TE=2.96 ms, flip an-
gle=9°, number of slices=192, voxel size=1×1×1 mm, and field of view (FOV)=256 mm.
Anatomical T2 images were collected with the following parameters: TR=3 s, TE=409
ms, flip angle=120°, number of slices=208, voxel size=0.8×0.8×0.8 mm, and FOV=320
mm. Echo-planar imaging (EPI) sequences were used to obtain functional images with
the following parameters: TR=1.25 s, TE=32 ms, flip angle=58°, number of slices=75,
voxel size=2 × 2 × 2 mm, and FOV=112 mm.

2.6.9 Image preprocessing

Functional imaging data were analyzed using Statistical Parametric Mapping 12
(SPM12; The Wellcome Department of Cognitive Neurology, London, UK) implemented
in MATLAB R2018a (MathWorks, Sherborn, MA, USA). All functional images underwent
the same preprocessing, including the following steps: slice time correction, spatial

66



realignment to the first image, normalization to the standard MNI space and smooth-
ing with a 6 mm full-width half-maximal Gaussian kernel. T1 anatomical images were
coregistered to the mean functional image and then segmented to produce the forward
deformation field used to normalize the functional images, allowing bias-corrected
gray and white matter images to be obtained. Framewise displacement was calculated
for each run to control head movement. The nonnormalized and normalized images
were visually inspected to ensure good preprocessing quality. The signal-to-noise ratio
was also computed to control for possible tTIS-related artifacts. The recon-all function
of the FreeSurfer software was run, taking structural T1w and T2w images as inputs
(https://surfer.nmr.mgh.harvard.edu/). For each individual subject, BNA parcellation
was computed, and specific ROIs were then coregistered to the functional images and
normalized to MNI space.

2.6.10 Signal-to-noise ratio

To verify the image quality and presence of possible artifacts due to concomitant
stimulation, total signal-to-noise ratio (tSNR) maps were computed as the mean over
the standard deviation for each voxel time series. The average values of the spherical
ROIs (10 mm radius) underneath the four electrodes used for tTIS and underneath
the theoretical positions of four more distant electrodes were extracted (please see Fig.
2.S10 in the supplementary information). The locations of the spheres were derived by
projecting the standard MNI coordinates on the scalp (Okamoto et al., 2004) toward
the center of the brain. The spheres were visually inspected to ensure that the whole
volume was included in the brain. A linear mixed model was then used to investigate
the effects of the stimulating electrodes versus those of the nonstimulating electrodes
in the tSNR maps.

2.6.11 Data processing

rs-MRI

Independent component analysis (ICA)-based artifact removal was per-
formed on the preprocessed, smoothed images using the GIFT toolbox
(https://trendscenter.org/software/gift/). Twenty independent components were
extracted and visually inspected to remove noise-related artifacts. Seed-based
connectivity analyses were implemented at the single-subject level by extracting the
average time series within the striatal mask defined in the BNA and including this time
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series as a regressor in a general linear model with six head motion parameters (three
displacement motions and three rotation motions) and normalized time series in the
white matter and corticospinal fluid. At the group level, a paired t test was performed
to compare striatal connectivity during the stimulation delivery period. Furthermore,
a flexible factorial analysis was computed to investigate the presence of any effect on
and among the prestimulation period, during stimulation and the poststimulation
period. We included subject, stimulation and period (pre, during and post) as factors.
Multiple comparison corrections were applied at the cluster level by controlling the
FDR.

Task-based fMRI

A general linear model was used to estimate the signal amplitude at the single-subject
level. Six head motion parameters (three displacement motions and three rotation
motions) and the normalized time series in the white matter and corticospinal fluid
were included as regressors. Linear contrasts were computed to estimate activation
during the motor task versus that during resting periods, and ROI-based analyses were
conducted. An external radiologist manually drew striatal masks on each subject’s
structural T1w image. After drawing the masks for the caudate and putamen, the
anterior and posterior subparts were distinguished with respect to the location of the
anterior commissure. Coregistration to the functional images and normalization to
MNI space were then applied to obtain individual masks for each subject. The BOLD
activity within the individual striatal masks was averaged and compared between
different striatal subunits, namely, the putamen versus the caudate, and within the
putamen, namely, the anterior putamen versus the posterior putamen. Additionally, a
flexible factorial design was used to compute group-level statistics, including subject,
stimulation and time as factors. Multiple comparison corrections were applied at the
cluster level by controlling the FDR, if not specified otherwise.

Motor task analysis

In Experiment 1, because of the relatively short duration of the motor task repetitions
(30 seconds), motor learning was evaluated by extracting the number of correct key
presses per repetition divided by the number of correct key presses during the baseline
measurement (Learmonth et al., 2015). In Experiment 2, motor learning was evaluated
by extracting the number of correct sequences in each block divided by the correct
number of sequences performed during the baseline measurement (Wessel et al.,
2021). For the longer assessment blocks in Experiment 2, sequence-based outcomes
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were chosen instead of key-press-based outcomes because these results more closely
resemble the structure of natural skilled movements, which often require smaller
elements of the movements to be performed in specific order and time sequences
(Babu, 2020). In both cases, frame shifts in button pressing were considered, meaning
that key presses that were performed in the correct order were considered correct
even if the key presses did not match the dot indicating which digit to press next.
The baseline values were compared between the stimulation conditions and among
sessions to assess comparable initial performance and to control for carry-over effects
in each cohort; please see Fig. 2.S6 in the supplementary information for more details.

2.6.12 Statistical analysis of the behavioral data

Statistical analyses were performed in the R software environment for statistical com-
puting and graphics (R Core Team (2021). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/. and version 4.1.3). To analyze the behavioral motor learn-
ing data, we conducted linear mixed effects analyses employing the lmer function in
the lme4 package (Bates et al., 2014). As fixed effects, we added blocks and stimulation
conditions to the model for Experiment 1 and blocks, stimulation conditions and popu-
lations (younger and older) to the model for Experiment 2. The subject factor was taken
as a random intercept. Statistical significance was determined using the anova function
with Satterthwaite’s approximations in the lmerTest package (Luke, 2017). To mitigate
the impact of isolated influential data points on the outcome of the final model, we
employed tools in the influence.ME package to detect and remove influential points
based on the following criterion: distance>4 * mean distance (Nieuwenhuis et al., 2012).
For specific post hoc comparisons, we conducted pairwise comparisons by computing
the estimated marginal means using the emmeans package (Searle et al., 1980). Effect
size measures were obtained using the effectsize package (Ben-Shachar et al., 2020)
and are expressed as partial eta-squared (η2

p
) values for the F tests and Cohen’s d values

for pairwise comparison tests, corresponding to <0.01 micro, 0.01 small, 0.06 medium,
and 0.14 large effect sizes for η2

p
and <0.2 micro, 0.2-0.3 small, 0.5 medium, and 0.8 large

effect sizes for d (Cohen, 1988). The level of significance was set at p<0.05. Residu-
als of the models were investigated to assess normality, skewness (between -2 and 2
(Ryu, 2011)) and homoskedasticity. Finally, for the baseline and follow-up sessions, the
normality of the data distribution was tested with the Shapiro–Wilk test, and either
paired t tests or Wilcoxon rank sum tests were then used (two-sided). The functions
were included in the stats package, which is part of the above referenced R software
environment.
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2.7 Data availability

The datasets generated and/or analyzed during the current study are available from
the corresponding author on reasonable request.

2.8 Code availability

The code used during the current study is available from the corresponding author on
reasonable request.
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2.12 Supplementary material

2.12.1 Imaging results – tTIS versus HF control stimulation contrast - sup-

porting information

Set-level Cluster-level Peak-level x y z AAL3
p c pFWE-corr qFDR-corr kE puncorr pFWE-corr qFDR-corr T (ZE) puncorr

0.000 9 0.015 0.009 166 0.001 0.001 0.004 6.12 5.76 0 -64 -2 -4 Temporal_Sup_L
0.354 0.172 4.46 4.31 0 -58 12 -10 Temporal_Pole_Sup_L
0.515 0.183 4.31 4.17 0 -62 -10 12 Rolandic_Oper_L

0.000 0.000 439 0.000 0.018 0.068 5.3 5.06 0 28 0 -22 Amygdala_R
0.124 0.151 4.79 4.61 0 30 6 -8 Putamen_R
0.163 0.151 4.71 4.54 0 32 -2 -6 Putamen_R

0.012 0.008 174 0.001 0.03 0.073 5.18 4.95 0 10 -6 54 Supp_Motor_Area_R
0.587 0.209 4.25 4.12 0 -6 0 60 Supp_Motor_Area_L
0.896 0.297 3.95 3.85 0 14 0 50 Supp_Motor_Area_R

0.001 0.001 289 0.000 0.164 0.151 4.71 4.54 0 -66 -22 36 Location not in atlas
0.187 0.152 4.67 4.5 0 -60 -22 30 Postcentral_L
0.894 0.297 3.96 3.85 0 -60 -28 22 SupraMarginal_L

0.011 0.008 178 0.001 0.325 0.172 4.49 4.34 0 -56 4 34 Precentral_L
0.915 0.301 3.93 3.82 0 -46 0 40 Precentral_L
0.999 0.558 3.56 3.48 0 -60 2 24 Precentral_L

0.009 0.008 184 0.000 0.354 0.172 4.46 4.31 0 10 -18 4 Thal_IL_R
0.469 0.172 4.35 4.21 0 14 -28 0 Thal_PuA_R
0.977 0.376 3.78 3.69 0 18 -20 8 Thal_VPL_R

0.021 0.011 155 0.001 0.457 0.172 4.36 4.22 0 -42 -2 8 Insula_L
0.937 0.317 3.89 3.78 0 -50 0 4 Rolandic_Oper_L
0.999 0.56 3.55 3.47 0 -36 6 -10 Insula_L

0.004 0.006 215 0.000 0.563 0.203 4.27 4.14 0 62 -10 12 Rolandic_Oper_R
0.76 0.262 4.1 3.98 0 54 -18 18 Rolandic_Oper_R

0.845 0.279 4.02 3.9 0 62 -22 8 Temporal_Sup_R
0.005 0.006 207 0.000 0.641 0.223 4.21 4.08 0 -18 -50 -28 Location not in atlas

0.691 0.233 4.16 4.04 0 -30 -52 -26 Cerebellum_6_L
0.957 0.334 3.84 3.74 0 -10 -50 -22 Cerebellum_4_5_L

Table 2.S1: Summary of clusters showing higher BOLD activation for the tTIS vs. HF control contrast during the task-related fMRI
experiment (Experiment 1)
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2.12.2 Connectivity analysis – Generalized psychophysiological interaction

We investigated the impact of stimulation to the target region on its connectivity to
the rest of the network. In particular, the ROI-to-ROI generalized psychophysiological
interaction (gPPI) connectivity was computed from the right putamen (area of the
striatum showing the stimulation effects) to the clusters that showed higher activity
during tTIS with respect to HF control stimulation and that are related to the motor
network: the clusters reaching the cerebellum, thalamus and SMA. When running a lin-
ear mixed model with stimulation and cluster as fixed factors and subject as a random
factor, we observed a significant effect of the cluster (F(2, 450) = 30.70, p < 0.001, η2

p
=

0.12 [medium]) and a significant interaction stimulation x cluster (F(2,450) = 3.26, p =
0.04, η2

p
= 0.01 [small]). The cluster effect was driven by a lower connectivity observed

from the putamen to the supplementary motor cortex with respect to the two other
clusters. The interaction is explained by the presence of significantly lower connectivity
induced by tTIS specifically between the right putamen and the cerebellar cluster. The
decrease in putamen-cerebellar connectivity induced by tTIS could potentially explain
a lowering of the inhibitory influence of the putamen on the cerbellum (Liebrand et al.,
2020). This would in turn lead to the increased BOLD activity observed in the cerebel-
lum and the increased motor performance. To support this hypothesis, we repeated
the behavioral modulation analysis considering all clusters showing higher activity
during tTIS with respect to HF control stimulation. The results indicate that voxels
within the cerebellum are significantly modulated by behavior as well. The observed
correlation between behavior and cerebellar activity could hence be induced by the
decrease in connectivity from the putamen. Taken together, these findings support
the focal modulation of the striatum, which might lead to the difference in cerebellar
activity associated with tTIS and to behavioral changes. The increased activity of the
other motor-related areas might be more easily explained as a consequence of indirect
striatal modulation and not as a result of higher behavioral performance in the tTIS
condition. Otherwise, we would have expected a behavioral modulation, which was
not present in this analysis.
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Figure 2.S1: Average ROI-to-ROI connectivity from the right putamen to the clusters within the motor network showing a
significant increase in activity during tTIS with respect to HF control stimulation. A significant effect of cluster (F(2, 450) = 30.70,
p < 0.001, η2

p= 0.12) and a significant interaction stimulation x cluster (F(2,450) = 3.26, p = 0.04, η2

p= 0.01) were observed.
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2.12.3 Control experiment - transcranial magnetic stimulation (TMS)-

based excitability measures

Experimental setup and data processing: To evaluate corticospinal excitability linked
to the primary motor cortex (M1) before (Baseline), during (Stim), and after (Post)
striatal tTIS or HF control stimulation, we performed a control experiment using TMS
(Hallett, 2007) (see Fig. 2.S2a). N = 8 healthy young subjects (4 females, mean±SD age
25.25±3.01 years) were recruited. Single-pulse TMS was applied to the right M1. The
experimental procedures are described in detail in our previous work (Wessel et al.,
2019). In brief, we delivered monophasic pulses with a posterior-to-anterior direction
in the underlying brain tissue with an orientation of ~45◦ to the midsagittal line using
a figure-of-eight coil (MC-B70 Butterfly Coil) connected to a MagPro X100 stimulator
(MagVenture, Farum, Denmark). The intensity was adjusted to 130% of the resting mo-
tor threshold (RMT) at the baseline of each session and was kept constant throughout
the experiment. The coil positioning was guided by a neuronavigation system (Localite,
Bonn, Germany). Motor evoked potentials (MEPs) were recorded from the abductor
pollicis brevis muscle contralateral to stimulation. The sampling procedures for surface
electromyography are described in Wessel and Draaisma et al. 2019 (Wessel et al., 2019).
Twenty trials (intertrial jitter 7 s ± 30%) were recorded before, during and after 10 min of
tTIS or HF control stimulation (randomized double-blind design). Eighty trials (inter-
trial jitter 6.90 s ± 30%), separated into 4 bins, were sampled during tTIS or HF control
stimulation. All trials were visually inspected in Signal software (Cambridge Electronic
Design Ltd., Milton, England). Trials were rejected based on the following criteria (pre-
processing): muscle preactivation exceeding ± 25 µV from baseline < 100 ms before the
TMS pulse, technical artifacts or documented suboptimal coil placement during data
acquisition. Data points containing fewer than 6 trials per stimulation condition after
preprocessing were not considered for further analysis (9 out of 112 cases). Statistical
analyses followed the same procedures as described in the main text of the manuscript,
except that no correction for influential data points was carried out due to the smaller
sample size. Results: The applied stimulation condition (tTIS or HF control) or the
timing did not modulate MEP amplitude as indicated by a nonsignificant stimulation
condition x timing interaction (F(2, 34.03)=1.19, p=0.32, η2

p
=0.07 [medium], BF10=0.36,

[anecdotal evidence for H0]), see also Fig. 2.S2b and Tab. S2. Furthermore, the follow-up
analysis evaluating the evolution of corticospinal excitability during tTIS or HF control
stimulation did not indicate an effect of stimulation or bin (F(3,40.71)=0.46, p=0.71,
η2
p

=0.03 [small], BF10=0.05, [strong evidence for H0]), see also Fig. 2.S2c and Tab. 2.S2.
Discussion: The results indicated that neither striatal tTIS nor HF control stimulation
modulated corticospinal excitability linked to M1. This suggested that striatal tTIS does
not directly coactivate the overlying primary motor cortex. In addition, the data provide
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further evidence for the biological inertness of kHz-range electric fields (HF control
condition) on cortical function, which is consistent with our previous assumption
based on the work of Hutcheon & Yarom et al. 2000 (Hutcheon and Yarom, 2000) and
indicates the suitability of the employed control condition.
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Figure 2.S2: Control experiment - no effects on corticospinal excitability linked to M1.
N = 8 young, healthy subjects were recruited. (a) MEPs induced by TMS of the right M1 were sampled from the abductor pollicis
brevis muscle (APB) before (Baseline), during (Stim), or after (Post) tTIS or HF control stimulation to quantify a surrogate marker
of corticospinal excitability. TMS intensity was adjusted to 130% of the resting motor threshold (RMT) before the start of the
baseline evaluation and kept constant throughout the experiment. (b) Averaged MEP amplitude per block sampled before
(Baseline), during (Stim), or after (Post) 10 min of tTIS or HF control stimulation. No effects on corticospinal excitability were
detected (stimulation x timing: F(2,34.03)=1.19, p=0.32). (c) Evaluation of the evolution of the MEP amplitude during tTIS or
HF control stimulation. Data were divided into 4 bins (20 trials per bin). No effects on corticospinal excitability were detected
(stimulation x bin: F(3,40.71)=0.46, p= 0.71. The dot indicates the mean, error bars are standard errors (SEs).

Measure NumDF DenDF F p η2
p

BF10
Contrast before, during, or after tTIS or HF control stimulation
Stimulation 1 34.03 0.89 0.35 0.03 0.69
Timing 2 34.03 1.58 0.22 0.09 0.64
Stimulation x timing 2 34.03 1.19 0.32 0.07 0.36
Contrast during tTIS or HF control stimulation
Stimulation 1 41.97 0.10 0.76 <0.01 0.61
Bin 3 40.70 0.64 0.60 0.04 0.21
Stimulation x bin 3 40.71 0.46 0.71 0.03 0.05

Table 2.S2: Summary of statistical analyses for the TMS control experiment.
In the first step, a linear mixed effects model was calculated (see the methods section). In this control experiment, no influential
point analysis was performed due to the small sample size. The BF10 column depicts the Bayes factor obtained by calculating
a Bayesian Repeated Measures ANOVA in JASP software (JASP, 2022) (version 0.16.4) using the default parameters. The factor
indicates that the data are 1/BF10 times more likely to occur under the null hypothesis (H0) than under the alternative hypothesis
(H1). BF10 data suggest the following ranges (Quintana and Williams, 2018): 1-0.33 = anecdotal, 0.33-0.1 = moderate, 0.1-0.03 =
strong evidence in favor of H0.
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2.12.4 BOLD activity in control regions beneath the electrodes
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Figure 2.S3: BOLD activity in control regions beneath the electrodes.
BOLD activity during the task-based fMRI experiment (Experiment 1) was extracted and averaged across blocks from (a) spheres
(radius=10 mm) placed below the stimulation electrodes (EEG 10-10 positions: F3, F4, TP7, and TP8) or (b) corresponding regions
based on the Brainnetome Atlas (BNA) (Fan et al., 2016) (the left and right dorsal area A9/46d for the F3/F4 or the left and right
anterior superior temporal sulcus (aSTS) for the TP7/TP8 positions). Please note that the values are negative as the activity during
the task is referenced to activity during rest periods, in which the subjects kept their eyes open and fixated on a cross, following
a standard block design procedure. Sphere model: F(1,651)=2.04, p=0.15; BNA model F(1,651)=0.38, p=0.54. In all violin plots:
the white dot represents the median value, the grey boxplot represents the interquartile range and the line represents the 1.5
interquartile range.
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2.12.5 Micro-online and micro-offline learning

For a more detailed investigation of how stimulation affects motor learning behavior,
we extracted micro-online and micro-offline learning measures for both experiments.
Previous studies extracted the suggested variables on a similar sequential finger tapping
task (Bönstrup et al., 2020; Bönstrup et al., 2019). Nevertheless, because of the longer
duration of our blocks (30 or 90 seconds instead of 10 seconds), the longer length
of the sequence (9 versus 5 digits) and our primary outcome measure (correct key
presses versus tapping speed), micro-offline and micro-online learning were extracted
based on the number of correct key presses within the first and last 10 seconds of
each repetition or block (based on the design of the experiment). More precisely, in
Experiment 1, we computed the number of correct key presses in the first and last 10
seconds of each 30-second repetition of the task of each MRI block. We then defined
micro-online learning as the difference in the number of correct key presses between
the last and first 10 seconds within the same repetition, while micro-offline learning
was computed by subtracting the number of correct key presses in the last 10 seconds of
the previous repetition from the first 10 seconds of the current repetition. The statistics
were computed by using a linear mixed model with stimulation and block as fixed
factors and subject as a random factor. Total learning was instead computed as the
difference in the number of correct key presses between the last repetition and the
first repetition over the whole session, and the difference between the two was tested
with a paired t test. For all three variables, we did not find any effect of the stimulation
(online: F(1,1547) = 1.98, p = 0.16, η2

p
= 0.001 [micro]; offline: F(1,1521) = 2.36, p = 0.12,

η2
p

= 0.002 [micro]; gain: t(13) = 0.23, p = 0.82, d = 0.06).

Furthermore, we looked at micro-online and micro-offline effects in Experiment 2
by extracting the number of correct key presses in the first and last 10 seconds of each
training block. For Experiment 1, we defined micro-online learning as the difference
in the number of correct key presses between the last and first 10 seconds within the
same block, while micro-offline learning was computed by subtracting the number
of correct key presses in the last 10 seconds of the previous block from those in the
first 10 seconds of the current block. In line with previous work (Maceira-Elvira et al.,
2022), we found a significant difference in offline learning between the young and older
cohorts (t(27) = -2.25, p = 0.033, d = -0.5), whereby the older cohort showed a reduced
offline learning. The linear mixed model with stimulation, block and population as
fixed factors and subject as a random factor, showed no effect of stimulation in either
learning measure (online: F(1,308) = 1.20, p = 0.27, η2

p
= 0.004 [micro]; offline: F(1,243) =

1.26, p = 0.26, η2
p

= 0.005 [micro]).
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Figure 2.S4: Micro-online learning, micro-offline learning and total gain in Experiment 1.
(a) Micro-online learning computed as the difference between the number of correct key presses, baseline corrected, in the last and
first 10 seconds within the same repetition. No significant difference was observed between stimulation protocols (F(1,1428) = 0.37,
p = 0.54, η2

p= 0.0003 [micro]). Shadow areas represent standard errors (SEs). (b) Micro-offline learning computed by subtracting
the number of correct key presses, baseline corrected, during the last 10 seconds of the previous block minus the ones during the
first 10 seconds of the current block. No significant difference was observed between stimulation protocols (F(1,1404) = 0.45, p =
0.50, η2

p= 0.0003 [micro]). Shadow areas represent standard errors (SEs). (c) Total gain computed as the difference between the
number of correct key presses, baseline corrected, during the last repetition of the task versus that during the first repetition. No
significant difference was observed between stimulation protocols (t(13) = 0.23, p = 0.82, d = 0.06).
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Figure 2.S5: Micro-offline learning, micro-online learning and total gain in Experiment 2.
(a) Micro-online learning, in the young cohort on the left and in the older cohort on the right, computed as the difference between
the number of correct key presses, baseline corrected, in the last and first 10 seconds within the same block. No significant
effect of stimulation was found (F(1,308) = 1.20, p = 0.27, η2

p= 0.004 [micro]). Shadow areas represent standard errors (SEs). (b)
Micro-offline learning, in the young cohort on the left and in the older cohort on the right, computed by subtracting the number
of correct key presses, baseline corrected, during the last 10 seconds of the previous block from those during the first 10 seconds
of the current block. No significant effect of stimulation was found (F(1,243) = 1.26, p = 0.26, η2

p= 0.005 [micro]). Shadow areas
represent standard errors (SEs). (c) Total gain, in the young cohort on the left and in the older cohort on the right, computed as
the difference between the number of correct key presses, baseline corrected, during the last block of the task versus that during
the first block. A significantly higher total gain was observed in the older cohort when tTIS was applied with respect to that in
response to HF control stimulation (V=96, p=0.04, d=0.76). No significant effect of stimulation was found in the young cohort
(V=40, p=0.28, d=-0.39).
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From these results, we cannot conclude that the stimulation acted preferentially on
either micro-offline or micro-online learning. Instead, it appears that the increase in
performance driven by tTIS was a result of a combination of both learning stages. It is
however important to highlight that the lack of specific effects could also be due to the
study design (such as the length of the sequence or duration of the blocks).

2.12.6 Imaging results – parametric modulation - supporting information

Set-level Cluster-level Peak-level x y z AAL3
p c pFWE-corr qFDR-corr kE puncorr pFWE-corr qFDR-corr T (ZE) puncorr

0.000 0.000 0.004 197 0.000 0.133 0.076 8.35 4.83 0 28 4 -4 Putamen_R
0.910 0.366 6.06 4.11 0 26 16 2 Putamen_R
0.985 0.530 5.58 3.92 0 28 4 10 Putamen_R

Table 2.S3: Summary of clusters showing stronger modulation of BOLD activity by behavioral performance within the right
striatum
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2.12.7 Motor performance at baseline or during pseudorandom sequences
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Figure 2.S6: Motor performance at baseline or during pseudorandom sequences.
(a) Comparison of baseline performance between tTIS and HF control stimulation in Experiment 1. No significant difference
was found (t(13)=0.29, p=0.78, d=0.08; Bayesian paired t test, BF10=0.28 [moderate evidence in favor of the null hypothesis
(H0)]). (b) Comparison of baseline performance between the first and second training sessions in Experiment 1. A significant
difference was found, with higher performance during the second session (t(13)=-3.35, p=0.005, d=-0.77; Bayesian paired t test,
BF10=9.769 [moderate evidence in favor of the alternative hypothesis (H1)]). (c) Comparison of baseline performance between
tTIS and HF control stimulation in Experiment 2; data for the young cohort are shown on the left and data for the older cohort
are shown on the right. No significant difference was found (young: t(14)=0.55, p=0.59, d=0.22; Bayesian paired t test, BF10=0.373
[anecdotal evidence for H0]; older: t(14)=-0.55, p=0.59, d=-0.21; Bayesian paired t test, BF10=0.368 [anecdotal evidence for H0]).
(d) Comparison of baseline performance between the first and second training sessions in Experiment 2; data for the young cohort
are shown on the left and data for the older cohort are shown on the right. No significant difference was found in the young cohort
(t(14)=-1.44, p=0.17, d=-0.34; Bayesian paired t test, BF10=0.620 [anecdotal evidence for H0]), while a marginally significant
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increase in performance was observed in the older cohort during the second session (t(14)=-2.10, p=0.05, d=-0.45; Bayesian
paired t test, BF10=1.439 [anecdotal evidence for H1]). (e) Comparison of performance during a pseudorandom motor sequence
between tTIS and HF control stimulation in Experiment 2; data for the young cohort are shown on the left and data for the
older cohort are shown on the right. No significant difference was found (young: V=53, p=0.72, d=-0.19; Bayesian paired t test,
BF10=0.29 [moderate evidence for H0]; older: V=82, p=0.23, d=0.44; Bayesian paired t test, BF10=0.56 [anecdotal evidence for
H0]). (f ) Comparison of performance during a pseudorandom motor sequence between the first and the second training session in
Experiment 2; data for the young cohort are shown on the left and data for the older cohort are shown on the right. No significant
difference was found (young: V=50, p=0.60, d=-0.10; Bayesian paired t test, BF10=0.269 [moderate evidence for H0]; older: V=32,
p=0.21, d=-0.17; Bayesian paired t test, BF10=0.292 [moderate evidence for H0]). In all violin plots, the white dot represents the
median value, the gray boxplot represents the interquartile range, and the line represents the 1.5 interquartile range. Bayesian
statistics were performed with JASP software (JASP, 2022) (version 0.16.4), with the default priors for paired t tests (Cauchy
distribution).

2.12.8 Evaluation of tTIS-associated sensations

Stimulation-associated sensations of tTIS and HF control stimulation were systemati-
cally studied and characterized, as they potentially impose a challenge for the blinding
integrity of controlled neuromodulation studies and might lead to bias (Gandiga et al.,
2006; Raco et al., 2014). The analysis of the reported sensations during the stimula-
tion tests preceding the main experiment (N=119) indicated a comparable level of
stimulation-associated sensations across the tested stimulation conditions (tTIS vs.
HF control) at the tested intensity levels (0.5 to 2 mA per stimulation channel). This
outcome was indicated by a nonsignificant stimulation condition x current strength
interaction (F(3,837.95)=0.06, p=0.98, η2

p
<0.001 [micro], BF10=0.001, [decisive evidence

for H0]), please see also Fig. 2.S7a&b. The subjective characterization of the quality of
the perceived sensations, as reported by the subjects, is listed in Tab. S6 below. Fur-
thermore, the postinterventional assessments of TI-associated sensations perceived by
the subjects during the intervention phases (fMRI plus stimulation or motor training
plus stimulation) revealed a similar frequency of the evaluated sensation categories
across the tested stimulation conditions (stimulation condition x sensation category
F(6,727.26)=0.73, p=0.63, η2

p
=0.006 [micro], BF10=0.0009 [decisive evidence for H0]),

please see Fig. 2.S7c&d. In an additional step, we systematically asked the subjects to
provide their best guess on the applied stimulation condition. The analysis of the tTIS
sessions suggested that in both Experiment 1 and Experiment 2, the frequencies of
correct and incorrect responses were not significantly different from each other (exact
binomial test for (i) rs-fMRI: p=0.55, (ii) task-based fMRI: p=0.75, (iii) young subjects in
the behavioral experiment: p=1.00, and (iv) older subjects in the behavioral experiment:
p=1.00). In conclusion, the analyses showed excellent blinding integrity of the novel
tTIS protocol with respect to the HF control condition.
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Figure 2.S7: tTIS-associated sensations.
(a&b) The frequency of reported sensations separated by their strength (none, mild, moderate, and strong) are depicted for the
tested current intensity levels (0.5, 1.0, 1.5, 2 mA per stimulation channel) during the stimulation-associated sensation tests
preceding a total of N=119 experimental sessions. No differences in perceived stimulation-associated sensations could be detected
when comparing the two tested conditions, tTIS and HF control, as indicated by a nonsignificant stimulation condition x
current strength interaction (F(3,837.95)=0.06, p=0.98, η2

p<0.001 [micro]). (c&d) Systematic evaluation of the perceived sensations
during the interventional sessions (N=118) revealed no stimulation condition-associated differences for the commonly tested tES
protocol-associated sensations (Antal et al., 2017) (stimulation condition x sensation category F(6,727.26)=0.73, p=0.63, η2

p=0.006
[micro]).
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2.12.9 Study participant selection criteria

Exclusion criteria

• Unable to consent

• Severe neuropsychiatric (e.g., major depression or severe dementia) or unstable
systemic diseases (e.g., severe progressive and unstable cancer or life-threatening
infectious diseases)

• Severe sensory or cognitive impairment or musculoskeletal dysfunctions pro-
hibiting instruction comprehension or experimental task performance

• Inability to follow or noncompliance with the procedures of the study

• Contraindications for noninvasive brain stimulation (NIBS) or MRI:

– Electronic or ferromagnetic medical implants/device; non-MRI compatible
metal implant

– History of seizures

– Medications that significantly interact with NIBS are benzodiazepines, tri-
cyclic antidepressants and antipsychotics

• Regular use of narcotic drugs

• Left-handedness

• Pregnancy

• Request to not be informed in case of incidental findings

• Concomitant participation in another trial involving neuronal plasticity probing.

2.12.10 Baseline characterization of participants

Baseline questionnaires:

• Demographic data (age, sex),

• Handedness (Edinburgh Laterality Test) (Oldfield, 1971),

• Sleep quality (Pittsburg Sleep Quality Index, PSQI) (Buysse et al., 1989),
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• Cognition (Frontal Assessment Battery, FAB) (Dubois et al., 2000) - for the older
cohort only,

• Cognition (MOntreal Cognitive Assessment, MOCA) (Nasreddine et al., 2005) -
for the older cohort only.

Experiment Age Sex Handedness PSQI FAB MOCA
#1 23.46 ± 3.66 8/15 females 87.68 ± 16.59 4.50 ±1.79 na na

#2 (older subjects) 66.00 ± 4.61 9/15 females 89.00 ± 14.47 3.47 ± 1.81 16.20 ± 2.11 27.67 ± 1.76
# 2 (young subjects) 26.67 ± 4.27 9/15 females 79.26 ± 23.82 5.67 ± 1.95 na na

Table 2.S4: Overview of participants’ characteristics.
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2.12.11 Questionnaire responses about attention, fatigue and sleepiness
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Figure 2.S8: Questionnaire responses about attention, fatigue and sleepiness.
(a) Subjects’ level of attention and fatigue during Experiment 1, quantified with a visual analog scale (VAS), ranging from 0 to
10. (i) Comparison of attention and fatigue levels between tTIS and HF control stimulation sessions, pre- and posttraining. No
significant difference was found (attention pre: V=54, p=0.95; attention post: t(13)=-0.06, p=0.95; fatigue pre: V=50.5, p=0.93;
fatigue post: t(13)=-0.24, p=0.82). (ii) Comparison of changes in attention and fatigue levels pre- and posttraining between tTIS
and HF control stimulation sessions. No significant difference was found (attention: V=45, p=0.66; fatigue: t(13)= -0.77, p=0.46).
(iii) Comparison of sleepiness, quantified with the Stanford Sleepiness Scale (SSS) (Hoddes et al., 1973), between tTIS and HF
control stimulation sessions before training. No significant difference was found (V=24, p=0.41). (b) Attention and fatigue level in
Experiment 2 in the young population; the same assessment method as in Experiment 1 was used. (i) Comparison of attention
and fatigue levels between tTIS and HF control stimulation sessions, pre- and posttraining. No significant difference was found
(attention pre:
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t(14)=0.54, p=0.60; attention post: t(14)=0.36, p=0.73; fatigue pre: V=68.5, p=0.65; fatigue post: V=63, p=0.89). (ii) Comparison of
changes in attention and fatigue levels pre- and posttraining between tTIS and HF control stimulation sessions. No significant
difference was found (attention: t(14)=-0.54, p=0.60; fatigue: t(14)=-1.02, p=0.32). (iii) Comparison of sleepiness between tTIS and
HF control stimulation sessions before training. No significant difference was found (V=16, p=0.24). (c) Attention and fatigue level
in Experiment 2 in the older population. (i) Comparison of attention and fatigue levels between tTIS and HF control stimulation
sessions, pre- and posttraining. No significant difference was found (attention pre: V=53, p=1; attention post: t(14)=0.06, p=0.95;
fatigue pre: V=65.5, p=0.78; fatigue post: V=56, p=0.85). (ii) Comparison of changes in attention and fatigue levels pre- and
posttraining between tTIS and HF control stimulation sessions. No significant difference was found (attention: V=35, p=0.48;
fatigue: t(14)=-1.55, p=0.14). (iii) Comparison of sleepiness between tTIS and HF control stimulation sessions before training. No
significant difference was found (V=22.5, p=0.64). In all violin plots, the white dot represents the median value, the gray boxplot
represents the interquartile range, and the line represents the 1.5 interquartile range.

2.12.12 Stimulation effects versus natural gain correlation

To investigate the hypothesis that stimulation effects depend on natural motor per-
formances, we investigated the relationship between the natural gain (gain during
the control stimulation) and the improvements in gain between iTBS-tTIS and the
control stimulation. We ran a linear model with both the young and older cohorts from
Experiment 2, and after performing outlier detection with Cook’s distance method,
a significant effect of natural gain was observed (please see Fig. 2.S9). More specifi-
cally, the lower the natural gain, the higher the stimulation effects on the gain (F(1) =
15.24416, p<0.001, η2

p
= 0.36).

HF control gain
1.00.5 2.01.5 3.02.5

1

0

-1

-2

-3

D
if
fe

re
n

c
e

 i
n

 g
a

in

3

2

Figure 2.S9: Correlation between HF control gain and tTIS improvement in gain.
Difference between tTIS-associated gain minus HF control-associated gain per subject versus the HF control associated gain
(natural gain). A significant effect of the natural gain was observed on the stimulation effect (F(1) = 15.24416, p<0.001, η2

p = 0.36).
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2.12.13 ContES Checklist

Technological factors

Manufacturer of the Stimulator
DS5 Isolated Bipolar Constant Current Stimulator (Digitimer Ltd, Welwyn
Garden City, UK).

MR Conditional Electrodes Round, 3 cm2 conductive rubber electrodes.

Electrode Positioning

F3>F4
TP7>TP8
A bandage is wrapped around the head to apply pressure and keep the
electrodes in place.
Electrodes are oriented in order to have vertical cables entering parallel
to the MRI coil.
Head was fixed with pillows to avoid movements.

MR Conditional Skin-Electrode Interface
Ten20 conductive paste (Weaver and Company, Aurora, CO, USA).

One or two drops of saline were added when impedance was too high.
Amount of Contact Medium (Paste/Gel/Electrolyte) Approximately 1 mm of paste was manually placed on the electrodes.

Electrode Placement
Visualization

Pictures

RF Filter
NeuroConn DC-STIMULATOR MR RF filter module with MRI-compatible
cables and electrodes (neuroConn GmbH, Ilmenau, Germany).

Wire Routing Pattern

10 m ethernet cables between the inner and outer box pass through a
conduit along the wall of the MRI room until reaching the back of the MRI
scanner. Cables are then fixed with straps on the ground and on the wall
of the MRI machine in order to avoid loops until reaching the interior of
the coil.
Cables between the head and the inner boxes were also fixed with straps
and they were oriented in order to minimize the magnetic field influence
as much as possible, as indicated by the red arrows in the image below.

tES-fMRI Machine Synchronization/Communication

Stimulation was triggered by the stimulus delivery PC via parallel port
to the BNC cable. The parallel port of the stimulus delivery PC was con-
nected to the DAQ controlling the stimulators.
The stimulus delivery PC, in turn, also received the scanner trigger from
the scanner via USB port.
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Safety and noise tests
MR Conditionality Specifics for tES Setting Please refer to the Section ªMethods: Imaging acquisitionº.

tES-fMRI Setting Test - Safety Testing

Impedances were checked before and after the stimulation.
No temperature tests were performed during the experiment.
Intensity titration was performed prior to entering the MRI scanner, test-
ing increasing currents (0.5, 1, 1.5 and 2 mA) and asking the subject to
report any type of sensation.
A sensation questionnaire was also completed at the end of the experi-
ment.

tES-fMRI Setting Test – Subjective Intolerance Reporting No intolerances were reported by any subject.

tES-fMRI Setting Test - Noise/Artifact
Signal-to-noise ratio (SNR) analyses were performed on the fMRI data;
please refer to the Section ªPreprocessing quality controlº below.

Impedance Testing

Impedance was checked right after electrode positioning outside the
scanner, and before and after the stimulation inside the scanner.
One or two drops of saline solution were added if impedance was higher
than 20 kΩ.

Methodological factors
Concurrent tES-fMRI Timing For timings, please refer to Fig. 2.1b in the main text of the manuscript.

Imaging Session Timing
All sequences were performed with tTIS electrodes placed on the subjects’
heads.

tES Experience Report
Please refer to the Section 2.12.8 ªEvaluation of tTIS-associated sensa-
tionsº above.

Table 2.S5: ContES Checklist.
Reporting on technological, safety and noise tests, and methodological factors based on the ContES Checklist. (Ekhtiari et al.,
2022)
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2.12.14 Evaluation of stimulation-associated sensations

Experiment HF control tTIS

#1

Tingling Tingling
Warm/Heat Warm
Burning
Shiver Shiver
Vibration Vibration
Pain Pain
Waves Waves
Itching Itching
Scratching Scratching
Pressure Pressure
Massaging Massaging
Tickling Tickling
Tiny needles Tiny needles

Slight touch
Stinging

#2

Young subjects: Young subjects:
Tingling Tingling
Pressure Pressure
Slight touch
Warm
Pinching Pinching
Tickling Tickling
Ants Ants/like a small insect moving
Massaging
Contracting Contracting
Pins and needles
Drilling Drilling
Vibration Vibration
Pulsating

Shiver
Goose bumps

Older subjects: Older subjects:
Warm Warm
Oscillation Oscillation
Tingling Tingling
Pain Tickling
Tickling Pressure
Pressure

Table 2.S6: tTIS-associated sensations - subjective quality based on subjects’ reports
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2.12.15 Preprocessing quality control

A threshold of 0.5 was chosen, and subjects showing more than 40% of voxels with
framewise displacement (FD) higher than this threshold were discarded. In the current
study cohort, no subject exceeded the limit value; thus, the whole dataset could be used.
Furthermore, successful cleaning of the data was ensured by visually checking the pre-
processing results. In particular, good registration between anatomical and functional
images and normalization to standard space were checked. The signal-to-noise ratio
analysis showed significantly higher tSNR values underneath the stimulating electrodes
(F(1,1323)=564.68, p<0.001, η2

p
=0.3 [large]), see Fig. 2.S10. This result indicates that the

stimulation did not introduce additional noise in the MR images, since this would have
led to lower SNR values. In summary, all controls confirmed the good quality of the
imaging data.
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Figure 2.S10: Signal-to-noise ratio analysis.
Total signal-to-noise ratio (tSNR) maps were created to investigate possible stimulation-induced artifacts. tSNR values were
obtained as the ratio between the mean and the standard deviation of the time series during each fMRI block for each subject.
An average value was then extracted from spheres with radii of 10 mm underneath each of the four stimulation electrodes and
underneath the other four control electrode positions (not used in the study). (a) tSNR average values are plotted for each of the
electrode-associated spheres. Stimulation electrodes showed higher tSNRs with respect to the control electrodes (F(1,1323)=564.68,
p<0.001, η2

p=0.3 [large]), indicating that no additional noise was introduced by the stimulation. (b) Images showing the position
of the chosen spheres underneath the used electrodes (in red) and underneath the control positions (in blue). In all box plots,
the crossbar represents the median value, colored areas represent the interquartile range, and the whiskers represent the 1.5
interquartile range.
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3.1 Abstract

Building on the suggested functional role of the hippocampal-entorhinal complex
(HC-EC) in spatial navigation, we aimed to reveal the causal relationship between
them in humans. To do this transcranial temporal interference electric stimulation
(tTIS), a novel noninvasive brain stimulation technique that allows to neuromodulate
deep brain structures, has been applied to the right HC-EC with either a continuous
or intermittent theta-burst pattern (cTBS- or iTBS-tTISHC-EC). To assess the impact
of the stimulation on both behavior and brain activity, tTIS was applied during a VR-
based spatial navigation task while acquiring fMRI. The present data show that spatial
memory recall was improved during iTBS-tTISHC-EC with respect to cTBS-tTISHC-EC.
Furthermore, fMRI analyses demonstrated that grid cell-like activity and hippocampal
connectivity were modulated by tTISHC-EC. Collectively, these data provide first causal
evidence that HC-EC activity in humans can be directly and noninvasively modulated
leading to corresponding behavioral changes. These findings support the view of a
causal functional role of the HC-EC for spatial navigation and provide evidence for
potential future avenues for enhancement of navigation behavior in humans.
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3.2 Introduction

Cognitive impairments affecting spatial navigation and memory are commonly ob-
served in the aging population (Head and Isom, 2010; Li and King, 2019; Moffat, 2009)
and in neurodegenerative conditions such as mild cognitive impairment, dementia and
especially in Alzheimer’s disease (Plácido et al., 2022; Vlček and Laczó, 2014). Deteriora-
tion of these functions highly influences daily life and autonomy of a person (Portegijs
et al., 2014). For this reason, efforts have been made to support spatial navigation and
memory functions (Fricke et al., 2022; Iordan et al., 2022) and to better understand the
underlying brain networks (Cona and Scarpazza, 2019). Through decades of research
in animals and humans, these functions have been suggested to functionally depend
on the medial temporal lobe (MTL), including hippocampus, perirhinal, entorhinal,
and parahippocampal cortices (Byrne et al., 2007; Scoville and Milner, 1957; Squire,
2009). Especially, the hippocampal-entorhinal complex (HC-EC) in MTL has been
suggested as a core region for spatial cognitive functions, harboring the famous place
and grid cells (Buzsáki and Moser, 2013; Byrne et al., 2007; Hafting et al., 2005; Moser
et al., 2008; Moser et al., 2015; O’Keefe and Dostrovsky, 1971; Rowland et al., 2016).
The former were identified based on their property of firing at a specific location in
the space. The latter were characterized by a geometrically arranged firing pattern,
creating an hexagonal grid. Together with additional specialized cells, place and grid
cells are thought to create a map of the environment, supporting spatial navigation and
memory. Whilst these findings were well characterized in animal studies, translation to
humans has been challenging. Recently, Doeller et al. (Doeller et al., 2010) introduced
the possibility of observing grid cell-like representation (GCLR) in humans in a nonin-
vasive, associative way, via functional magnetic resonance imaging (fMRI), which has
been reproduced and established through following human studies (Constantinescu
et al., 2016; Kunz et al., 2015; Stangl et al., 2018). Nonetheless, further investigations
are needed to address the causal role of the HC-EC complex and grid cell-like activity
in human spatial cognitive functions.

Noninvasive brain stimulation (NIBS) is a promising method to modulate neural
activity and probe causal relationships between the targeted regions and associated
brain activity or behavior (Wagner et al., 2007). This could hence be used to reveal
important causal implications of the HC-EC in spatial cognitive functions. However,
conventional NIBS methods, including transcranial electrical stimulation (tES) and
transcranial magnetic stimulation (TMS) are not able to reach the MTL, located in
depth in the brain, in a focal way due to their steep depth-focality tradeoff. In fact,
an increase in stimulation intensities to reach target regions more in depth will un-
equivocally lead to significant concomitant stimulation of overlying cortical areas (Lee
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et al., 2020). Transcranial temporal interference electric stimulation (tTIS) is a novel
NIBS technique proposed by Grossman and colleagues (Grossman et al., 2017), able
to overcome this limitation of a steep depth-focality tradeoff distinctive of current
NIBS techniques. tTIS employs two pairs of electrodes delivering electrical currents
at a frequency outside the natural neuronal range, hence not affecting brain activity
(Grossman et al., 2017; Hutcheon and Yarom, 2000). However, by applying a frequency
shift between the two pairs, the superposition of the currents creates an envelope
oscillating at a frequency equal to the difference of the original ones and within the
natural neuronal range, hence able to influence neuronal activity. The amplitude of
the envelope can be maximized in deep brain regions, whilst minimized in the over-
lying tissues (Grossman et al., 2017). The peak can be steered by changing electrode
positions and the relative current intensity between the two channels (Gomez-Tames
et al., 2021). This makes tTIS an extremely promising method to focally modulate deep
brain regions noninvasively and focally specific.

Application of bursts in the theta frequency range has been highly used in the
NIBS field, particularly in TMS. The protocol was initially proposed to mimic the
natural hippocampal theta rhythms and showed the ability of inducing long-term
potentiation (LTP) and depression (LTD) effects in animal brain slices (Larson and
Lynch, 1986). Based on the robust results obtained in vitro, the stimulation protocol has
been translated to humans by means of TMS. In this context, theta burst stimulation
(TBS) has been frequently applied either in an intermittent or continuous fashion,
iTBS and cTBS respectively (Brownjohn et al., 2014; Goldsworthy et al., 2016; Huang
et al., 2005; Suppa et al., 2016). The two protocols originally showed opposite effects in
cortical layers, with iTBS inducing LTP and cTBS leading to LTD effects (Huang et al.,
2005). However, the depth-focality tradeoff characterizing current NIBS techniques
prevented the investigation of iTBS and cTBS effects on subcortical structures such as
the hippocampus (similar to the original slice work) noninvasively in healthy humans.
Recently, iTBS patterned tTIS showed first promising results by successfully modulating
subcortical structures (namely, the striatum (Wessel et al., 2022)), which makes it an
ideal candidate to target spatial cognitive functions.

Building on these findings, the current work aimed at investigating the causal link
between HC-EC activity including GCLR and spatial navigation/memory performance
in humans. This was achieved by noninvasively targeting HC-EC with tTIS (tTISHC-EC)
while participants performed a VR-based navigation task in the MRI scanner, which
previously demonstrated to enable extraction of GCLR activity (Moon et al., 2022).
Two active protocols, namely iTBS-tTISHC-EC and cTBS-tTISHC-EC, were applied and
compared to a tTIS control stimulation (ctrl-tTISHC-EC). tTISHC-EC showed the ability to
modulate spatial memory recall, correlated with the effects on hippocampal activity.
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Furthermore, tTISHC-EC led to significant changes in GCLR activity within the EC and
hippocampal connectivity toward other regions of the spatial navigation network.

3.3 Results

3.3.1 tTISHC-EC associated changes during spatial navigation

Our first aim was to investigate the effects of iTBS-tTISHC-EC and cTBS-tTISHC-EC on
behavioral performance during the spatial navigation task compared to the control
condition (ctrl-tTISHC-EC). First, we assessed the effect of tTIS on distance error (i.e., the
distance between the recalled location and the correct location) and trial time (time
participants spent per trial). The former represents the accuracy of spatial memory,
whilst the latter is a measure of temporal efficiency during the task. Distance error did
not differ across the three conditions (Fig. 3.1a; F = 0.41). However, we found that the
trial time was shorter in the iTBS-tTISHC-EC condition compared to the cTBS-tTISHC-EC

condition (Fig. 3.1b; t(2745) = 2.42, p = 0.04, d = -0.11). Because the navigation speed
was fixed during the task, the shorter trial time could be due to 1) shorter navigation
path and/or 2) reduced delay until the actual movement starts (i.e., departure time).
We further scrutinized both possibilities that could contribute to the faster trial time
observed in the iTBS-tTISHC-EC condition. While we did not find a significant difference
in navigated distance per trials (Fig. 3.1c; F(2,2745) = 0.43, p = 0.65), we found that
participants departed earlier during iTBS-tTISHC-EC than cTBS-tTISHC-EC (Fig. 3.1d;
t(2745) = 3.79, p < 0.001, d = -0.18) and ctrl-tTISHC-EC (t(2745) = 2.42, p = 0.04, d = -0.11).
Confirming that the earlier departure time underlay the shorter trial time we observed,
the net trial time after the departure did not differ across conditions (F(2,2745) = 0.59,
p = 0.55). These results suggest a hastened spatial memory recall in the iTBS-tTISHC-EC

condition.
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Figure 3.1: Changes in the behavioral performance and grid cell-like representation (GCLR) associated with tTIS targeted on
the right hippocampal-entorhinal complex. For the visualization of the behavioral performance, the participant-wise mean
in either of active TBS-tTISHC-EC was normalized with respect to the performance in the control condition, to better visualize
within-participant effect of the active stimulation compared to the control. However, the statistical assessment was performed
by using the dedicated mixed-effect models with the trial-wise data points. (a,c) We could find significant difference neither in
distance error (i.e., distance between the correct and recalled location; indexing the precision of spatial memory) nor in navigated
distance per trial (possibly reflect an efficiency of the navigation path). (b) The time our participants spent per trial was shorter
in iTBS-tTISHC-EC than cTBS-tTISHC-EC (p = 0.04), but did not differ from the control. (d) Further analysis on departure time
(i.e., time duration until a participant started movements to the recalled location) revealed that shorter trial time in iTBS than
cTBS-tTISHC-EC stemed from the shorter departure time in iTBS-tTISHC-EC (than cTBS-tTISHC-EC, p < 0.001; than control, p = 0.04).

3.3.2 GCLR changes by tTISHC-EC and correlation between the behavior per-

formance

We investigate brain activity changes associated with the tTISHC-EC targeted on the right
HC-EC, which might account for the navigation performance changes we observed
(i.e., departure time). First, with a priori hypothesis that GCLR in EC is closely related
to spatial cognitive processes during the spatial navigation task, we estimated and
compared GCLRs across the stimulation conditions. We found GCLR significantly
greater than 0 during ctrl-tTISHC-EC (n = 28, r = 0.48, p = 0.009) as demonstrated in
previous GCLR studies using similar tasks (Doeller et al., 2010; Kunz et al., 2015; Moon
et al., 2022). This strongly suggests that ctrl-tTISHC-EC does not have a disruptive effect
on the well characterized task-related entorhinal grid-like activity. Notably, GCLR was
not significantly greater than 0 in the iTBS-tTISHC-EC condition (n = 28, r = 0.003, p =
0.99) and the cTBS-tTISHC-EC conditions (n = 28, r = 0.049, p = 0.40). Comparing GCLRs
between the conditions, we found that GCLR during ctrl-tTISHC-EC was greater than
iTBS-tTISHC-EC (n = 28, r = 0.72, p < 0.001) and cTBS-tTISHC-EC (r = 0.39, p = 0.019).
Also, GCLR during iTBS-tTISHC-EC was even lower than cTBS-tTISHC-EC (r = 0.36, p =
0.030). The results demonstrated that active tTIS targeting the hippocampal-entorhinal
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complex could alter the characterized hexadirectional code (i.e., grid cell-like activity)
in the EC.

We further assessed whether the difference in GCLR induced by the TBS conditions
could account for the changes in the departure time. We did not find significant cor-
relations between these factors across participants (F(1, 134.9) = 1.56, p = 0.21, η2

p
=

0.01). To simultaneously visualize the with-in participant effect of the tTIS on both
GCLR and departure time, we calculated participant-wise GCLR changes in either
iTBS-tTISHC-EC and cTBS-tTISHC-EC condition with respect to ctrl-tTISHC-EC condition,
and paired them with the changes in the departure time, which were also calculated per
TBS condition with respect to ctrl-tTISHC-EC condition (Fig. 3.2c). The results demon-
strated that decrease in both GCLR and departure time compared to ctrl-tTISHC-EC

condition was significantly clustered together in iTBS-tTISHC-EC condition (rayleigh test
for non-uniformity; r = 0.49, p < 0.001), while there were no significant co-occurence
in the cTBS-tTISHC-EC condition (r = 0.29, p = 0.10). Therefore, interestingly, the de-
creased GCLR was associated with the prompted departure during the task in the iTBS-
tTISHC-EC, while not in the cTBS-tTISHC-EC condition. These results showed that GCLR
could not solely account for the difference in the trial time between iTBS-tTISHC-EC

and cTBS-tTISHC-EC, strongly suggesting alternative brain mechanisms in the HC-EC
area that were affected by active TBS stimulations.
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Figure 3.2: Changes in the grid cell-like representation (GCLR) associated with the tTIS targeted on the right hippocampal-
entorhinal complex. (a) GCLR was significantly greater than 0 in the control condition (p = 0.009). Contrarily, GCLR was not
greater than 0 in in iTBS-tTISHC-EC (p = 0.99) and in cTBS-tTISHC-EC (p = 0.40). GCLR during the control was greater than GCLR
during both iTBS-tTISHC-EC (p < 0.001) and cTBS-tTISHC-EC (p = 0.019). GCLR in iTBS-tTISHC-EC condition was even lower than
GCLR in cTBS-tTISHC-EC condition (p = 0.030). (b) As a control analysis, we assessed other multi-fold symmetries (4,5,7-fold) than
6-fold (i.e., GCLR results in panel E). We found that only 6-fold symmetry in the control condition was significant, confirming
validity of our GCLR data. (c) We visualized how GCLR and departure time changed by either of the TBS-tTISHC-EC conditions
with respect to the control condition for each participant. The plot showed significant co-occurence of decrease in both GCLR and
departure time iTBS-tTISHC-EC compared to the control (green arrow). In contrast, in cTBS-tTISHC-EC condition, changes in GCLR
and departure time was not significantly clustered (i.e., uniformly distributed; red arrow). (d) Correlation between the difference
in departure time between iTBS-tTISHC-EC and cTBS-tTISHC-EC versus the difference in averaged BOLD activity within the right
hippocampus between iTBS-tTISHC-EC and cTBS-tTISHC-EC. A significant correlation was found (r = -0.55, p = 0.01), indicating the
higher the BOLD activity during iTBS-tTISHC-EC versus cTBS-tTISHC-EC is, the faster the participants were recalling the position of
the object to start to navigate.
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3.3.3 Whole brain and ROI based BOLD activity

As a first step, the regions involved in the navigation task, with respect to the stationary
periods, were derived via a GLM over the whole brain, during the ctrl-tTISHC-EC. As
expected, both cortical motor regions such as left supplementary motor area, left
precentral gyrus, and spatial navigation regions, right precuneus, lingual gyrus (in
the calcarine or superior parietal cluster), were showing navigation-related activity.
All the significantly involved regions are reported in Table 3.S1 in the SOM. We then
firstly looked into possible stimulation effects on different cognitive modes: navigation
and cue+retrieval. To do so, we implemented a flexible factorial design with subject,
stimulation and block as factors and then computed t tests on the contrasts between
the stimulation conditions. No significant differences were found for these analyses.

As a second step, we extracted the activity within the right HC and the right EC
in order to better investigate stimulation effects on the targeted regions. We run a
linear mixed-effects model with stimulation, cognitive mode and roi as fixed factors,
and subject as random factor. A significant effect of the cognitive mode (F(1, 319) =
82.84, p < 0.001, η2

p
= 0.21) and the roi (F(1, 319) = 13.98, p < 0.001, η2

p
= 0.04), together

with a significant cognitive mode:roi interaction (F(1, 319) = 12.61, p < 0.001, η2
p

=
0.04) was found. The interaction was driven by a significant higher activity within the
hippocampus with respect to the EC during the cue+retrieval periods (t(319) = -5.155,
p < 0.001, d = -0.77), but not during navigation (t(319) = -0.13, p = 0.89, d = -0.02). No
stimulation effects were found (F(2, 319) = 1.39, p = 0.25, η2

p
< 0.001).

Because of the greater involvement of the hippocampus with respect to EC in the
cue+retrieval period, we next focused on this region to explore possible correlations
with behavior. Behavioral differences associated with iTBS-tTISHC-EC with respect to
cTBS-tTISHC-EC were not coherent with the changes in GCLR, hence we aimed at fur-
ther exploring whether right hippocampal BOLD activity could explain the difference
in average departure time between these stimulation conditions. We computed the
correlation with both cue+retrieval and navigation-related BOLD activity. Because
the period of departure time is included specifically in the cue+retrieval phase, we
expected a significant effect during this phase, but not during general navigation. In
line with our hypotheses, we found a significant correlation (r = -0.55, p = 0.01) when
considering the cue+retrieval BOLD activity, also depicted in Fig. 3.2d, but not with the
navigation-associated activation (r = 0.06, p = 0.75). The significant reduction of the
departure time driven via iTBS-tTISHC-EC could hence be explained by the difference
in right hippocampal brain activity during the cue+retrieval periods: the higher the
BOLD activity in iTBS-tTISHC-EC than cTBS-tTISHC-EC is, the faster the subject retrieved
the information about the object location.
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3.4 tTIS associated changes in effective hippocampal connec-

tivity

The process by which a grid-like code emerges in the human brain (e.g., which brain
regions the relevant inputs are from? how they are integrated?) has not yet been com-
pletely understood. Based on the well-known interplay within the spatial navigation
network, we assessed possible effects of tTISHC-EC on hippocampal connectivity to-
ward other regions in the network and tested whether the changes were related to
the GCLR changes we observed. Generalized psychophysiological interaction (gPPI)
connectivity associated to the cue+retrieval phase was computed within the following
regions of the spatial navigation network, defined based on (Boccia et al., 2014; Julian
et al., 2018; Krogh et al., 1989; Moon et al., 2022): hippocampus, entorhinal cortex
(EC), parahippocampal gyrus, retrosplenial cortex (RSC), precuneus, lingual gyrus and
ventromedial prefrontal cortex (vmPFC). Subject-specific masks were created around
the individual peak of the seed-based right hippocampal connectivity, please refer
to Fig. 3.3a. Individual gPPI matrices were then extracted and connections from the
hippocampus toward the rest of the network were isolated in the right hemisphere. A
factor network was added (MTL, including hippocampus, EC and parahippocampal
gyrus (Squire et al., 2004), and SpNav, including precuneus, lingual gyrus, vmPFC and
RSC). A linear mixed model was run with stimulation and network as fixed factors
and subject as random factor. A significant main effect of the stimulation (F(2, 505) =
10.77, p < 0.001, η2

p
=0.04) and of the network (F(1, 505) = 4.78, p = 0.03, η2

p
= 0.009) were

found. The former was driven by the significant higher connectivity observed during
ctrl-tTISHC-EC with respect to the two active protocols (cTBS-tTISHC-EC - ctrl-tTISHC-EC:
t(505) = -4.35, p < 0.001, d = -0.49, ctrl-tTISHC-EC - iTBS-tTISHC-EC: t(505) = 3.57, p =
0.001, d = 0.40). The latter highlighted a higher connectivity of the hippocampus toward
the spatial navigation related areas outside the MTL with respect to within the MTL
(t(505) = -2.19 p = 0.03, d = -0.20). These results are presented in Fig. 3.3b. Finally, we
tested whether the change in connectivity was related to the GCLR activity, and no
significant correlation was found (for more details, please refer to the SOM section
3.7.2 ªGPPI connectivity and GCLR correlationº). Taken together, these results point
toward an unspecific effect of tTISHC-EC with respect to the control stimulation. Active
stimulation led to a decreased hippocampal connectivity which was not correlated
with the changes in behavior or GCLR.
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Figure 3.3: Generalized Psychophysiological Interaction (gPPI) connectivity results. (a) Procedure to extract individualized ROIs
within the MTL and outside MTL, but being part of the spatial navigation network (SpNav). On the top left part of the panel,
seed-based connectivity of the right hippocampus is shown at the group level during the control condition. By creating spheres
of 3mm radius around the individual peak connectivity within the corresponding BNA atlas mask, the following regions were
defined: hippocampus, entorhinal cortex, parahippocampal gyrus, retrosplenial cortex, precuneus, lingual gyrus and vmPFC.
The first three were assigned to the MTL network, whilst the last four were defined as the SpNav network, as it can be seen in the
bottom part of the panel. Finally, the gPPI effective connectivity was computed and compared between the three stimulation
protocols (top right image). (b) Average gPPI connectivity during cue+retrieval periods from the right hippocampus to the regions
of the ipsilateral MTL and SpNav network. A general significant effect of the stimulation was found (F(2, 505) = 10.77, p < 0.001,
η2

p=0.04) with iTBS and cTBS-conditions showing lower hippocampal connectivity. A significant effect of the network was also
observed (F(1, 505) = 4.78, p = 0.03, η2

p= 0.001), driven by higher hippocampal connectivity towards areas outside the MTL with
respect than within the MTL network.
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3.5 Discussion

This study aimed to investigate the causal functional role of the HC-EC for spatial
navigation in humans by testing whether noninvasive TBS- tTISHC-EC can modulate
the right HC-EC complex during a spatial navigation task with respective behavioural
changes. For behavioral effects, we found that iTBS-tTISHC-EC stimulation led to shorter
delays before navigation than cTBS-tTISHC-EC stimulation, indicating a faster spatial
memory recall. GCLR was significantly decreased in both iTBS-tTISHC-EC and cTBS-
tTISHC-EC compared to ctrl-tTISHC-EC condition. However, the stimulation-induced
changes in GCLR could not fully account for the changes in navigation behavior (i.e., de-
parture time), suggesting that alternative brain mechanisms affected by TBS-tTISHC-EC

were underlying the behavioral change. As expected, fMRI analyses revealed that right
hippocampal activity difference between iTBS-tTISHC-EC and cTBS-tTISHC-EC during
the relevant cognitive modes (i.e., Cue + Retrieval) was significantly correlated with
their difference in departure time. In addition, connectivity analysis demonstrated
that active tTISHC-EC has a broad impact on reducing the hippocampal connectivity
compared to ctrl-tTISHC-EC condition.

Our results demonstrated that iTBS-tTISHC-EC on the right HC-EC improved spatial
navigation task performance, showing a shorter trial time compared to cTBS-tTISHC-EC.
Further analyses revealed that the shorter trial time stemmed from the reduced delay
time until the start of actual movements (i.e., departure time) rather than a more
efficient (i.e., shorter) navigation path. Of note, the departure time in iTBS-tTISHC-EC

was shorter even than the control condition, suggesting an enhanced spatial navigation
and memory function through direct electrical stimulation of human HC-EC regions.
However, we found effects of TBS-tTISHC-EC neither on distance errors, indexing spatial
memory precision, or on navigated distance per trial, reflecting efficiency of spatial
navigation. These results suggest that the positive behavioral effect of iTBS-tTISHC-EC

on HC-EC was specifically on the faster recall of spatial memory, rather than other
spatial cognitive processes during the task.

In humans, previous studies investigating the causal role of the HC-EC complex in
spatial navigation were limited to invasive techniques, applying Deep Brain Stimulation
(DBS) on already implanted patients. Contrasting results were reported, with 50 Hz
stimulation leading to both improved (Suthana et al., 2012) or impaired spatial memory
(Goyal et al., 2018; Jacobs et al., 2016). The opposite behaviors could be explained by
differences in the design of the experiments, differentially involving the MTL and
associated network. In studies showing impairments of spatial memory for instance
subjects were required to rely more on allocentric than egocentric processing (Jacobs
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et al., 2016) and performance was shown to be altered depending on the relative
location of the objects with respect to borders (Goyal et al., 2018). Hence, it can be
hypothesized that the same stimulation could specifically target processes based on
their involvement in the performed task. Of note, in our study we applied theta-bursts
patterned stimulation in contrast to the 50 Hz stimulation used in the aforementioned
studies, which could engage different mechanisms. Duration of the stimulation was
significantly larger including both encoding and retrieval periods. Furthermore, current
intensities are hard to compare since stimulation was delivered at the level of the scalp
versus electrodes directly placed in the targeted structures. Whilst current results are
in line with the conclusion that the HC-EC complex is important in spatial navigation
functions, discrepancy in the behavioral effects could be related to the differences in
the experimental design and stimulation parameters listed above.

In the current study, we observed that both TBS-tTISHC-EC conditions significantly
decreased entorhinal GCLR. To the best of our knowledge, this is the first human study
that modulated GCLR by directly stimulating the brain noninvasively. Our results
suggest that GCLR signals could emerge through delicate neural processes where
the HC-EC is deeply involved in, and even sub-threshold electrical stimulation on
the region could alter the grid code. The hexadirectional firing patterns of grid cells
(i.e., grid code) could originate from the interconnection of multiple neurons in the
regions, but not if their activities were manipulated by external stimuli. Also, non-
significant GCLR based on fMRI should be carefully interpreted (Doeller et al., 2010),
because either shearing-induced asymmetry (Stensola et al., 2015) or unstable grid
orientations (Doeller et al., 2010; Kunz et al., 2015; Moon et al., 2022) as well as the
actual disappearance of the grid cell-like modulation can lead to weaker fMRI-based
GCLR. Thus, further follow-up studies using depth electrodes in MTL are required to
scrutinize the GCLR changes we observed.

At first glance, the decreased GCLR induced by iTBS-tTISHC-EC seems surprising,
as we observed improved behavioral performance in the same condition. However, in
previous studies, a magnitude of GCLR was often not directly related to the navigation
or memory performance in a similar navigation task (Bierbrauer et al., 2020; Kunz
et al., 2015; Moon et al., 2022; Stangl et al., 2018). Rather, GCLR has been related to the
performance of path integration, which is known to be an important role of grid cells
(Bierbrauer et al., 2020; Stangl et al., 2018). Also, importantly, in Kunz et al. (2015) (Kunz
et al., 2015), hippocampal activity has been suggested as a compensatory mechanism of
reduced GCLR in the group with genetic-risk for Alzheimer’s disease, which maintained
their spatial memory precision equivalent to the healthy controls. In line with this
observation, the compensatory mechanisms would justify the positive correlation
between hippocampal activity and the faster performances during iTBS-tTISHC-EC with
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respect to cTBS-tTISHC-EC, despite the reduced GCLR.

This correlation was observed during the cue+retrieval phase only, but not during
the general navigation, suggesting specificity of tTISHC-EC‘ effects. In previous literature,
most of the studies investigated correlations between hippocampal activity and mem-
ory performance measured via the distance error (Hartley et al., 2003; Ohnishi et al.,
2006), whilst the departure time has been rarely examined. However, it was also shown
that after the initial exploration period which highly depends on the hippocampal
activity, during retrieval, the hippocampus is engaged in the planning of goal-directed
navigation by remembering prior experiences in space (Brown et al., 2016). This is used
in the planning or alterations of routes during the initial part of the retrieval process
(Spiers and Maguire, 2006, 2008). Therefore, the iTBS-tTISHC-EC condition could lead
to a faster recall of the position of the target and a faster navigation planning by simul-
taneously having a dual effect on grid cells and hippocampal activity. iTBS-tTISHC-EC

would lower GCLR whilst supporting the natural hippocampal activity. Our results do
not support a correlation of hippocampal activity with spatial navigation performance
measured by distance error. Of note, the design used in the experiment was chosen to
extract the GCLR activity as the main outcome, and it is less optimal for the block de-
sign analysis we applied for these results. This could explain the lack of clear activation
clusters in the hippocampus in the whole-brain investigation, already observed in this
kind of design (Moon et al., 2022), and the null effect of the stimulation on the average
ROI activity.

To further assess possible stimulation effects on the hippocampus which could
explain the behavioral difference, we investigated whether tTISHC-EC could act on the
hippocampal task modulated connectivity. Based on individually defined spherical
ROIs centered around the main hubs of the spatial navigation network, both iTBS-
tTISHC-EC and cTBS-tTISHC-EC showed lower connectivity with respect to control. This
effect can be found in right hippocampal connectivity toward regions within and out-
side the MTL. One explanation could be a non-specific effect of the high frequency
component present in both active stimulation conditions. However, our data do not
support this conclusion, since the effect of the stimulation was not different in sub-
jects receiving sham versus subjects receiving high-frequency control stimulation
(please see 3.7.7 in SOM). Previous studies showed how opposite plasticity effects
can be obtained based on the activity states of the hippocampus (Dong et al., 2008).
Time-specific stimulation effects acting on Schaffer and commissural activity, both
projecting to the CA1 compartment of the hippocampus, induced LTP or concomi-
tant LTP- and LTD-like plasticity depending on the relative activation timing. Hence,
one can speculate that both active tTISHC-EC conditions would affect hippocampal
activity via different pathways depending on the applied protocol. This could result
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in a differential involvement of distinct neural populations, relevant in the process of
recalling, without resulting in a macroscopic effect visible in the fMRI recording. The
stimulation-induced changes could however similarly impact the relationship with
subsequent nodes of the network, hence inducing the observed connectivity and GCLR
variations.

How does theta-burst patterned tTISHC-EC act on the hippocampus? In the hip-
pocampus, LTP and LTD have been mainly studied in the pyramidal cells of the sub-
region CA1. These cells show in fact an NMDA receptor-dependent LTP-like plasticity,
which was demonstrated to underlie spatial navigation functions (Cobar et al., 2017;
Moore et al., 2021). Stimulation of CA1 and CA3 was shown to modulate place cell
activity (Dragoi et al., 2003) and support place cell stability (Kentros et al., 1998). Addi-
tionally, LTP can result in a modulation of behavior-related firing, without acting on the
global firing rate (Dragoi et al., 2003). The effect of iTBS-tTISHC-EC and cTBS-tTISHC-EC

observed in this study could potentially be explained by an optimal/sub-optimal re-
arrangement of the place cell representation via induced LTP or LTD-like plasticity.
This could lead to the observed behavioral modulation, despite the lack of significant
changes in the averaged hippocampal BOLD activity. The iTBS-tTIS protocol was al-
ready shown to support brain activity, potentially via LTP-like plasticity effects, when
applied to the striatum (Wessel et al., 2022). Unfortunately, because of the different
anatomical and functional properties of the two structures, there is no straightforward
translation from the mechanisms underlying one or the other stimulation. Oscillatory
tTISHC-EC was also already applied to the hippocampal regions during a face-name
association task (Violante et al., 2022), with a symmetric montage with respect to the
one used in the current study (to target the left hippocampal complex instead of the
right one). This work confirmed the feasibility of targeting the hippocampus in a focal
manner via both cadavers and fMRI experiments. The current study further supports
the ability of tTISHC-EC to reach deep structures and in particular the right hippocampal
complex.

Nonetheless, the current study presents some limitations that should be considered
for interpretation of the results. As mentioned above, the experiment was not con-
ceived for a block design analysis and both BOLD and gPPI analysis considered either
navigation or cue+retrieval periods as blocks. This implies that the activity during
these phases was not compared to a traditional resting period and could hence hide
activation of regions already partially engaged between the blocks. Future studies not
investigating GCLR should be adapted to better study tTISHC-EC effects on hippocampal
complex activity. In this case, more specific research questions could be addressed,
such as differences between encoding from retrieval periods. Previous studies show
in fact a differential engagement of the anterior and posterior MTL based on spatial
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navigation phases and conditions (Fritch et al., 2021; Kühn and Gallinat, 2014). Hence,
it would be interesting to further investigate whether tTISHC-EC could be steered to
support the respective role of each subcompartment.

An additional limitation of the current results, even though promising, is that they
do not provide direct evidence of a focal effect of the stimulation, since no changes in
either BOLD or connectivity measures were found in the target region only. This could
be due to either the current study design or to a low focality of the stimulation. Because
the same montage (symmetrically inverted between right and left) was demonstrated
to focally reach the hippocampus in a previous work from Violante et al. (Violante et al.,
2022), the first explanation would be more likely.

However, the question about focality remains open, with several aspects which
could be further optimized. Firstly, the electrode locations have been chosen by mod-
eling the tTISHC-EC fields on a head template. Personalized modeling including the
individual anatomy would provide more precise outcomes (Lee et al., 2020; von Conta
et al., 2021). Secondly, several studies showed that increasing the number of electrode
pairs could also significantly improve focality (Cao and Grover, 2019; Huang et al., 2020;
Lee, Park, Choi, Lee, et al., 2022; Song, Zhao, et al., 2021; Xiao et al., 2019).

Overall, the current study is an important step supporting the possibility of focally
reaching deep brain structures in humans with a noninvasive brain stimulation tech-
nique, namely tTIS. Here we showed successful modulation of the HC-EC whilst the
region was engaged in a spatial navigation task. Most importantly, the brain changes
were reflected in behavioral effects, inducing either slower or faster spatial memory
recall, depending on the employed stimulation protocol. This represents a first promis-
ing step encouraging further investigations to better understand and apply tTIS in a
focal and functional way. Furthermore, behavioral modulation of spatial navigation
behavior sets the ground for future translation of the stimulation technique toward
rehabilitation purposes.
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3.6 Methods

3.6.1 Participants

Thirty young healthy subjects were enrolled in the current study (right-handed, 16
females, 23.63 ± 4.07 years old). Participants were naive to the purpose of the investi-
gation, and gave their informed consent following the Declaration of Helsinki (2013).
The study was approved by the Cantonal Ethics Committee Vaud, Switzerland (project
number 2020-00127). Inclusion and exclusion criteria are detailed in 3.7.3 in SOM.

3.6.2 Transcranial Temporal Interference Electric Stimulation (tTIS)

tTIS was applied as low intensity transcranial electric stimulation via two isolated
constant current sources (DS5 Isolated Bipolar Constant Current Stimulator, Digitimer,
Letchworth Garden City, UK) (Antal et al., 2017; Grossman et al., 2017). The electrodes
montage was adapted from Violante et al. (Violante et al., 2022), inversing right and left
electrodes in order to target the right hippocampus. The final montage consisted of
two pairs of electrodes placed in proximity to the P7-CP8 and Fp1-FT8 EEG 10-20 elec-
trode positions (Seeck et al., 2017). The following stimulation parameters were applied:
sinusoidal waveform, current intensity per channel 2 mA (baseline-to-peak), carrier
frequency 2 kHz, fade-in/out interval 5 s, 3 cm2 circular conductive rubber electrodes
with conductive paste. Subjects received three different stimulation protocols: inter-
mittent theta burst stimulation (iTBS, 2 s train every 10 seconds, each train composed
of 10 bursts at 5 Hz, each burst containing 3 pulses at 100 Hz), continuous theta burst
stimulation (cTBS, bursts at 5 Hz, each burst containing 3 pulses at 100Hz applied in
a continuous fashion) and a control stimulation. The first two patterned stimulation
protocols (Huang et al., 2005; Kunz et al., 2016; Larson and Munkácsy, 2015) (see Fig.
3.4) were achieved by applying a frequency shift in a time precise manner comparable
to (Wessel et al., 2022). The control stimulation consisted in a pure kHz-frequency
stimulation without any frequency shift, hence resulting in a flat envelope comparable
to (Wessel et al., 2022). Sixteen subjects received it during the whole duration of the
task, whilst 14 subjects received it for 10 seconds at the beginning of the task (ramp up
and ramp down only). An impedance check was performed right after placement of
the electrodes, right before the beginning of the task, and at the end in order to verify
good contact between electrodes and skin. A sensation test was performed before the
beginning of the task in order to familiarize the subjects with the current sensation
(please see Supplementary material section 3.7.5 ªBlindingº). Each of the three proto-
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cols were applied starting with a current of 0.5 mA baseline-to-peak per channel and
gradually increased until 2 mA with a step of 0.5 mA. Participants were asked to report
any kind of sensations and to evaluate the strength (mild, moderate or strong) and the
type.
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Figure 3.4: Set-up and protocol. (a) Temporal interference stimulation concept. Two pairs of electrodes are placed on the head
and deliver two high frequency currents I1 and I2 at a frequency f1 and f2 = f1+∆f respectively. On the bottom of the panel, the
combination of the two fields is shown with high envelope modulation inside the target region and low envelope modulation
outside. (b) Theta burst protocols. The shift in frequency between the two signals was applied at specific timing in order to mimic
either intermittent or continuous theta burst stimulation (iTBS or cTBS). During iTBS, central panel, trains of two seconds are
applied every 10 seconds, each one composed of 10 bursts at 5Hz. Each burst is composed of 3 pulses at 100 Hz. In the 8 seconds
break, no shift is applied between the two sources, leading to a flat envelope. During cTBS, bursts at 5 Hz are applied continuously
without breaks. The burst are composed of 3 pulses at 100 Hz as for the iTBS protocol. (c) Spatial navigation task. Each task
block was composed of an encoding part lasting around 3 minutes during which the subjects were asked to travel in the virtual
reality environment, collect and memorize the location of three different objects presented one after the other (each object was
appearing multiple times, always in the same location). A white cross was then displayed for 30 seconds before the retrieval part.
During retrieval, the cue was firstly presented as a picture of one of the objects previously shown. The subject had then to recall the
position of the object, select it and give and estimation of the distance he/she believed to be from the real position of the object.
Finally, the object was appearing in the correct position and the subject had to re-collect it before continuing with the next cue.
(d) Protocol of the experiment. During the single session, each subject performed six blocks of the spatial navigation task with
stimulation applied during the whole duration of the task. Stimulation conditions were applied twice in a pseudo-randomized
order A-B-C-C-B-A.
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3.6.3 MRI-compatible Virtual Reality (VR) spatial navigation task

The task program was adapted from the task used in previous work of Moon et al. (2022)
(Moon et al., 2022). The task procedures, task arena, and task objects were implemented
with Unity 3D Engine (Unity Technologies). During the task, only distal landmarks
were placed outside of the circular task arena, providing orientation cues. The visual
input was provided through MRI-compatible stereoscopic virtual reality (VR) goggles
(NordicNeuro Lab: 1920x1200 resolution per eye, 60Hz refresh rate). Participants ma-
nipulated an MRI-compatible button box (Fiber Optic Response Pad, Current Designs)
to perform the task in the scanner. During each round, participants underwent a 9-
minute spatial navigation task while being stimulated in MRI. The task consisted of two
phases: encoding and retrieval. In the encoding phase, participants memorized the
locations of three objects within the arena for 2.5 minutes. After encoding, participants
performed the memory retrieval trials for approximately 6 minutes until the stimula-
tion ceased. Each trial began with a cue, indicating the target object, and participants
had to recall and navigate back to the location where the object was placed. Upon
reaching the retrieved location, participants pressed a button to confirm the answer
and estimated the distance error they made. As feedback, the target object appeared at
the correct location, and participants had to navigate to and collect it so that they could
continue to the next trial. Written instructions were provided before the experiment,
asking the participants to perform ªas accurate as possibleº. Various spatial naviga-
tion performance (e.g., distance from the correct and retrieved location, navigation
departure time, navigated distance and time) were assessed through the parameters
recorded during the task. In total, each participant went through six task rounds with
the three stimulation conditions, in a pseudo-randomized order (A-B-C-C-B-A) which
was also counterbalanced across participants. Both participants and experimenters
were blinded for the condition at the time of data acquisition and data exclusion.

3.6.4 MRI data acquisition

The MRI data acquisition was conducted at the Human Neuroscience Platform of the
Campus Biotech (Geneva, Switzerland) with a 3T MRI scanner (SIEMENS, MAGNETOM
Prisma). The two structural images were acquired respectively with a T1-weighted
MPRAGE sequence (1 mm x 1 mm x 1 mm voxels, TR = 2300 ms, TE = 2.25 ms, TI
= 900ms, Number of slices = 208) and also with a T2-weighted sequence (0.8 mm x
0.8 mm x 0.8 mm voxels, TR = 3000 ms, TE = 409 ms, Number of slices = 208). The
fMRI images covering the whole cerebrum were acquired during the task with a T2*-
weighted Echo Planar Imaging (EPI) sequence (2 mm isotropic voxels, TR = 1500 ms,
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TE = 30 ms, FoV = 224 mm, Number of slices = 69, Multiband factor = 3, GRAPPA = 2).
In order to correct possible distortion of functional images by the inhomogeneous B0
field, both magnitude and phase maps of the B0 field were measured.

3.6.5 fMRI Analysis

Preprocessing

Functional MRI data were preprocessed with SPM12
(http://www.fil.ion.ucl.ac.uk/spm), in MATLAB R2018a. The preprocessing pipeline for
functional images included slice-time correction, spatial realignment, unwarp based
on the voxel displacement map, normalization to the standard Montreal Neurological
Institute (MNI) space and smoothing using a 5 mm isotropic Gaussian kernel.
Preprocessing of the individual T1-weighted structural images included co-registration
to the average functional image and tissues segmentation. Bias-corrected gray and
white matter maps were extracted and the created deformation field was used in the
normalization step of the functional images. A quality check of the data and of the
preprocessing results was performed via visual check of the images and by ensuring
that less than 40% of voxels exceed a framewise displacement (FD) of 0.5. Additionally,
total signal to noise ratio (tSNR) maps were computed by dividing the average of the
time series for each voxel by its standard deviation. Comparison of the tSNR right
under the electrodes versus locations further away was used to assess possible noise
associated with the stimulation.

T1w and T2w structural images were also preprocessed via the recon-all function of
Freesurfer (v7.1.1, http://surfer.nmr.mgh. harvard.edu). The resulting parcellation in
each individual space was then used to extract MTL ROIs of each participant (including
HC, EC) based on the Desikan-Killiany Atlas (Desikan et al., 2006). The automatically
defined ROIs were manually examined, coregistered with the mean functional images
and finally normalized to the MNI space.

Grid cell-like representation (GCLR)

The Grid cell-like representation (GCLR) analysis was conducted in the native space
without normalization, following the previous studies (Kunz et al., 2015; Moon et
al., 2022; Stangl et al., 2018). Of note, five rounds with max FD over 3 mm (out of
total 168 rounds) and two subjects who have three rounds (a half of the six scan-
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ning rounds per participants) over the threshold was excluded from the GCLR anal-
ysis. GCLR was calculated using the Grid Code Analysis Toolbox (GridCAT v1.03,
https://www.nitrc.org/projects/gridcat; (Stangl et al., 2017)) running on MATLAB
2021b. The analysis was performed in line with the previously established method
(Doeller et al., 2010; Moon et al., 2022). Briefly, as the first step, a putative grid ori-
entation was estimated with a portion of data. Then, based on the estimated grid-
orientation (ϕ) and the heading-direction information, hexadirectional modulation
was calculated by contrasting regressors for navigation in grid-aligned direction (ϕ +
0, 60, 120, 180, 240, 300) vs. misaligned direction (ϕ + 30, 90, 150, 210, 270, 330). The
GCLR analysis was based on the leave-one-out-cross-validation (Moon et al., 2022; Nau
et al., 2018). Thus, GCLR per round was calculated with the grid orientation estimated
from the other five scanning rounds. Then, condition-wise GCLRs were acquired by
averaging the round-wise results by conditions. Three round-wise data points (out
of 652, including control analyses of the 4/5/7-fold symmetry; 0.46%) outside three
standard deviation range were excluded.

Generalized linear model (GLM) analysis to detect task-related brain regions

Whole-brain GLM analysis was conducted with normalized and smoothed fMRI data
using SPM12, in order to assess changes in response to the different stimulation pro-
tocols. Six motion regressors were generated from the realignment process (three for
displacement and three for rotation) and included in the GLM, together with the white
matter and corticospinal fluid normalized time series. Additionally, ArtRepair toolbox
(Art_Repair v5b3) was used to detect fMRI volumes with severe motion artifacts, which
were also considered in GLM via additional regressors. For the block design, we de-
fined two different vectors describing different aspects of the task: Cue+Retrieval and
Navigation. As a second step, we also performed ROI-based analysis by extracting the
average beta estimate within the individual hippocampal and entorhinal ROIs for each
of the cognitive modes and stimulation protocol.

Generalized Psycho-Physiological Interactions (gPPI)

Starting from the normalized, smoothed images, the CONN toolbox 2021a
(www.nitrc.org/projects/conn, 857 RRID:SCR_009550) was used to firstly compute
seed-based connectivity of the right hippocampus and based on the results, the effec-
tive functional connectivity within specific networks. Images underwent a denoising
step including a band-pass filter between 0.01 and 0.1 Hz and a linear regression of
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possible confounders such as white matter, CSF and realignment parameters. Hip-
pocampal seed-based connectivity was computed during ctrl-tTISHC-EC blocks as the
Fisher-transformed bivariate correlation coefficients between the averaged time series
within the right hippocampus and each individual voxel time series. The individual
connectivity maps were then used to extract the spatial navigation networks used for
the gPPI analysis. To do so, we pre-defined the regions to include, based on previous
literature: hippocampus, entorhinal cortex, parahippocampal gyrus, retrosplenial cor-
tex, precuneus, lingual gyrus and ventromedial prefrontal cortex (vmPFC). We used
the MNI masks from the BNA atlas as in the following table:

Hippocampus 216, 218
rHipp, rostral hippocampus
cHipp, caudal hippocampus

Entorhinal cortex 116 A28/34, area 28/34 (EC, entorhinal cortex)
Parahippocampal
gyrus

114 TL, area TL (Epstein, 2008

Retrosplenial cortex 182 A23v, ventral area 23 (Epstein, 2008; Vann et al.,
2009)

Precuneus 148, 150,
152, 154

A7m, medial area 7(PEp), A5m, medial area
5(PEm), dmPOS, dorsomedial parietooccipi-
tal sulcus(PEr), A31, area 31 (Lc1) (Cona and
Scarpazza, 2019)

Lingual gyrus 190, 196 cLinG, caudal lingual gyrus, rLinG, rostral lin-
gual gyrus

vmPFC 187 A32sg, subgenual area 32 (Chen et al., 2021)

We then extracted the coordinate of the peak correlation within each of these masks
for each individual subject connectivity map. A 3 mm sphere was created around each
coordinate and used as ROI for the gPPI analysis. The task-related effective connectivity
was computed during the cue+retrieval periods with respect to the remaining time, per
subject per stimulation protocol. The regions were subdivided into two main networks:
the within medial temporal lobe, including hippocampus, entorhinal cortex, parahip-
pocampal gyrus and retrosplenial cortex, and the outside MTL, including precuneus,
lingual gyrus and vmPFC.

3.6.6 Statistical analysis

The differences in behavioral parameters were assessed with dedicated mixed-effects
models using an R package (lme4, v1.1.26) running on the R (v4.1.2 for Windows) and
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Rstudio (v2021.09.01). Random slopes were included unless the model failed to esti-
mate. The data distribution of each dependent variable was assessed using a package of
R (fitdistrplus, v1.0-11), to apply proper parameters for each mixed-effects regression.
The statistical assessments of GCLR data were performed using the Wilcoxon signed-
rank test. A significance of GCLR (greater than 0) was assessed with one-sided test
based on a priori hypothesis, while difference of GCLRs between the conditions were
assessed with two-sided test. Inter-parameter correlations were assessed with linear
mixed-effect regression models. The GLM used for the whole brain fMRI analysis was
implemented with SPM12 (http://www.fil.ion.ucl.ac.uk/spm) and significant results
were reported for voxel-wise uncorrected p=0.001 and corrected p=0.05 for cluster-wise
false discovery rate (if not specified otherwise). BOLD and connectivity tests were
performed using R (version 4.2.2, R Core Team (2021). R: A language and environment
for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/.). Linear mixed models were implemented with the lmer
function (lme4 package (Bates et al., 2014)) and significance was assessed via the anova
function of the lmerTest package (Luke, 2017) with Satterthwaite’s approximations. For
the BOLD analysis, stimulation (iTBS-tTISHC-EC, cTBS-tTISHC-EC, ctrl-tTISHC-EC), cogni-
tive mode (navigation, cue+retrieval) and roi were used as fixed factors, and subject
as random factor. For the connectivity analysis, stimulation, side and network were
defined as fixed factor and subject as random factor. Post-hoc comparisons were tested
when necessary by computing estimated marginal means via the emmeans package
(Lenth and Lenth, 2018). The reported effect sizes were derived with the effectsize pack-
age (Ben-Shachar et al., 2020). Finally, the correlations between the different variables
were computed with the corr.test function (psych package (Revelle, 2017)) using the
pearson method with FDR for multiple comparison correction.
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3.7 Supplementary material

3.7.1 Whole brain analysis results

Statistics: p-values adjusted for search volume

cluster peak
pFWE-corr pFDR-corr equivk punc pFWE-corr pFDR-corr T equivZ punc x y z {mm}

0.000 0.000 6251 0.000 0.000 0.000 10.20 6.60 0.000 -28 -84 18 Occipital_Mid_L
0.000 0.001 8.16 5.83 0.000 -20 -76 46 Parietal_Sup_L
0.001 0.002 7.84 5.70 0.000 -2 -86 -8 Calcarine_L

0.003 0.000 99 0.000 0.000 0.001 8.22 5.86 0.000 16 -44 -48 Cerebellum_9_R
0.444 0.040 5.49 4.51 0.000 26 -38 -44 Cerebellum_10_R

0.000 0.000 385 0.000 0.000 0.001 8.19 5.85 0.000 28 6 4 Putamen_R
0.211 0.024 5.86 4.72 0.000 26 0 12 Putamen_R
0.596 0.057 5.30 4.39 0.000 28 6 -6 Putamen_R

0.000 0.000 304 0.000 0.002 0.003 7.65 5.62 0.000 -12 -24 44 Cingulate_Mid_L
0.067 0.013 6.28 4.95 0.000 -6 -14 50 Supp_Motor_Area_L
0.445 0.040 5.49 4.51 0.000 -4 -6 58 Supp_Motor_Area_L

0.000 0.000 1353 0.000 0.003 0.004 7.46 5.53 0.000 30 -82 22 Occipital_Mid_R
0.010 0.006 6.99 5.31 0.000 18 -66 62 Parietal_Sup_R
0.018 0.006 6.77 5.20 0.000 18 -72 40 Precuneus_R

0.000 0.000 380 0.000 0.005 0.005 7.23 5.43 0.000 -24 6 -8 Putamen_L
0.012 0.006 6.93 5.28 0.000 -26 8 8 Putamen_L
0.096 0.016 6.15 4.88 0.000 -20 10 16 Location not in atlas

0.000 0.000 156 0.000 0.013 0.006 6.88 5.26 0.000 -18 -42 -48 Cerebellum_9_L
0.960 0.149 4.72 4.03 0.000 -30 -42 -38 Cerebellum_6_L
0.994 0.201 4.50 3.89 0.000 -38 -42 -32 Cerebellum_6_L

0.000 0.000 257 0.000 0.032 0.009 6.56 5.09 0.000 -34 -24 56 Precentral_L
1.000 0.425 4.06 3.58 0.000 -36 -10 64 Precentral_L
1.000 0.434 4.03 3.56 0.000 -44 -22 58 Postcentral_L

0.000 0.000 342 0.000 0.108 0.017 6.11 4.86 0.000 -18 -6 60 Location not in atlas
0.955 0.146 4.74 4.04 0.000 -24 -12 66 Precentral_L
0.983 0.175 4.61 3.96 0.000 -12 -16 74 Paracentral_Lobule_L

0.006 0.001 87 0.000 0.519 0.047 5.39 4.45 0.000 0 -60 -38 Vermis_9
0.849 0.101 4.96 4.19 0.000 2 -52 -38 Vermis_9

0.033 0.003 63 0.001 0.585 0.056 5.31 4.40 0.000 18 -52 18 Precuneus_R
0.998 0.231 4.41 3.82 0.000 22 -62 26 Precuneus_R

0.000 0.000 229 0.000 0.658 0.064 5.22 4.35 0.000 28 -2 64 Frontal_Sup_2_R
0.807 0.094 5.03 4.23 0.000 24 -2 50 Location not in atlas
0.989 0.186 4.57 3.93 0.000 24 2 58 Frontal_Sup_2_R

0.025 0.003 67 0.001 0.684 0.068 5.19 4.33 0.000 -6 -38 -20 Cerebellum_3_L
0.997 0.218 4.44 3.85 0.000 2 -36 -24 Location not in atlas
1.000 0.434 4.03 3.56 0.000 -2 -40 -30 Location not in atlas

0.009 0.001 81 0.000 0.947 0.140 4.76 4.06 0.000 42 -64 2 Temporal_Mid_R
1.000 0.712 3.65 3.28 0.001 38 -68 12 Occipital_Mid_R

Table 3.S1: Clusters showing significant navigation-associated activity during control stimulation. Results are presented for
uncorrected p=0.001 at the voxel level, and false discovery rate (FDR) corrected p = 0.05 at the cluster level.
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3.7.2 GPPI connectivity and GCLR correlation
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Figure 3.S1: Correlation between gPPI connectivity from right hippocampus to right spatial navigation related areas outside
(SpNav) and within the MTL (MTL), and GCLR activity. (A) Correlation between the differences iTBS-tTISHC-EC versus cTBS-
tTISHC-EC of gPPI connectivity and GCLR activity. (B) Correlation between the differences iTBS-tTISHC-EC versus ctrl-tTISHC-EC

of gPPI connectivity and GCLR activity. (C) Correlation between the differences cTBS-tTISHC-EC versus ctrl-tTISHC-EC of gPPI
connectivity and GCLR activity. In all subpanels, left plots depicts gPPI connectivity from right hippocampus to SpNet areas and
right images represent right hippocampal connectivity to areas within the MTL.
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3.7.3 Exclusion criteria

• Unable to consent

• Severe neuropsychiatric (e.g., major depression or severe dementia) or unstable
systemic diseases (e.g., severe progressive and unstable cancer or life-threatening
infectious diseases)

• Severe sensory or cognitive impairment or musculoskeletal dysfunctions pro-
hibiting to understand instructions or to perform the experimental tasks

• Inability to follow or non-compliance with the procedures of the study

• Contraindications for NIBS or MRI (1):

– Electronic or ferromagnetic medical implants/device, non-MRI compatible
metal implant

– History of seizures

– Medication that significantly interacts with NIBS being benzodiazepines,
tricyclic antidepressant and antipsychotics

• Regular use of narcotic drugs

• Left-handedness

• Pregnancy

• Request of not being informed in case of incidental findings

• Concomitant participation in another trial involving probing of neuronal plastic-
ity.

3.7.4 Baseline characterization of participants

Baseline questionnaires:

• Demographic data (age, sex),

• Handedness (Edinburgh Laterality Test) (Oldfield, 1971),

• Sleep quality (Pittsburg Sleep Quality Index, PSQI) (Buysse et al., 1989),
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• Cognition (Frontal Assessment Battery, FAB) (Dubois et al., 2000) - for the older
cohort only,

• Cognition (MOntreal Cognitive Assessment, MOCA) (Nasreddine et al., 2005) -
for the older cohort only.

3.7.5 Blinding

Before starting the task, subjects underwent a sensation test during which each of the
three protocols were applied with gradually increasing current intensities comparable
to previous studies (Vassiliadis, Beanato, et al., 2022; Wessel et al., 2022). We started by
delivering 0.5 mA baseline-to-peak per channel and increased until 2 mA with steps
of 0.5 mA. Participants were asked to report any sensations during this period and
every time they were asked to evaluate the strength (mild, moderate or strong) and
the type of the sensation. Results are reported in Fig. 3.S1a-c for each of the three
stimulation protocols and supported the previous findings and excellent blinding
(Vassiliadis, Beanato, et al., 2022; Wessel et al., 2022). When running a linear mixed
model with stimulation protocol and intensity as fixed factors and subject as random
factor, no interaction stimulation x intensity was observed (F(6, 319) = 0.38, p = 0.89, η2

p
=

0.007 ). This indicates that the different protocols were not inducing different sensations
depending on the intensity. Furthermore, at the end of the study, the sensation felt
during the navigation task were collected and they are plotted in Fig. 3.S1d. Because of
the design of the experiment, it was not possible to distinguish between the stimulation
conditions during the session. However, from the image, we can see that only a few
subjects reported strong sensations, which support the feasibility of applying the theta-
burst patterned protocol in humans.
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Figure 3.S2: tTISHC-EC-associated sensations. (a) Number of participants reporting sensations during ctrl-tTISHC-EC. (b) Number of
participants reporting sensations during iTBS-tTISHC-EC stimulation. (c) Number of participants reporting sensations during
cTBS-tTISHC-EC stimulation. (d) Sensations reported during the spatial navigation task. In all panels, warm colors represent
stronger sensations. Please note these findings are comparable to (Vassiliadis, Beanato, et al., 2022; Wessel et al., 2022).

3.7.6 Control motor areas

Because of the activation of both motor and spatial navigation related areas during
the task, we performed a control analysis by reproducing the same ROI analysis as the
one reported in the main manuscript, focusing on regions involved in motor functions.
We selected the left supplementary motor cortex, SMA (A6m, medial area 6 of the BNA
atlas) and the left upper limb part of the primary motor cortex, ulM1 (A4ul, area 4 of the
BNA atlas) as ROIs. We again run a linear mixed model with stimulation (iTBS-tTISHC-EC,
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cTBS-tTISHC-EC, ctrl-tTISHC-EC), cognitive mode (navigation, cue+retrieval) and roi as
fixed factors, and subject as random factor. A significant effect of the cognitive mode
(F(1, 319) = 452.25, p < 0.001, η2

p
= 0.59), together with significant cognitive mode:roi

(F(2, 319) = 3.45, p = 0.03, η2
p

= 0.02) and cognitive mode:stimulation interactions (F(1,
319) = 12.61, p = 0.02, η2

p
= 0.02) were found. The cognitive mode:roi interaction was

driven by a significant higher activity within the SMA mask with respect to the motor
cortex during the cue+retrieval periods (t(319) = -3.017, p = 0.002, d = -0.45), but not
during navigation (t(319) = -0.34, p = 0.73, d = 0.05). The cognitive mode:stimulation
interaction was instead present because of the opposite trend in the difference between
the stimulation protocols during cue+retrieval versus navigation periods (see the
ªestimateº values in Table 3.S2). Still, when running the post-hoc analysis, no significant
difference was found:

task = Cue+Retrieval:
contrast estimate SE df t.ratio p.value d
iTBS - cTBS -0.2497 0.152 319 -1.639 0.2308 -0.2992
iTBS - Ctrl -0.3074 0.152 319 -2.018 0.1096 -0.3684
cTBS - Ctrl -0.0577 0.152 319 -0.379 0.9240 -0.0692

task = Navigation:
contrast estimate SE df t.ratio p.value d
iTBS - cTBS 0.1049 0.152 319 0.689 0.7701 0.1258
iTBS - Ctrl 0.2514 0.152 319 1.650 0.2262 0.3013
cTBS - Ctrl 0.1465 0.152 319 0.961 0.6018 0.1755

Table 3.S2: Post-hoc analysis for the significant cognitive mode:stimulation interaction on motor regions BOLD activity. No
significant difference between stimulation conditions is found.

No stimulation effect was found (F(2, 319) = 0.23, p = 0.80, η2
p

< 0.001). This indicates
a general effect of the task on the selected motor regions which was not associated with
the applied stimulation protocol. When testing possible correlations between BOLD
signal difference between the two active protocols and the difference in departure time,
no significant correlations were found in either SMA or ulM1. The results support the
focality of the stimulation effects which are not generalized to other areas involved in
the task, but are specific to the hippocampus.
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3.7.7 Control stimulation analysis

To better support the assumption that HF control and sham can be merged as a single
control condition, we compared behavioral results between the first half of the subjects
(n=16) who received HF control stimulation versus the second half of the subjects
(n=14) who received sham stimulation. Permutation tests (10000 repetitions) were
performed randomly assigning the subjects to one or the other group, in order to create
a distribution of the difference between the two groups of the behavioral variables for
each stimulation protocol (iTBS-tTISHC-EC, cTBS-tTISHC-EC and ctrl-tTISHC-EC). We then
computed the probability of observing a greater difference than the real one based
on the probability distribution. For the distance error, the probability of obtaining
a difference greater than the observed one between the two groups was p = 0.0087,
p = 0.008 and p = 0.0002 for iTBS-tTISHC-EC, cTBS-tTISHC-EC and control conditions
respectively. By choosing a threshold of 0.05 to establish whether the difference was
significantly different than a random distribution, the two groups showed a significant
difference in distance error. Because of the comparable probabilities in all of the three
conditions, we conclude that the difference is not driven by the control stimulation
(HF versus sham). We repeated the same analysis on the departure time, and we
obtained a probability of p = 0.1189, p = 0.0584 and p = 0.0571 for iTBS-tTISHC-EC,
cTBS-tTISHC-EC and control conditions respectively. Again, even though iTBS-tTISHC-EC

seems to display a higher probability of observing differences more extreme than the
other two stimulation protocols, the presence of a marginally significant difference
in both cTBS-tTISHC-EC and control stimulation brings again to the conclusion that
the two controls did not drive a behavioral difference, supporting the assumption of
combining the groups.

Additionally, connectivity statistics were also re-run including a factor ªcontrol
typeº (sham or HF control) in the linear mixed model in order to test whether the
decreased connectivity observed during active tTISHC-EC could be explained by the
high frequency components present in both conditions. If this was the case, we would
expect a significant interaction stimulation:control type, with significant stimulation
effects only in subjects receiving sham. Results showed a non-significant interaction
(F(2,483) = 1.23, p = 0.29, η2

p
= 0.005), indicating that the lowering in connectivity

associated to both iTBS-tTISHC-EC and cTBS-tTISHC-EC cannot be explained by the
high-frequency component of the stimulation.
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3.7.8 Signal to noise ratio

In order to assess whether the stimulation induced additional noise in the images, we
compared the tSNR averages, see Fig. 3.S3, within spheres of 10mm of radius right
under the electrodes versus the same spheres other hemisphere (since the montage is
not symmetric, the spheres on the opposite side would not be underneath the elec-
trodes). We defined a 2 levels factor ªelectrodeº containing the information if the values
were derived from a sphere underneath the electrodes or not. We then run a linear
mixed model on the tSNR maps computed on the normalized, non-smoothed images,
with electrode as fixed factor and subject as random factor. No significant difference
between the electrodes was found (F(1,1362) = 0.41, p = 0.52 , η2

p
< 0.001). These results

provide evidence that no additional noise was introduced by the stimulation.
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Figure 3.S3: Average total signal to noise ratio. On top of the image the distribution of the individual average tSNR is plotted for
each of the spheres underneath the 4 electrodes and for 4 spheres on the opposite side of the brain. On the bottom, the locations of
the spheres are shown on the template brain, with the spheres underneath the electrodes on the left and the symmetrical ones on
the right. No significant difference was found between the two groups of electrodes (F(1,1362) = 0.41, p = 0.52 , η2

p < 0.001).
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4.1 Introductory paragraph

Stimulation of deep brain areas offers clinical benefits for severe psychiatric and neu-
rological diseases. So far, this was only possible via invasive methods with associated
risks. Grossman et al. (2017) proposed a new noninvasive technique of stimulation
consisting of two high frequency currents creating electrical fields interfering deep in
the brain around a target structure to create a low-frequency functionally relevant en-
velope (transcranial temporal interference electric stimulation, tTIS). The current study
investigates whether theta-burst patterned tTIS (tb-tTIS) could modulate hippocampal
activity during an associative memory task. We found that tb-tTIS, but not the control
stimulation, improved recollection time in 15 healthy older adults, in the follow-up
session 24h after the stimulation, suggesting that one session of tb-tTIS preferentially
influences the efficiency of the long-term encoding. These outcomes indicate that
tTIS may provide a new noninvasive method for deep brain stimulation to modulate
memory processes in older age.

4.2 Main text

Associative memory has been shown to rely on medial temporal lobe and particularly,
hippocampal activity (Opitz, 2014; Scoville and Milner, 1957; Squire, 1992). Dysregula-
tion or degeneration of this region leads to impaired memory functions that character-
ize aging (Lister and Barnes, 2009; MacDonald et al., 2006; Tromp et al., 2015; Wheeler,
2000) and several neurological and neurodegenerative disorders (Moodley and Chan,
2014; Weerasinghe-Mudiyanselage et al., 2022), such as epilepsy (Fleury et al., 2022;
Hoppe et al., 2007), Alzheimer’s disease (Braak and Braak, 1990; Mu and Gage, 2011;
Tromp et al., 2015) or Parkinson’s disease (Das et al., 2019; La et al., 2019). In healthy
aging in particular, there seems to be a trend of lower ability to retain memories over
longer time periods due to hippocampal changes (Eichenbaum, 2004) and changes in
hippocampal-cortical and hippocampal-subcortical communication (Leshikar et al.,
2010; Ness et al., 2022; Salami et al., 2014).

Noninvasive brain stimulation (NIBS) techniques offer the possibility of modu-
lating the activity of specific brain regions leading to consequent direct brain and
behaviour effects (Koch and Caltagirone, 2020) that can be quantified and investigated.
Because of the steep depth-focality tradeoff characterizing commonly accepted NIBS
techniques (Deng et al., 2013) (e.g., transcranial magnetic stimulation, TMS, or tran-
scranial alternating current stimulation, tACS), focal stimulation of deep regions such
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as the hippocampus without concomitant engagement of overlying cortical regions
was until now unachievable noninvasively (Lee et al., 2020). The recently proposed
tTIS method showed promising results for focal stimulation of deep regions noninva-
sively in animals (Grossman et al., 2017). This technique combines two high-frequency
currents that do not affect brain activity when applied independently, due to the spe-
cific properties of neurons (for details please see Grossman et al., 2017; Hutcheon
and Yarom, 2000). The interference of the two electrical fields creates a low-frequency,
beating envelope, which is, in contrast, able to modulate neural activity and whose
peak amplitude can be steered in the three dimensions inside the skull, at any depth
(Grossman et al., 2017) (Fig. 4.1A). This was proven by the developers of tTIS (Grossman
et al., 2017) in rats by steering the envelope towards the hippocampus and finding a
high c-fos expression in the dentate gyrus comparable to the c-fos expression patterns
observed after strong, unilateral electrical stimulation of the hippocampus via an im-
planted electrode. This c-fos expression was not observed in the surrounding cortex
or contralateral hippocampus, which were crossed by the carrier frequencies currents
only (Dragunow and Robertson, 1987).

In this randomized, double-blind, cross-over study, 15 healthy adults over 60 years
old underwent noninvasive tb-tTIS to test whether this stimulation can modulate
hippocampal activity and influence associative memory. After inclusion, the study
comprised a training session with concomitant task and stimulation, and two follow-
up sessions at 90 minutes and 24 hours after the end of the stimulation (Fig. 4.1B). The
participants received two stimulation conditions, with training and follow-ups in two
arms crossing after at least one week of wash out period. Active or control stimulation
were applied during the encoding part of either one or the other training sessions, in a
randomized order.
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Figure 4.1: Protocol design and stimulation pattern.
(A) Transcranial Temporal Interference Stimulation concept. From left to right: a spherical head model is shown with two pairs of
electrodes delivering currents at a frequency f1 and f1+∆f; a real head model with hippocampus masks highlighted in blue is
displayed; the resulting interference of the two electric fields is plotted from within the target structure or from a further location.
The envelope modulation is evident within the target region and not present outside (plots are ideal patterns, not derived from
real simulation or recordings). (B) Protocol of the study. During the training session, participants performed seven blocks of the
face-name association task, with concomitant stimulation during the encoding period only. They were then asked to perform
three of the seven blocks after 90 minutes and 24 hours later. (C) Face-name association task. During the first part of the task
(encoding), 14 faces were shown one after the other for 3 seconds each with an associated name. During the second part (retrieval),
each of the faces were shown again with 5 possible names underneath. Subjects had to choose the name they remember to be
associated with the face and, once selected, give an estimate of the confidence on a scale from 1, not confident at all, to 4, sure. (D)
Theta-burst protocol created by the interference of the two high-frequency currents. The two signals are combined to form bursts
at a frequency of 5 Hz, each composed of three pulses at 100 Hz.
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Associative memory was investigated with an established face-name association
task (Sperling et al., 2003; Violante et al., 2022) (Fig. 4.1C), separated into encoding
(a series of 14 faces presented with a unique name written underneath) and retrieval
blocks (same 14 faces presented with five names underneath: the correct name, two foil
names, and two distractor names; for details, please see the Methods section 4.3). All
subjects received either active (tb-) or control tTIS protocols (for blinding information,
please refer to the SOM section 4.7.3 ªtTIS associated sensation and blindingº). The
active stimulation consisted in a theta-burst stimulation pattern, with 100Hz triplet
bursts delivered every 200ms, Fig. 4.1D. The control stimulation was obtained by
maintaining a flat envelope, with no shift in frequency between the two channels.
The premise for using a theta-burst pattern was that it mimics endogenous theta-
band neural activity characteristic of the hippocampus and its network (Buzsáki, 2002;
Buzsáki and Draguhn, 2004; Lisman and Jensen, 2013) and therefore might optimally
influence hippocampal memory processing by supporting this oscillatory activity
(Hanslmayr et al., 2019; Lisman and Jensen, 2013; Rudoler et al., 2023). Moreover, given
that the encoding phase is a moment when the cornu amonis and the dentate gyrus are
the most active (Zeineh et al., 2003), that higher hippocampal activity during encoding
is associated with better later recollection (Jun et al., 2023; Paller and Wagner, 2002;
Rudoler et al., 2023), and that direct hippocampal stimulation can enhance recollection
(Hebscher and Voss, 2020; Kota et al., 2020), we predicted better recollection for face-
name pairs encoded during tb-tTIS.

To investigate the effects of tb-tTIS on the memory performance, both accuracy
and response times of correct associations were extracted from the training and the
follow-up trials (Fig. 4.2).
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Figure 4.2: Behavioral results.
(A) Evolution of the accuracy, percent of correct associations, over the stimulation blocks. No significant difference was found. (B)
Evolution of the trial response time of correct associations over the stimulation blocks. No significant difference was found. (C)
Distribution of the accuracy during stimulation blocks. No significant difference was found. (D) Distribution of the trial response
time of correct associations during stimulation blocks. No significant difference was found. (E) Accuracy during the follow-up
90 minutes and 24 hours after stimulation with respect to the last block of training. No significant difference was found. (F)
Average response time for the correct associations over each block of the follow-up 90 minutes and 24 hours after stimulation
with respect to the average response time for the correct associations during the last block of training. A significant difference was
found between stimulation conditions, with tb-tTIS leading to faster recall of the correct associations (t(18.2) = -2.23, p = 0.04, d =
-0.94 [large]).
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When running the generalized linear mixed model on the accuracy during train-
ing, ‘stimulation’ was used as a fixed factor and ‘subject’ as a random intercept. The
distribution was assumed to be binomial with the logit link function. No significant
effect of stimulation was found (X2 (1, 15) = 0.02, p = 0.88, d = 0.01 [micro]), with a
55.48% probability of observing an increased accuracy during tb-tTIS with respect to
control stimulation. The effect of the stimulation on response times during training
was investigated via a linear mixed model on log-transformed data. The winning model
included ‘stimulation’ as a fixed effect, ‘subject’ and ‘block’ as random intercepts, and
‘stimulation’ as the random slope for the factor ‘subject’. No significant effect of the
stimulation was found (F(1,14.02) = 0.03, p = 0.87, η2

p
= 0.002 [micro]), also confirmed

by the bayesian statistics that indicated a probability of 55.63% to observe higher re-
sponse times in tb-tTIS with respect to control stimulation. However, different results
emerged for the follow-up phase. In order to investigate potential recall effect, we firstly
tested the difference in the performance during the last training block between the
two stimulation conditions. No difference was found in accuracy or response time
(accuracy: paired Wilcoxon test, V=44.5, p=0.64, d=-0.07; Bayesian paired t-test, BF10 =
0.27, moderate evidence; response times: paired Wilcoxon test, V=85, p=0.17, d=-0.4;
Bayesian paired t-test, BF10 = 0.7, anecdotal evidence). The performance of the last
block of training was hence used as reference for the follow-ups. The average perfor-
mance divided by the performance during the last block of the training was tested
as level of improvement during follow-ups with respect to the training. Because of
data distribution, the logarithmic transformation of the recall time was studied. The
winning model included again ‘stimulation’ and ‘follow-up’ as fixed factors, ‘subject’ as
random intercept, and ‘stimulation’ as random slope. Results indicated a significant
stimulation x follow-up interaction (F(1, 148) = 4.74, p = 0.03, η2

p
= 0.03 [small]). This

was driven by faster responses during the 24 hour, but not the 90 minutes, follow-up
after tb-tTIS compared to control stimulation (t(18.2) = -2.23, p = 0.04, d = -0.94 [large]).
More precisely, we can say it was 97.71% likely to observe faster response times 24
hours after tb-tTIS than after control stimulation. These results support the ability of
tb-tTIS to influence the associative memory, specifically for the retrieval of correct
answers probed during the consolidation period. The accuracy values also underwent
a logarithmic transformation in order to follow a normal distribution. A linear mixed
model with ‘stimulation’ and ‘follow-up’ as fixed factors, ‘subject’ as random intercept,
and ‘stimulation’ as random slope, revealed no improvement in accuracy after tb-tTIS
with respect to control stimulation (F(1, 14) = 0.65, p = 0.43, η2

p
= 0.04 [small]), with

77.68% probability of observing higher accuracy after receiving tb-tTIS with respect
to control stimulation. The confidence associated with correct associations was also
analyzed both during training and follow-ups as a secondary outcome. No stimulation
effect was found (for more details, see section 4.7.4 ªConfidenceº in SOM)
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The presence of significant differences specifically during the 24 hours follow-up
session, but not during training, was an unexpected outcome. However, this opens the
discussion for interesting possibilities about the modus operandi of tb-tTIS stimulation
within the hippocampus. The main difference between training and follow-ups is that
all face-name associations were novel during training, while they were re-encoded
during both follow-ups, i.e., at 90min and 24h post-stimulation (N.B., each training
had its own set of face-name associations). It was hypothesized that second and third
presentations may benefit later memory by providing an opportunity for extended
processing of the name (Mangels et al., 2010). While it is expected that this would
lead to higher accuracy and lower response time during the repetition of already seen
associations (Johnston and Barry, 2006; Stevenage and Spreadbury, 2006; Takashima
et al., 2007), tb-tTIS boosted these effects even further. Previous fMRI studies in healthy,
young adults revealed that repeated presentations of the same face-name associations
lowers hippocampal activation and reduces the neocortical deactivations in the antero-
medial and postero-medial areas (Mangels et al., 2010; Rand-Giovannetti et al., 2006;
Vannini et al., 2013). These patterns were found altered in cognitively healthy older in-
dividuals (Miller et al., 2008; Sperling et al., 2009) and patients with Alzheimer’s disease
(Pihlajamäki et al., 2011), specifically with a failure of task-associated deactivation of
cortical regions during encoding. The continuous interaction between the hippocam-
pus and its ample connected cortical network (Robinson et al., 2016) is critical for the
successful episodic memory encoding and retrieval, requiring a coordinated reciprocal
pattern of activations and deactivations in response to repeated stimuli (Vannini et al.,
2013). Although we did not perform simultaneous fMRI recordings to quantify the
variations in hippocampal and neocortical activations and in their functional connec-
tivity at each time-point (due to the time constraints of the complex protocol design),
we can speculate about possible modes of action of tb-tTIS. A first possibility is that
tb-tTIS successfully entrained the natural hippocampal theta rhythms, supporting hip-
pocampal encoding activity. By helping the first encoding of face-name pairs, further
presentations could compound, strengthening the binding of already optimized pairs,
making information more easily accessible, and hence leading to faster recollection of
the stored information. A second possibility is that tb-tTIS improved the coordination
of the theta-bursts intrinsic to multimodal associative encoding (Battaglia et al., 2011).
This could subsequently lead to a more efficient communication from the hippocam-
pus to other interested networks. Increased theta content in hippocampal activity could
hence lead to more efficient cortical deactivations, important for subsequent retrievals
(Kaefer et al., 2022). Finally, we cannot exclude that both of these mechanisms could
participate in the observed behavioral effects. This last hypothesis is also supported by
the observation that decision time depends on cortical encoding strength, which in
turns depends on encoding hippocampal activity (Gordon et al., 2014). Furthermore,
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cortical reinstatement during retrieval was also related to the cortical activity during
encoding (Gordon et al., 2014), which could explain the fastest response time observed
in the current work.

To note, behavioural effects in associative memory were previously obtained in
humans via either direct, invasive or indirect, noninvasive stimulation approaches.
The majority of the studies targeting hippocampus or adjacent regions of the medial
temporal lobe with invasive deep brain stimulation (DBS) in human neurosurgical
cases, used a 50 Hz stimulation frequency (Coleshill et al., 2004; Hansen et al., 2018;
Jacobs et al., 2016; Jun et al., 2019; Jun et al., 2020; Suthana et al., 2012). This protocol
led to contrasting results, with different groups reporting either disrupting (Coleshill
et al., 2004; Jacobs et al., 2016), beneficial (Jun et al., 2019; Jun et al., 2020; Suthana et al.,
2012), or no effects on memory (Hansen et al., 2018). We found only one study applying
theta-burst patterned stimulation in humans, similar to the theta-burst protocol used
in the current study, via invasive microstimulation of the hippocampal afferent inputs
(Titiz et al., 2017). Theta-burst patterned invasive stimulation induced positive effects
on memory recall in line with our results, although those improvements were observed
readily in memory specificity during the first recall (the response time was not re-
ported, and there was no follow-up probing). The inconsistencies in the behavioural
stimulation outcomes in previous studies could be explained by several factors. Firstly,
different memory tasks were used, which could engage different hippocampal terri-
tories, and that could hence lead to distinct stimulation effects, as suggested by (Jun
et al., 2020). Secondly, duration and intensity of the stimulation (Jun et al., 2019) as
well as the location and the focality (Titiz et al., 2017), could each also highly influence
the outcome. However, all studies point toward the conclusion that the hippocampus
is significantly involved in declarative memory and that it is possible to modulate
behaviour via hippocampal stimulation.

Because of the limitation in reaching the hippocampus noninvasively, another
branch of studies focused on the modulation of hippocampal activity by means of
indirect noninvasive stimulation methods. More precisely, theta-burst transcranial
magnetic stimulation was employed to stimulate cortical areas linked to the hippocam-
pus, with the aim of indirectly affecting hippocampal activity via cortico-hippocampal
connections. These studies showed that indirect entrainment of the hippocampal ac-
tivity is possible and it can lead to physiological and behavioural changes (Hermiller
et al., 2020; Hermiller et al., 2022; Hermiller et al., 2019; Thakral et al., 2020). These ob-
servations support the previously stated hypothesis that tb-tTIS behavioural changes
could be explained by a network effect, induced by the direct noninvasive stimulation
of the hippocampus. It is worth noting that these positive effects were obtained when
specifically targeting the encoding period (Tambini et al., 2018), also in line with the
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current employed protocol.

Even though encouraging, interpretation based on previous studies should be taken
with caution. In fact, the mechanisms underlying effects driven by interfering fields
are not yet established, leaving them particularly speculative in humans. A compara-
ble magnitude of an electrical field envelope could have a different impact on brain
activity if delivered with or without tTIS. Currently, modelling studies on tTIS effects
suggested that in humans, the electric fields created by intensities tolerable for the
scalp (in our case, maximum 2mA / channel) would be strong enough to entrain in-
trinsic oscillations or indirectly modulate spiking activity, but not strong enough to
trigger action potentials within deep brain structures (Esmaeilpour et al., 2021; Howell
and McIntyre, 2021; Rampersad et al., 2019). Hence, the observed behavioural changes
are coherent with sub-threshold neuromodulation effects, but specific mechanisms
should be further evaluated in future studies.

The current behavioural results, even though promising, can be regarded as con-
troversial, because of the presence of effects during the 24 hours follow-up only. This
unexpected result remains to be investigated with further behavioural and targeted
neuroimaging studies. The hypothesis we made about how tTIS would drive the be-
havioural improvements via either local or network effects would not directly justify
the absence of notable effects during the 90 minutes follow-up, in contrast to the 24
hours one. A possible explanation could be related to a specific effect of the stim-
ulation on the later consolidation processes occurring between the two follow-up
sessions, namely during sleep (Rasch and Born, 2013). The benefits of sleep for long-
term memory consolidation is well established (Rasch and Born, 2013). During this
process, specific oscillatory patterns are hypothesized to enhance communication
between the hippocampus and cortical areas to redistribute memory traces (Cowan
et al., 2020). Certain memories were shown to be preferentially consolidated based on
their characteristics (Brodt et al., 2023) and the level of the encoding (Denis et al., 2021;
Zhang, Whitehurst, et al., 2022), with poor encoded memories being prioritized for
consolidation during sleep (Cowan et al., 2020). These considerations could be espe-
cially relevant if the participants present inefficient memory consolidation (Faûbender
et al., 2022) due to aged-related structural and functional alterations (Muehlroth, Rasch,
et al., 2020). In line with this hypothesis, age-related impairments were demonstrated
to particularly emerge in poorly encoded memories before sleep (Muehlroth, Sander,
et al., 2020), whilst no difference was found with respect to young subjects for strong
memory representations. By boosting the encoding strength of the face-name pairs, tb-
tTIS could reduce the need of consolidation mechanisms impaired in an aged cohort,
hence leading to the positive behavioural effects with respect to the control condition.
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Taken together, these results provide the first evidence that the hippocampus can
be directly noninvasively neuromodulated by the tTIS technology in older adults with
a consequent impact on associative memory. Theta-burst patterned tTIS showed in
fact the ability to induce a faster recalling of previously encoded face-name pairs, 24
hours after stimulation when compared to a control stimulation. This evidence sets
the ground for further investigations on the role of subcortical regions in memory func-
tions, fundamental for a better understanding of both healthy young and aged, and
pathological systems. tTIS could be used as an important tool to explore how aging af-
fects hippocampal functioning and how this is linked to well-characterized age-related
cognitive impairments. Most importantly, the present study highlights the potential
of tTIS as a neuromodulation tool for future translation into neurorehabilitation and
therapeutical applications.

4.3 Online Methods

4.3.1 Participants

Fifteen healthy older adults (right-handed, 9 female, average age 66.07 ± 5.57 years
old) were recruited in the current project. The detailed exclusion criteria are listed in
the Supplemental Materials, section 4.7.1. The study was conducted in accordance
with the Declaration of Helsinki and approved by the Cantonal Ethics Committee Vaud,
Switzerland (project number 2020-00127). All participants gave their written informed
consent.

4.3.2 Study design

Cognitive task

The episodic memory was investigated with a face-name association task (Sperling
et al., 2003; Violante et al., 2022) (Fig. 4.1C). The task was separated into alternating
encoding and retrieval blocks. Each encoding block consisted of a series of 14 faces,
each presented with a unique name written underneath. The faces were displayed
one after the other, for 3 seconds each. Each retrieval block consisted of the same 14
faces, each re-presented with five names underneath: the correct name, two other
names used during the encoding but associated with other faces (foil names), and
two names never seen during the encoding (distractor names). The participants were
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asked to select the name they remembered to be associated with the face and, after
each choice, to give an estimation of their confidence level on a scale from 1 to 4
(with 1 corresponding to low confidence and 4 corresponding to high confidence). The
duration of the retrieval block hence depended on the response time of each subject.
All participants were instructed to perform the task ªas fast and as accurate as possibleº.

Experimental protocol

The study had a randomized, double-blind, cross-over design, with each subject un-
dergoing a total of six visits. During the first one, after the signature of the informed
consent, safety questionnaires and baseline evaluations were performed. The safety
questionnaires included the check of the inclusion criteria for the different transcra-
nial stimulations, transcranial magnetic stimulation, transcranial direct current stimu-
lation, transcranial pulsed current stimulation, and transcranial alternating current
stimulation, and the magnetic resonance environment screening form. The baseline
evaluations included demographic data, current work situation and educational level,
list of ongoing and past medications, medical history, handedness (Edinburgh Later-
ality Test (Oldfield, 1971)), sleep quality (Pittsburg Sleep Quality Index, PSQI (Smyth,
1999)), Frontal Assessment Battery (Dubois et al., 2000) (FAB) and MOntreal Cogni-
tive Assessment (Nasreddine et al., 2014) (MOCA). During the second visit, structural
and functional MRI sequences were acquired. The third visit consisted firstly in per-
forming seven consecutive blocks of the face-name association task. The participants
received either the active or the control stimulation only during the encoding phase
of each block. Three of the seven blocks were then repeated without any stimulation
90 minutes after the end of the seven blocks with stimulation and 24 hours after (the
fourth visit). The fifth and sixth visits were identical to the third and fourth (training,
90 minutes and 24 hours follow-up), but with the other stimulation protocol. The two
stimulation visits (third and fifth) were performed with at least one week of interval
between them to minimize any potential carryover effects. The Stanford Sleepiness
Scale (Hoddes et al., 1973) (SSS) and three Visual Analog Scales (VAS) to assess fatigue
were administered prior to the beginning of training and follow-ups, and the VAS were
reassessed right after each of them.

4.3.3 Stimulation protocol

All subjects received two different stimulation protocols created via tTIS (Grossman,
2018; Grossman et al., 2017). By delivering two high frequency currents in antiphase,
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the superposition of the currents results in an envelope oscillating at the difference
in frequency between the two currents. By applying specific shifts at specific timing,
an active and a control stimulation protocol were created. The active stimulation
mimicked a theta burst stimulation pattern applied continuously: bursts of three pulses
at 100 Hz were delivered every 200 ms (5 Hz). The control stimulation consisted of a
flat envelope, with no shift in frequency between the two tTIS channels. The following
parameters were used: carrier frequency = 2 kHz, current intensity per stimulation
channel = 2 mA, duration = 7 min (including ramp-up and ramp-down), ramp-up =
10 sec, ramp-down = 8 sec, electrode type: round, conductive rubber with conductive
cream/paste, electrode size = 3 cm2.

4.3.4 Modeling

Placement of the electrodes and stimulation-associated sensations

The location of the stimulating electrodes was taken from (Violante et al., 2022) in order
to target the left hippocampus (please see Fig. 4.1C). The electrode pairs were hence
placed around the P8-CP7 and Fp2-FT7 landmarks, respectively, in the 10-20 EEG elec-
trode positions system (Seeck et al., 2017), similarly to (Violante et al., 2022). Locations
were marked with a pen on the skin. After skin preparation (cleaned with alcohol),
round conductive rubber electrodes with the size of 3 cm2 were placed, adding a con-
ductive paste (Ten20, Weaver and Company, Aurora, CO, USA or Abralyt HiCl, Easycap
GmbH, Woerthsee-Etterschlag, Germany) as interface with the skin and held in posi-
tion with tape. The electrodes were placed with cables down to minimize movements
due to gravity, except for the electrode on the front head which was tilted horizontally
in order not to occlude the visual field of participants. Impedances were optimized
until they were lower than 20 kΩ. Once good contacts were obtained, the subjects
underwent current intensity titration to familiarize them with the perceived sensations
and to systematically document them: both the tb-tTIS and control stimulation were
applied for 20 seconds with increasing current amplitudes from 0.5 mA, 1 mA, 1.5 mA,
up to 2 mA per channel. Participants were asked to report any kind of sensation and
for each intensity, if any sensation was felt, they were asked to grade its strength from 1
to 3 (i.e., light to strong) and give at least one adjective to describe it. A nonconductive,
elastic cap was then used to apply slight pressure on the electrodes and keep them in
place. Additional impedance checks were performed again immediately before and
after the stimulation to check the maintenance of a good contact.
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4.3.5 Cognitive task analysis

Two main variables were extracted from the face-name association task: accuracy and
speed. During the training phase, accuracy was taken as a binomial variable 0 or 1
(not correct or correct association) for each trial. Response time was also considered
as the time between the appearance of the face and the selection of the name. Only
response time of correct associations were considered. During the retrieval phase,
accuracy was computed as the percentage of correct associations per block, whilst
response time was averaged per block. Both variables were then corrected by dividing
by the respective performance during the last block of the training. The corrected
average confidence was also calculated in line with the previous described methods,
as a secondary outcome (please see section 4.7.4 in SOM).

4.3.6 Statistical analysis

The statistical analysis was performed with the R software (R Core Team (2021). R:
A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/. and version 4.0.5). A
generalized or simple linear mixed model (glmer or lmer functions from the lme4
package (Bates et al., 2014)) were used to test the differences during training and during
retention. For the accuracy during training, the binomial family was used, whilst for
the other models, variables were checked for normality and if data were not normally
distributed, the log transform was applied. For the training data, different models were
hierarchically implemented including stimulation as fixed factor and adding step by
step subject and block as random intercepts and stimulation as random slope for the
subject factor. For the retention data, different models were hierarchically implemented
including stimulation and follow-up (90min or 24h after) as fixed factors, subject as
random intercept and stimulation was added as random slope when possible. In both
cases, the best model was chosen via likelihood test implemented with the anova
function (from the stats package (Bolar, 2019)). The anova function with Satterthwaite’s
approximations (from the lmerTest package (Luke, 2017)) was then run on the final
model. Post-hoc analyses were also conducted via pairwise comparisons by computing
estimated marginal means with the emmeans package (Lenth and Lenth, 2018). For
questionnaires outcomes, paired t-test or Wilcoxon rank sum test were used, based
on the normality of the data, which was tested with the Kolmogorov-Smirnov test. All
functions were provided by the stats package (Bolar, 2019). Finally, effect size measures
were obtained using the effectsize package (Ben-Shachar et al., 2020) and are expressed
as partial eta-squared (Cohen, 1992) (η2

p
, η2

p
: < 0.01 micro, 0.01 small, 0.06 medium,
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0.14 large) for F-tests and Cohen’s d (Cohen, 1992) (d: < 0.2 micro, 0.2-0.3 small,
0.5 medium, 0.8 large effect size) for paired comparisons. The level of significance
was set at p < 0.05. Because of the low sample size, we also reported Bayesian statistics
implemented with the brms package (Bürkner, 2017, 2018). Default priors were set
because of the lack of previous hypothesis on the tTIS effects. The same model as the
one chosen via the likelihood test of the frequentist models was specified. Posterior
probabilities were then used to compute the probability of observing the effect under
investigation.

4.4 Data availability

The datasets generated and/or analyzed during the current study are available from
the corresponding author on reasonable request.

4.5 Code availability

The code used during the current study is available from the corresponding author on
reasonable request.
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4.7 Supplementary material

4.7.1 Study participant selection criteria

Exclusion criteria

• Unable to consent

• Severe neuropsychiatric (e.g., major depression or severe dementia) or unstable
systemic diseases (e.g., severe progressive and unstable cancer or life-threatening
infectious diseases)

• Severe sensory or cognitive impairment or musculoskeletal dysfunctions pro-
hibiting instruction comprehension or experimental task performance

• Inability to follow or noncompliance with the procedures of the study

• Contraindications for noninvasive brain stimulation (NIBS) or MRI:

– Electronic or ferromagnetic medical implants/device; non-MRI compatible
metal implant

– History of seizures

– Medications that significantly interact with NIBS are benzodiazepines, tri-
cyclic antidepressants and antipsychotics

• Regular use of narcotic drugs

• Left-handedness

• Pregnancy

• Request to not be informed in case of incidental findings

• Concomitant participation in another trial involving neuronal plasticity probing.

4.7.2 Baseline questionnaires

Participants were characterized at baseline via several questionnaires summarized in
the following table:
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Sample size Age EHI FAB MOCA PSQI
15 66.07±5.57 90.32±14.18 15.80±2.48 26.33±1.99 4.73±2.05

Table 4.S1: Summary of baseline measures

Attention and fatigue were measured before and after each training and follow up
(Fig. 4.S1A-B). No effect of stimulation was detected (pre-post training attention: t(14)=-
0.21, p=0.84, d=-0.06; pre-post training fatigue: V=31, p=0.33, d=-0.27 ; pre-post FU1
attention: t(14)=0.81, p=0.43, d=0.22; pre-post FU1 fatigue: V=66.5, p=0.73, d=0.24; pre-
post FU2 attention: t(12)=-0.21, p=0.84, d=-0.07 ; pre-post FU2 fatigue: V=37.5, p=0.60,
d=0.09). Statistics for pre-post comparison of both fatigue and attention during FU2
are computed on 13 subjects because of missing data. Sleepiness was measured before
starting the task during training and follow ups (Fig. 4.S1C). No significant difference
was found between sessions with active or control stimulation (before training: V=25,
p=0.80, d=0.08; before FU1: V=18.5, p=1.00, d=0; before FU2: V=26.5, p=0.67, d=0.18).
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Figure 4.S1: Fatigue and attention.
(A) Attention and fatigue levels measured via the Visual Analog Scales (VAS), before and after training and follow-ups (90 minutes
and 24 hours after). (B) Task-induced changes in attention and fatigue levels. No significant changes were observed. (i) Changes
from before to after training session. (ii) Changes from before to after the 90 minutes follow up. (iii) Changes from before to
after the 24 hours follow-up. (C) Stanford Sleepiness Scale (SSS) before (i) training, (ii) 90 minute follow-up and (iii) 24 hours
follow-up. No significant changes were observed.
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4.7.3 tTIS associated sensation and blinding

A successful blinding of the study was confirmed by multiple tests (Fig. 4.S2). Firstly,
the level of tTIS-associated sensations during the initial testing was comparable be-
tween tb-tTIS and control stimulation as ensured by the non-significant stimulation x
intensity factor (F(3,203)=0.29, p=0.84, η2

p
=0.004 [micro]). Secondly, reported sensations

during the task also revealed a non-significant difference between the two stimulation
conditions (Z=-0.514, p=0.607 ). Finally, when asked to guess which stimulation proto-
col they received, participants were not able to guess, with answers not different than
the chance level (exact binomial test: p = 1).
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Figure 4.S2: tTIS induced sensations.
(A) Sensation perceived during the sensation test. Subjects received around 20 seconds of each stimulation protocol, from a current
intensity of 0.5 to 2 mA, increasing with steps of 0.5 mA. The graphs report the sensation felt during control stimulation, on the
left, and tb-tTIS, on the right. No significant difference in stimulation perception was found (stimulation x condition interaction:
F(3,203)=0.29, p=0.84, η2

p=0.004 [micro]). (B) Sensations perceived during the association task with concomitant stimulation.
Subjects were asked at the end of the task to describe which sensations they felt. Results are plotted for control stimulation on the
left and for tb-tTIS on the right. No significant effect of the stimulation condition was found (Z=-0.514, p=0.607).
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4.7.4 Confidence

We additionally investigated whether the stimulation affected confidence levels of
correct associations during training or follow ups. During training, because of the
nature of the data including values from one to four, we used a generalized linear mixed
model with a Poisson distribution and a logarithmic link function. The winning model
included stimulation as fixed factor and subject as random intercept. No significant
effect of stimulation was observed on the confidence level (X2 (1, 15) = 2.76, p = 0.10,
d = -0.06 [micro]), even though it was 95.14% likely to observe a higher confidence
during control stimulation with respect to tb-tTIS. During the retrieval period, data
were corrected over the last block as for accuracy and response time variables. Data
was not normally distributed even after logarithmic transformation, but looking at the
distribution in the descdist function in R, distribution was close to normal. For this
reason, we anyway implemented a linear mixed model with stimulation and follow
up as fixed factors, subject as random intercept and stimulation as random slope. No
effect of the stimulation was present (F(1, 14) = 0.07, p = 0.79, η2

p
= 0.005 [micro]), with

60.19% probability of observing higher confidence after tb-tTIS with respect to control.
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Figure 4.S3: Confidence results.
(A) Evolution of the confidence, from 1 – ªnot confident at allº to 4 – ªsureº, over the stimulation blocks. No significant difference
was found. (B) Distribution of the confidence during stimulation blocks. No significant difference was found. (C) Confidence
during the follow-up 90 minutes and 24 hours after stimulation with respect to the last block of training. No significant difference
was found.
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Chapter 5

Discussion and conclusion
Exploration of the complex interplay between the brain regions underlying key func-
tions of our everyday life is crucial in the view of advancing therapies and rehabilitation
techniques. Deep brain structures were shown to play a critical role in cognitive behav-
iors from animals, patients and fMRI studies, but because of the limitation of current
techniques, the causal relationship between these areas and behavior in humans is still
missing. A comprehensive understanding of the role of subcortical regions in humans
would support current rehabilitative approaches, by providing insights on brain mech-
anisms leading to impaired functions observed in major brain disorders. This could
be achieved via neuromodulation techniques able to overcome the depth-focality
tradeoff.

When I started this thesis in 2019, transcranial temporal interference stimulation
was still at an early stage with only few studies (Cao and Grover, 2018) giving echo to
the seminal work of Grossman and colleagues (Grossman et al., 2017). This type of
stimulation has now gained visibility with several modeling (Esmaeilpour et al., 2021;
Gomez-Tames et al., 2021; Howell and McIntyre, 2021; Huang and Parra, 2019; Lee
et al., 2020; Mirzakhalili et al., 2020; Rampersad et al., 2019; von Conta et al., 2021) and
animal (Acerbo et al., 2022; Esmaeilpour et al., 2021; Missey et al., 2021; Song, Zhang,
et al., 2021) studies discussing the mechanisms and the properties of tTIS. We are hence
at the stage where the field is calling for evidence on the translational potential of the
technique to target deep brain structures in humans. With this purpose in mind, the
goal of this thesis was many folds. First, our aim was to provide imaging evidence that
tTIS stimulation can be applied to focally target deep brain structures which cannot be
reached with other traditional non-invasive stimulation techniques. Second, we were
interested in demonstrating that through such stimulation one can induce targeted
behavioral effects. Third, we wanted to provide further causal evidence of the core
functional role of striatum and HC in motor learning and declarative memory functions
respectively, based on the reported functional and behavioral neuromodulation effects.

More specifically, in the second chapter we illustrated the successful modulation of
striatal activity during a motor learning task, supported by both imaging and behav-
ioral outcomes. This results support a causal role of the putamen, sub-region of the
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striatum, in sequential motor learning. The modulation was specifically observed in
the presence of natural endogenous activity induced by the motor task. This finding
corroborates with previous literature on TMS (Silvanto and Pascual-Leone, 2008) and
tES (Alekseichuk et al., 2022) studies which also reported that co-activation enhances
stimulation effects and could hence guide investigation whether similar mechanisms
could explain tTIS-associated changes. Importantly, the pre-activation of the targeted
structure could serve as a way of improving stimulation focality and could be of use in
rehabilitative applications consisting of functional tasks, hence pre-activating specific
networks of interest (Feurra et al., 2013). The clinical translational potential is also sup-
ported by the behavioral changes observed in our experiments. In fact, the use of tTIS
induced improvements in motor learning performance with larger effects on an older
cohort with respect to young healthy subjects. This difference of magnitude observed
between young and older is the key aspect encouraging rehabilitative translation, since
it supports the main hypothesis that functionally and structurally impaired brains, due
to either aging or neurological diseases, would gain greater benefits from the stimula-
tion. In the current study, fMRI data were not acquired in the older cohort, but it will
be important to investigate in the future whether the behavioral differences observed
between these two populations could also be explained by a different impact of stimu-
lation on brain functional activity. Taken together, these results indicate the possibility
of neuromodulating subcortical regions, such as the striatum, in a noninvasive and
focal way in humans.

In the third chapter, we applied tTIS to stimulate the hippocampus-entorhinal
complex during a spatial navigation task, highly dependent on MTL activity. Our main
research question was whether grid cell-like representation could be modulated via
tTIS and be reflected in spatial navigation performance changes. Both iTBS- and cTBS-
tTIS protocols showed to affect GCLR activity and hippocampal connectivity, which
resulted in differential spatial memory recall speed. This behavioral differences could
be explained by the right hippocampal BOLD activity during the cue+retrieval period.
The study provides further evidence of the role of the hippocampal-entorhinal complex
in spatial navigation functions and it contributes in the demonstration that tTIS is
capable of modulating deep structures.

Finally, in the forth chapter, we performed an additional behavioral experiment
applying tTIS to target the hippocampus-entorhinal complex during the encoding
phase of a face-name association task, which also relies on MTL functioning. In this
case, stimulation restricted to the encoding phase led to a main effect on the long-
term consolidation with respect to the end of the training phase: active stimulation
induced faster association recall 24 hours after delivery. Interestingly, faster retrieval
was not followed by increased accuracy, which indicates that tTIS did not impact the
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formation of memory trace, but preferentially acted on the hippocampal access to
information storage. Again, these results support modulation of hippocampal activity,
which was already shown in the previous chapter, but that should be further confirmed
by acquiring concomitant fMRI data in a future study.

5.1 Limitations and future steps

In this section, I would like to discuss some of the future directions which could be in-
vestigated in order to strengthen current understanding of tTIS technique and improve
tTIS applications.

The first aspect which should be addressed in more details is the debate whether
there might be an effect on brain functioning or behavior due to high frequency stimu-
lation. The results presented in this thesis derive from the contrast between stimulation
conditions all containing a high frequency component. Hence the latter could not ex-
plain the observed neural and behavioral differences. Still, we cannot rule completely
out potential effects of high frequency currents equally present in both active and
control conditions, which would not be detected by the current setup. Physiological
measurements should be carried out to assess whether the HF stimulation does not act
on the neural membrane as assumed by the original work (Grossman et al., 2017) or if it
could lead to the conduction block effects proposed in later studies (Mirzakhalili et al.,
2020; Wang et al., 2022). In Chapter 2 we provide first data supporting the biological
inertness of HF stimulation on corticospinal excitability measured via TMS. However,
a dedicated experiment should be performed, with comparison between envelope
modulated, HF and sham stimulation conditions, both at rest and during a task. To this
purpose, further technical developments would be also suitable to optimize concomi-
tant recording of electroencephalography or magnetoencephalography signals, which
are affected by stimulation artifacts (Herrmann et al., 2016; Schnitzler and Hirschmann,
2012).

A further important effort should be made to assess and improve focality of the
stimulation. In the case of striatal TBS-tTIS, our main hypothesis relies on the role of
concomitant endogenous activity induced by the task, which would steer the effect of
the stimulation in regions already engaged in the exercise. A first step should hence at-
tempt to measure the applied fields within and in the neighboring areas of the targeted
brain region. Cadavers recordings have been used with this purpose (Acerbo et al., 2022;
Violante et al., 2022), but these should be complemented with invasive recordings in
humans, i.e. on already implanted patients. As mentioned in the introduction, several
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adaptations could be exploited to optimize the focality of tTIS, i.e. by increasing the
number of electrodes (Cao and Grover, 2019; Huang et al., 2020; Lee, Park, Choi, Lee,
et al., 2022; Song, Zhao, et al., 2021; Xiao et al., 2019). However, attention should be
paid to potential complex interference maps that would be created in locations where
only some of the fields contribute to the envelope modulation. In line with the goal
of increasing focality, individualization of the electrode positions and current ratio
would be required (Lee et al., 2020; von Conta et al., 2021). Structural MRIs, including
T1w, T2w and diffusion sequences should be considered to simulate the fields based
on individual anatomy (i.e. skull thickness, fibers orientations). For specific targets,
functional activity measured during resting state recordings could also be integrated
to optimize the envelope amplitude distribution.

Another relevant aspect that should be investigated is the impact of inter-subjects
variability on tTIS effects. This is of high importance in view of the high relevance
of individual physiology in cortical TBS applications (Corp et al., 2020; Hamada et
al., 2013; Leodori et al., 2021; López-Alonso et al., 2014; Volz et al., 2019) and which
should be verified in the context of TBS-tTIS. Cortical and subcortical regions show
different structural organization which impacts on the effects proposed for cortical
TBS variability. Also, measures of physiological responses in subcortical regions would
remain challenging in humans, since they could not be simply measured as i.e. motor
evoked potential (Hamada et al., 2013). One possibility would be the investigation
of physiological properties in animals or implanted patients. The three experiments
proposed here are first proofs of concept studies, with small sample sizes, but future
investigations will need to reproduce and confirm the results. To do so, it will be
important to characterize the inter-subjects variability, allowing to optimize the design
of future applications of theta burst patterned tTIS.

Finally, by taking advantage of the novelty and still relatively sparse literature of tTIS,
the field should attempt to learn from the experience gained on previously studied
NIBS techniques. More specifically, incoming results should be taken with caution
before drawing generalized conclusions on the modus operandi and net effects of tTIS.
Efforts should be made to reproduce the outcomes of other groups, demonstrating the
high or low reliability of the findings. To do so, it will be fundamental to establish a
solid network between the players in the field and communication should be kept as
open as possible, sharing the necessary information to have a transparent science.
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5.2 The future of tTIS

To conclude this thesis, I would like to highlight the potential and the multitude of
applications of tTIS in basic and translational clinical systems neuroscience to en-
hance the understanding of cognitive functioning in vivo in humans and provide the
basis for novel innovative noninvasive treatment strategies for patients suffering from
neurological or psychiatric disorders.

The striatum and the hippocampus are two core brain hubs and alteration in
their structural and functional properties leads to behavioral impairments observed in
several neurological disorders. The striatum is for instance implicated in Parkinson’s
disease, with lower dopamine levels within this region affecting the natural balance
between direct and indirect path, hence leading to several motor impairments, in-
cluding tremor, bradykinesia and rigidity (McGregor and Nelson, 2019; Obeso et al.,
2008). It is as well involved in Huntington’s disease (Snowden, 2017), schizophrenia
(McCutcheon et al., 2018), obsessive-compulsive disorders (Bokor and Anderson, 2014)
and many other pathologies. The hippocampus is also a key area which showed to
underlie several diseases (Bartsch and Wulff, 2015), such as epilepsy (Huberfeld et al.,
2015), multiple sclerosis (Sacco et al., 2015) and several dementia syndromes (Evans
et al., 2018). Alzheimer’s disease is probably one the most known neurodegenerative
disorders associated to structural and functional alterations of the hippocampus (Muf-
son et al., 2015). The high burden related to these pathologies highlights the necessity
of finding therapeutical tools able to improve cognitive and motor symptoms. Neuro-
modulation holds this potential and tTIS particularly could open new opportunities to
reach these important hubs.

Besides these two regions, several other subcortical areas are also found to signifi-
cantly have an impact in some of the mentioned disorders. For example, the thalamus
has been linked to multiple sclerosis (Kipp et al., 2015), schizophrenia (Cronenwett and
Csernansky, 2010) and stroke (Schmahmann, 2003). Neurodegenerative diseases, such
Alzheimer’s disease are associated not only to hippocampal alterations, but to other
regions including subcortical structures such as the amygdala (Sengoku, 2020). These
factors emphasize even more the potential applications of tTIS, which we only started
to explore in the current work. The real extent of the domains that could be targeted is
way larger as well, i.e. attention, fatigue, language, fear, reward and many others. Of
note, several functions share common underlying key hubs in the brain, allowing to
target the same structure and obtain differential responses in a context-dependent
manner. An example of this last observation is demonstrated by an additional project I
was involved in, during which the striatum was targeted by using the same montage
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presented in Chapter 2, but in the context of a reward motor learning task (for more
information, please refer to Appendix A). In this case, we observed how a tTIS envelope
oscillating at 80 Hz (i,e frequency observed in reward processes) could preferentially
disrupt motor learning only when reinforcement information was provided and we
could explain the lowering of performances by modulation of striatal BOLD activity.
This was not the case for a tTIS stimulation delivered at 20 Hz, frequency more re-
lated to sensorimotor functions. A crucial aspect emerging from these results is hence
the context-dependent effect: only stimulation at a functionally relevant frequency
affected the outcome measures. In this study, striatal activity reduction was linked
to higher behavioral disruption, nonetheless, inhibition of specific activity could in
other circumstances be beneficial, such as suppression of abnormal beta oscillations
characteristics of the Parkinson’s disease (Cagnan et al., 2019; McGregor and Nelson,
2019). This is why, for clinical translation, it is crucial to demonstrate both excitatory
and inhibitory ability of tTIS.

Currently, NIBS techniques are already being tested and applied in multiple patholo-
gies, such as depression (Begemann et al., 2020; Liu et al., 2017), dementia (Begemann
et al., 2020; Pini et al., 2018), traumatic brain injury (Begemann et al., 2020; Dhaliwal
et al., 2015), stroke (Hummel and Cohen, 2006; Raffin and Hummel, 2018) and more.
These applications, even though limited to cortical regions, show good focality and,
most importantly, lead to beneficial effects though heterogenous in terms of magnitude
and repsonders/non-repsonders. Thus, tTIS should not be seen as a replacement of
existing methods, but more as an additional assistance. In fact, there is still a high
variability in NIBS outcomes, with a percentage of patients not responding to spe-
cific techniques (Bertolucci et al., 2018; Carpenter et al., 2012; Kar, 2019; Meron et al.,
2015; Mollica et al., 2022; O’Brien et al., 2018; Rajji, 2021; Teselink et al., 2021). Part of
the discrepancies between outcomes could be explained by inter-subject variability
(López-Alonso et al., 2014). In tTIS, anatomical differences could be taken into ac-
count by conducting an individualized modelling based on MRI scans (Lee et al., 2020;
von Conta et al., 2021). Furthermore, orientation of the electric field relative to the
orientation of the neurons might further play an important role (Missey et al., 2021).
Hence, electrodes position should be carefully chosen considering the orientation of
the neurons in the region of interest as well, by including for instance information
about anisotropy in the modelling. Besides electrodes placements, approaches to im-
prove neurostimulation efficacy are many fold. Firstly, characterization of the patients
is fundamental, even before application of a neurotechnology. This emerges from our
work summarized in Koch and colleagues (Koch et al., 2021), where structural con-
nectomes properties, for instance, are shown to be able to predict natural recovery
after stroke. This could already provide a first personalization for neuromodulation
techniques by driving the choice of the target areas. A second practice could be to then
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define predictors able to anticipate the outcomes of the stimulation, such as individ-
ual physiological properties (Kar, 2019; Nicolo et al., 2015). Because of the different
mechanisms of each technique, patients failing to respond to one stimulation could
in contrast benefit from another. A third strategy would be to develop classification
methods to anticipate which NIBS technique would best benefit each individual pa-
tient. Therefore, establishing tTIS as an alternative NIBS technique would introduce
advantages, by providing an additional option when other methods would fail or by
providing the possibility of targeting deep structures when predictors would propose
them as optimal targets based on individual patients characteristics.

Being able to choose the method optimizing the outcomes for each individual
patient is the pillar of therapy personalization. Currently, there is an increased ap-
pearance of studies exploring stratification approaches (Bonkhoff and Grefkes, 2022;
Stinear et al., 2020) and personalized interventions (Bigoni et al., 2022; Lynch et al.,
2023; Sampogna et al., 2022) to move away from the ªone-size-fits-allº mentality. This is
the motivation underlying the AVANCER project (Bigoni et al., 2022), a patient-tailored
intervention for upper-limb motor rehabilitation in severe chronic stroke patients.
This study, in which I collaborated during the thesis (please see Appendix B), aimed at
hierarchically combining several neurotechnologies based on the individual needs of
the patients. Results are still preliminary, but first patient data support feasibility and
safety of the protocol. In one phase of the intervention, transcranial direct current stim-
ulation was used to further boost motor improvements after behavioral stabilization.
As mentioned before, in a future development, tTIS could be considered, depending on
the location of the lesion, to personalize and optimize even more rehabilitation results.

Efforts are being made to increase accessibility and facilitate the use of NIBS tech-
niques for patients in home-based settings (Antonenko et al., 2022). tTIS would be a
well suitable technique for these applications, similarly to the current tES techniques.
Furthermore, brain is known to be a sophisticated network, composed of several re-
gions interacting with each other in a complex interplay. A well established form of
communication is cross-frequency coupling between regions (Hyafil et al., 2015). In
particular, cortical and subcortical regions coupling is known to represent an impor-
tant communication strategy, i.e. underlying memory formation and consolidation
(González et al., 2020; Puentes-Mestril et al., 2019; Sweeney-Reed et al., 2014). There-
fore, tTIS could be applied in the context of dual-site stimulation (Draaisma et al.,
2022; Polanía et al., 2012; Saturnino et al., 2017; Wessel et al., 2021), which is currently
limited to cortico-cortical interactions. In this context, oscillatory tTIS envelopes could
be delivered to a subcortical structure simultaneously with standard cortical tACS.
Besides the increased depth-focality tradeoff, tTIS presents another characteristic
which could open new opportunities: the possibility of steering the maximal envelope
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amplitude without electrodes’ repositioning. We already described in Chapter 1 how
network dynamics evolve based on the requirements of the current functional stage.
This is particularly evident in the motor learning process, with the shift from associa-
tive to sensorimotor areas (Lehéricy et al., 2005). tTIS could hence be delivered in a
functionally-driven manner, gradually displacing the maximal location peak based on
the motor learning stage. The steering could also be a crucial aspect in closed-loop
paradigms, another promising application for tTIS. In contrast to all other NIBS tech-
niques, tTIS could in fact automatically adjust the location of the maximal envelope
peak based on the online brain activity, by simply adapting the current intensities.

5.3 Conclusion

This thesis provides a significant step forward in the field of interventional noninvasive
neuromodulation. Current data showed the exciting potential of tTIS to be used as a
noninvasive deep brain stimulation technique able to support behavioral functions in
humans. The results add to the NIBS field literature by demonstrating the successful
focal modulation of deep structures in humans, which was not possible with standard
NIBS techniques up to this moment. Insights about the potential of tTIS to achieve
noninvasive deep brain stimulation was until now limited to animal and modeling
studies. We here provided new evidence for the translational prospects of the tech-
nique. Furthermore, this work revealed that tTIS can result in behavioral changes as
well, outcome which is crucial for future rehabilitative purposes. During these four
years, we managed to apply tTIS to target multiple brain regions, the striatum and
the hippocampus, in more that 150 subjects over more than 250 sessions, spanning
from young and older healthy subjects to neurological patients (ongoing work, not
presented here), both inside and outside of the MRI environment. This collected expe-
rience supports feasibility and safety of the technique together with a good blinding
profile. In summary, tTIS holds potential for a better understanding of the human
brain and for exciting future translational applications to support rehabilitation and
treatments of several neurological diseases.
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A.1 Abstract

Reinforcement feedback can improve motor learning, but the underlying brain
mechanisms remain underexplored. Especially, the causal contribution of specific
patterns of oscillatory activity within the human striatum is unknown. To address this
question, we exploited an innovative, non-invasive deep brain stimulation technique
called transcranial Temporal Interference Stimulation (tTIS) during reinforcement
motor learning with concurrent neuroimaging, in a randomised, sham-controlled,
double-blind study. Striatal tTIS applied at 80Hz, but not at 20Hz, abolished the
benefits of reinforcement on motor learning. This effect was related to a selective
modulation of neural activity within the striatum. Moreover, 80Hz, but not 20Hz
tTIS increased the neuromodulatory influence of the striatum on frontal areas
involved in reinforcement motor learning. These results show for the first time that
tTIS can non-invasively and selectively modulate a striatal mechanism involved in
reinforcement learning, opening new horizons for the study of causal relationships
between deep brain structures and human behaviour.

Keywords: Motor learning, reward, reinforcement learning, non-invasive brain
stimulation, deep brain stimulation, temporal interference stimulation, striatum, neu-
roimaging

A.2 Introduction

The ability to learn from past outcomes, often referred to as reinforcement learning, is
fundamental for complex biological systems (Neftci and Averbeck, 2019). Reinforce-
ment learning has been classically studied in the context of decision making, when
agents have to decide between a discrete number of potential options (Schultz, 2015).
Importantly, there is an increasing recognition that reinforcement learning processes
are also at play in other contexts including during practice of a new motor skill (Dhawale
et al., 2017; Spampinato and Celnik, 2021; Vassiliadis et al., 2021). For instance, the
addition of reinforcement feedback during motor training can improve motor learning,
presumably by boosting the retention of newly acquired motor memories (Galea et al.,
2015; Huang et al., 2011). Interestingly, reinforcement feedback also appears to be
relevant for the rehabilitation of patients suffering from motor impairments (Therrien
et al., 2016; Vassiliadis et al., 2019; Widmer et al., 2022). Yet, despite these promising
results, there is currently a limited understanding of the brain mechanisms that are
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critical to implement this behaviour. A prominent hypothesis in the field is that the
striatum, a structure that is particularly active both during reinforcement (Bartra et
al., 2013) and motor learning (Hardwick et al., 2013), may be causally involved in the
beneficial effects of reinforcement on motor learning. As such, the striatum shares
dense connexions with dopaminergic structures of the midbrain as well as with pre-
frontal and motor cortical regions (Haber, 2016), and is therefore well positioned to
mediate reinforcement motor learning (Balleine et al., 2007; Hori et al., 2019; Piray
et al., 2017). This idea is supported by neuroimaging studies showing reward-related
activation of the striatum during motor learning (Wächter et al., 2009; Widmer et al.,
2016). More specifically, within the striatum, oscillatory activity in specific frequency
bands is suggested to be involved in aspects of reinforcement processing. Previous
rodent studies have shown that striatal high gamma oscillations ( 80 Hz) transiently
increase following reward delivery (Berke, 2009; Dwiel et al., 2019; Matsumoto et al.,
2012; van der Meer et al., 2010; van der Meer and Redish, 2009), but not when reward is
withheld19. Hence, dynamic changes of high gamma activity in the striatum (Berke,
2009; Cohen et al., 2009; Kalenscher et al., 2010) and in other parts of the basal ganglia
(Herrojo Ruiz et al., 2014; Sepe-Forrest et al., 2021) may encode the outcome of previous
movements (i.e., success or failure) and support learning. Consistent with a role of
such oscillatory activity in reinforcement learning, high gamma activity in the striatum
shows coherence with frontal cortex oscillations and is up-regulated by dopaminergic
agonists (Berke, 2009). Hence, this body of work suggests that reinforcement-related
modulation of striatal oscillatory activity, especially in the gamma range, may be crucial
for reinforcement learning of motor skills. Conversely, striatal beta oscillations ( 20 Hz)
have been largely associated with sensorimotor functions (Jenkinson and Brown, 2011).
For instance, beta oscillations in the striatum are exacerbated in Parkinson’s disease
and associated to the severity of motor symptoms (Brown, 2007; Kondabolu et al.,
2016; McCarthy et al., 2011). Consistently, excessive beta connectivity is reduced by
anti-parkinsonian treatment in proportion to the related motor improvement (Silber-
stein et al., 2005). Taken together, these elements suggest that striatal high gamma and
beta activity may have different functional roles preferentially associated to reinforce-
ment and sensorimotor functions, respectively. The studies mentioned above provide
associative evidence linking the presence of reinforcement with changes of neural ac-
tivity within the striatum determined through neuroimaging17,18, but do not allow to
draw conclusions regarding its causal role in reinforcement motor learning in humans.
The only causal evidence available to date comes from animal work showing modu-
lation of reinforcement-based decision-making with striatal stimulation (Nakamura
and Hikosaka, 2006; Williams and Eskandar, 2006). A reason for the current absence
of investigations of the causal role of the striatum in human behaviour is related to
its deep localization in the brain. As such, current non-invasive brain stimulation
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techniques, such as transcranial magnetic stimulation (TMS) or classical transcranial
electric stimulation (tES), do not allow to selectively target deep brain regions, because
these techniques exhibit a steep depth-focality trade-off (Deng et al., 2013; Wagner et
al., 2007). Studies of patients with striatal lesions1 (Nickchen et al., 2017; Schmidt et al.,
2008) or invasive deep brain stimulation of connected nuclei (Atkinson-Clement et al.,
2019; Seymour et al., 2016) have provided insights into the role of the basal ganglia in
reinforcement learning. However, their conclusions are partially limited by the fact that
the studied patients also exhibit altered network properties resulting from the underly-
ing pathology (e.g., neurodegeneration, lesions) or from the respective compensatory
mechanisms. Here, we address these challenges by exploiting transcranial electric Tem-
poral Interference Stimulation (tTIS), a new non-invasive brain stimulation approach
allowing to target deep brain regions in a frequency-specific and focal manner in the
physiological state (Grossman et al., 2017; Song, Zhang, et al., 2021). The concept of
tTIS was initially proposed and validated on the hippocampus of rodents41 and was
then further tested through computational modelling (Cao et al., 2020; Esmaeilpour
et al., 2021; Mirzakhalili et al., 2020; Rampersad et al., 2019; von Conta et al., 2021) and
in first applications on cortical areas in humans (Ma et al., 2021; von Conta et al., 2022).
tTIS requires two pairs of electrodes to be placed on the head, each pair delivering
a high frequency alternating current. One key element is that this frequency has to
be high enough (i.e., in the kHz range) to avoid direct neuronal entrainment, based
on the low-pass filtering properties of neuronal membranes (Hutcheon and Yarom,
2000). The second key element is the application of a small difference of frequency
between the two alternating currents. The superposition of the electric fields creates
an envelope oscillating at this low-frequency difference, which can be steered towards
individual deep brain structures (e.g., by optimizing electrodes’ placement), and is in a
range able to influence neuronal activity (Acerbo et al., 2022; Grossman et al., 2017;
Violante et al., 2022; Wessel et al., 2022). An interesting feature of tTIS is to stimulate at a
particular frequency of interest in order to preferentially interact with specific neuronal
processes (Grossman et al., 2017; Song, Zhang, et al., 2021). Importantly, despite these
exciting opportunities, current evidence for tTIS-related neuromodulation of deep
brain structures, such as the striatum, is lacking in humans. Here, we combine tTIS
with electric field modelling for target localisation, behavioural data and functional
magnetic resonance imaging (fMRI) to evaluate the causal role of specific patterns of
striatal activity in reinforcement learning of motor skills. Based on the studies men-
tioned above, we hypothesised that striatal tTIS at high gamma frequency (tTIS80Hz)
would disturb the fine-tuning of high gamma oscillatory activity in the striatum and
thereby would perturb reinforcement motor learning in contrast to beta (tTIS20Hz)
or sham (tTISSham) stimulation. More specifically, we reasoned that applying a con-
stant high gamma rhythm in the striatum would disturb the temporally precise and
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reinforcement-specific modulation of high gamma activity. Moreover, given that the
stimulation protocol was not individualised to endogenous high gamma activity and
not synchronised to ongoing activity in other hubs of the reinforcement learning net-
work (e.g., the frontal cortex), we anticipated disruptive rather than beneficial effects of
tTIS80Hz. In line with our prediction, we report that tTIS80Hz disrupted motor learning
compared to the controls, but only in the presence of reinforcement. To evaluate the
potential neural correlates of these behavioral effects, we measured BOLD activity
in the striatum and effective connectivity between the striatum and frontal cortical
areas involved in reinforcement motor learning. We found that the disruptive effect of
tTIS80Hz on reinforcement learning was associated to a specific modulation of BOLD
activity in the putamen and caudate, but not in the cortex, supporting the ability of
tTIS to selectively modulate striatal activity without affecting overlying cortical areas.
Moreover, tTIS80Hz also increased the neuromodulatory influence of the striatum on
frontal cortical areas involved in reinforcement motor learning. Overall, the present
study shows for the first time that tTIS can non-invasively and selectively modulate a
striatal mechanism involved in reinforcement learning opening new horizons for the
study of causal relationships between deep brain structures and human behaviour.

A.3 Results

24 healthy participants (15 women, 25.3 ± 0.1 years old; mean ± SE) performed a
force tracking task in the MRI with concurrent tTIS of the striatum. The task required
participants to modulate the force applied on a hand-grip force sensor in order to
track a moving target with a cursor with the right, dominant hand (Abe et al., 2011;
Steel et al., 2016) (Fig. A.1A). At each block, participants had to learn a new pattern of
motion of the target (Fig. A.S1; see Methods). In ReinfON blocks, participants were
provided with online reinforcement feedback during training, giving them real-time
information about success or failure throughout the trial, indicated as a green or red
target, respectively (please see Video S1 for the task). The reinforcement feedback
was delivered according to a closed-loop schedule (Therrien et al., 2016), in which
the success criterion to consider a force sample as successful was updated based on
the median performance over the 4 previous trials (see Methods for more details). In
ReinfOFF blocks, participants practiced with a visually matched random feedback
(cyan/magenta). Importantly, in both types of blocks, training was performed with
partial visual feedback of the cursor, a condition that has been shown to maximise
reinforcement effects in various motor learning paradigms (Izawa and Shadmehr, 2011;
Mawase et al., 2017; Vassiliadis et al., 2021; Vassiliadis, Lete, et al., 2022) and which
yielded significant effects of reinforcement on motor learning as also demonstrated
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in an additional behavioural study testing another group of healthy participants on
the same task (n = 24, Fig. A.S2). Before and after training, participants performed Pre-
and Post-training assessments with full visual feedback, no reinforcement and no tTIS,
allowing us to evaluate motor learning. To assess the effect of tTIS on reinforcement-
related benefits in motor learning and the associated neural changes, participants
performed 6 blocks of 36 trials in the MRI, with concurrent tTIS during training, deliv-
ered with a δf of 20 Hz (tTIS20Hz), 80 Hz (tTIS80Hz) or as a sham (tTISSham; 3 tTISTYPE
x 2 ReinfTYPE conditions; Fig. A.1B, Fig. A.1C). Notably, the order of the conditions
was balanced among the 24 participants, ensuring that any potential carry-over effect
would have the same impact on each experimental condition. To determine the best
electrode montage to stimulate the human striatum (putamen, caudate and nucleus
accumbens [NAc] bilaterally), computational modelling with a realistic head model
was conducted with Sim4Life (Iacono et al., 2015) (see Methods). The selected montage
(F3-F4; TP7-TP8) generated a theoretical temporal interference electric field that was
30-40% stronger in the striatum than in the overlying cortex, reaching magnitudes of
0.5 to 0.6 V/m (Fig. A.1D, Fig. A.1E).

A.3.1 tTIS80Hz disrupts reinforcement learning of motor skills

Task performance was evaluated by means of the Error, which was defined as the abso-
lute difference between the applied and target force averaged across samples for each
trial, as done previously (Abe et al., 2011; Vassiliadis et al., 2021; Vassiliadis, Lete, et al.,
2022) (Fig. A.2A). Across conditions, the Post-training Error was reduced compared
to the Pre-training Error (single sample t-test on the normalised Post-training data:
t(24)=-2.69; p=0.013; Cohen’s d=-0.55), indicating significant motor learning during the
task (Fig. A.2B). Such improvement was greater when participants had trained with
reinforcement (ReinfTYPE effect in the Linear Mixed Model (LMM): F(1, 1062.2)=5.17;
p=0.023; d=-0.14 for the post-hoc contrast ReinfON – ReinfOFF), confirming the ben-
eficial effect of reinforcement on motor learning (Galea et al., 2015; Mawase et al.,
2017). Crucially though, this effect depended on the type of stimulation applied dur-
ing training (ReinfTYPE x tTISTYPE interaction: F(2, 1063.5)=2.11; p=0.034; Fig. A.2C).
While reinforcement significantly improved learning when training was performed
with tTISSham (p=0.036; d=-0.22) and tTIS20Hz (p=0.0089; d=-0.27 ), this was not the case
with tTIS80Hz (p=0.43; d=0.083). Consistently, direct between-condition comparisons
showed that in the ReinfON condition, learning was reduced with tTIS80Hz compared to
tTIS20Hz (p=0.039; d=0.26) and tTISSham (p<0.001; d=0.45) but was not different between
tTIS20Hz and tTISSham (p=0.15; d=0.20). This disruption of motor learning with tTIS80Hz

was not observed in the absence of reinforcement (tTIS80Hz vs. tTIS20Hz: p=0.59; d=-
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Figure A.1: Striatal tTIS during reinforcement learning of motor skills in the MRI. A) Motor learning task. Participants were
required to squeeze a hand grip force sensor (depicted in the upper right corner of the figure) in order to track a moving target
(larger circle with a cross in the center) with a cursor (black smaller circle) (Abe et al., 2011; Steel et al., 2016). Pre- and Post-
training assessments were performed with full visual feedback of the cursor and no reinforcement. In ReinfON and ReinfOFF
trials, participants practiced the task with or without reinforcement feedback, respectively. As such, in ReinfON trials, the color
of the target varied in real-time as a function of the subjects’ tracking performance. B) Experimental procedure. Participants
performed the task in the MRI with concomitant TI stimulation. Blocks of training were composed of 36 trials (4 Pre-, 24 Training
and 8 Post-training trials) interspersed with short resting periods (represented as + on the figure). The 6 training types resulted
from the combination of 3 tTISTYPES and 2 ReinfTYPES. C) Concept of tTIS. On the left, two pairs of electrodes are shown on
a head model and currents are applied with a frequency f1 and f1+δf. On the right, the interference of the two electric fields
within the brain is represented for two different locations with respectively high and low envelope modulation. E1(t) and E2(t)
represent the modulation of the fields’ magnitude over time. tTIS was delivered either with a δf of 20 or 80 Hz or as a sham
(ramp-up and immediate ramp-down of high frequency currents with flat envelope). D) Electric field modelling with the striatal
montage. Temporal interference exposure (electric field modulation magnitude). E) Temporal interference exposure averaged in
the striatum and in the overlying cortex. Magnitude of the field in the cortex was extracted from the Brainnetome atlas (BNA
(Jiang, 2013)) regions underneath the stimulation electrodes (F3-F4 and TP7-TP8). Error bars represent the standard deviation
over the voxels in the considered region.
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0.10, tTIS80Hz vs. tTISSham: p=0.34; d=0.15). These results strongly point to the fact that
high gamma striatal tTIS specifically disrupts the benefits of reinforcement on motor
learning and not motor learning in general.

Although training with tTIS20Hz did not alter the benefits of reinforcement on motor
learning, we found that learning without reinforcement was significantly impaired
in this condition (tTIS20Hz vs. tTISSham: p=0.046; d=0.25, Fig. A.2C). This suggests that
tTIS20Hz may disrupt a qualitatively different mechanism involved in motor learning
from sensory feedbackAreshenkoff et al., 2022, in line with the role of striatal beta
oscillations in sensorimotor function (Jenkinson and Brown, 2011).

Next, we evaluated the effect of tTIS on motor performance during training itself. As
shown in Fig. A.2A, the Error was generally higher during Training than in Test trials due
to the presence of visual uncertainty during this phase. The extent of this disruption
was reduced in the presence of reinforcement (ReinfTYPE: F(1, 3262.4)=339.89; p<0.001;
d=-0.64 for the contrast ReinfON – ReinfOFF), demonstrating the ability of subjects to
exploit real-time reinforcement information to improve tracking (Fig. A.2D). Notably,
this effect was not modulated by tTISTYPE (ReinfTYPE x tTISTYPE: F(2, 3265.8)=0.91;
p=0.40), indicating that tTIS did not directly influence reinforcement gains during
tracking. Interestingly though, striatal stimulation did impact on general tracking
performance independently of reinforcement as indicated by a significant tTISTYPE
effect (tTISTYPE: F(2, 3262.4)=42.85; p<0.001). This effect was due to an increase in
the Error when tTIS20Hz was applied (p<0.001; d=0.28 when compared to tTISSham),
which was even stronger during tTIS80Hz (p<0.001; d=0.38 and p=0.031; d=0.11 when
compared to tTISSham and tTIS20Hz, respectively). An additional analysis showed that
the detrimental effect of tTIS on motor performance was actually due to an impaired
ability to improve performance during Training (LMM with continuous fixed effect
Trial: tTISTYPE x Trial interaction: F(2, 3399)=4.46; p=0.012, post-hoc tests: tTISSham vs.
tTIS20Hz: p=0.013; tTISSham vs. tTIS80Hz: p=0.068; tTIS20Hz vs. tTIS80Hz: p=0.81; Fig. A.S3).
However, again, this effect did not depend on the presence of reinforcement (ReinfTYPE
x tTISTYPE x Trial: F(2, 3399)=0.51; p=0.60). Notably, we also found that the detrimental
effect of striatal tTIS did not depend on the availability of visual information on the
cursor, but rather that tTIS had a general effect on motor performance irrespective of
visual and reinforcement feedback (see Supplementary materials). This analysis also
confirmed that reinforcement gains in motor performance were stronger when visual
information was not available (Fig. A.S4), in line with the behavioural data mentioned
above (Fig. A.S2) and previous studies (Cashaback et al., 2017; Izawa and Shadmehr,
2011). Overall, these results suggest that striatal tTIS altered motor performance in a
frequency-dependent manner but did not influence the ability to rapidly adjust motor
commands based on reinforcement feedback during training. Hence, tTIS80Hz may
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not disrupt real-time processing of reinforcement feedback, but may rather impair the
beneficial effect of reinforcements on the retention of motor memories (Galea et al.,
2015; Huang et al., 2011).

Notably, these effects could not be explained by potential differences in initial per-
formance between conditions (ReinfTYPE x tTISTYPE: F(2, 519.99)=1.08; p=0.34), nor
by changes in the flashing properties of the reinforcement feedback (i.e., the frequency
of color change during tracking; ReinfTYPE x tTISTYPE: F(2, 3283)=0.19; p=0.82), or by
differences in success rate in the ReinfON blocks (i.e., the proportion of success feed-
back during tracking; tTISTYPE: F(2, 1702)=0.17; p=0.84). The ReinfTYPE x tTISTYPE
effect on learning was also not influenced by the order of the reinforcement conditions
(analysis on sub-groups based on whether participants experienced ReinfON or Re-
infOFF first; no ReinfTYPE x tTISTYPE x GroupTYPE interaction: F(2,1105.06)=1.75;
p=0.17 ; see Supplementary materials for more details on these analyses).

Finally, we confirmed that these results were not a consequence of an inefficient
blinding. As such, when debriefing after the experiment, only 6/24 participants were
able to successfully identify the order of the stimulation applied (e.g., real – real –
placebo; chance level: 4/24; Fisher exact test on proportions: p=0.74). Consistently, the
magnitude (Fig. A.S5A) and type (Fig. A.S5B) of tTIS-evoked sensations evaluated before
the experiment were qualitatively similar across conditions and tTIS was generally well
tolerated in all participants (no adverse events reported). This suggests that blinding
was successful and is unlikely to explain our findings. More generally, this is a first
indication that tTIS evokes very limited sensations (e.g., only 2/24 and 1/24 subjects
rated sensations evoked at 2 mA as ªstrongº for tTIS20Hz and tTIS80Hz, respectively; Fig.
A.S5A) that are compatible with efficient blinding.

A.3.2 The effect of tTIS80Hz on reinforcement motor learning is related to

modulation of neural activity in the striatum

As mentioned above, task-based fMRI was acquired during Training with concomitant
tTIS. This allowed us to evaluate the neural effects of tTIS and their potential rela-
tionship to the behavioural effects reported above. As a first qualitative evaluation of
the data, we performed a whole-brain analysis in the tTISSham condition to assess the
network activated during reinforcement motor learning (ReinfON condition). Con-
sistent with previous neuroimaging studies employing similar tasks (Floyer-Lea and
Matthews, 2004, 2005), we found prominent BOLD activations in a motor network
including the putamen, thalamus, cerebellum and sensorimotor cortex, particularly on
the left hemisphere, contralateral to the trained hand (Fig. A.S6, Table A.S2). Notably
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Figure A.2: Behavioural results. A) Motor performance across training. Raw Error data (expressed in % of Maximum Voluntary
Contraction [MVC]) are presented on the left panel for the different experimental conditions in bins of 4 trials. The increase in Error
during Training is related to the visual uncertainty (i.e., intermittent disappearance of the cursor) that was applied to enhance
reinforcement effects. On the right, the three plots represent the Pre-training normalised Error in the tTISSham, tTIS20Hz and tTIS80Hz

blocks. Reinforcement-related benefits represent the improvement in the Error measured in the ReinfON and ReinfOFF blocks,
during Training (reflecting benefits in motor performance) or at Post-training (reflecting benefits in learning). B) Averaged learning
across conditions. Violin plot showing the Error distribution at Post-training (expressed in % of Pre-training) averaged across
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though, contrasting ReinfON and ReinfOFF conditions did not reveal any significant
cluster at the whole-brain level. Hence, this first analysis did not reveal any region
specifically activated in the presence of reinforcement, but rather confirms the involve-
ment of a motor network engaged in this type of task irrespective of the reinforcement
feedback.

As a second step, we evaluated the effect of tTIS on striatal activity, as a function of
the type of reinforcement feedback and focusing on the very same regions of interest
(ROI) that were used to optimise tTIS exposure in the modelling. Based on this, we
extracted averaged BOLD activity within the bilateral putamen, caudate and NAc based
on the Brainnetome atlas (BNA (Jiang, 2013)), in the different experimental condi-
tions and considered these six striatal ROIs (ROISTR) as fixed effects in the LMM. This
model revealed a strong enhancement of striatal activity with ReinfON with respect to
ReinfOFF (F(1, 800.01)=13.23; p<0.001; d=0.25 for the contrast ReinfON – ReinfOFF)
consistent with previous literature11, but no tTISTYPE effect (F(2, 800.01)=0.46; p=0.63)
and no interaction (all p> 0.65; Fig. A.3A). Despite the absence of effects of tTIS on
averaged striatal activity, we then asked whether the behavioural effects of tTIS80Hz on
reinforcement motor learning (i.e., tTIS80Hz vs. tTIS20Hz and tTISSham with ReinfON)
could be linked to modulation of activity in core brain regions. To do so, we ran a
whole-brain analysis focusing on the main behavioural effects mentioned above. Re-
sults revealed that the effect of tTIS80Hz (with respect to tTIS20Hz) on motor learning in
the ReinfON condition was specifically related to modulation of activity in two clusters
encompassing the left putamen and bilateral caudate (Fig. A.3B, Table A.S3). Notably,
the presence of the high frequency carrier (kHz) in both stimulation conditions rules
out the possibility that the correlation was due to putative neuromodulatory effects of
high frequency stimulation. No significant clusters were found neither for the tTIS80Hz

– tTISSham contrast, nor for the control tTIS20Hz - tTISSham contrast, indicating that the
reported correlation is not due to a general link between striatal activity and reinforce-
ment motor learning. Overall, these results provide evidence that the detrimental effect
of tTIS80Hz on reinforcement learning of motor skills is related to modulation of neural
activity specifically in the striatum.

A.3.3 tTIS80Hz enhances effective connectivity between the striatum and

frontal cortex.

Interactions between the striatum and frontal cortex are crucial for a variety of be-
haviours including motor and reinforcement learning (Haber, 2016). In particular,
reinforcement motor learning requires to use information about task success to guide
future motor commands (Vassiliadis et al., 2021), a process for which the striatum may
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Figure A.3: Striatal activity. A) Striatal BOLD responses. A 3D-reconstruction of the striatal masks used in the current experiment
is surrounded by plots showing averaged BOLD activity for each mask in the different experimental conditions. A LMM ran on
these data showed higher striatal responses in the ReinfON with respect to the ReinfOFF condition, but no effect of tTISTYPE
and no interaction. B) Whole-brain activity associated to the behavioural effect of tTIS80Hz on reinforcement motor learning.
Correlation between tTIS-related modulation of striatal activity (tTIS80Hz – tTIS20Hz) and learning abilities in the ReinfON
condition. Significant clusters of correlation were found in the left putamen and bilateral caudate (uncorrected voxel-wise FWE:
p=0.001, and corrected cluster-based FDR: p=0.05). Lower panel shows individual correlations for the three significant regions
highlighted in the whole-brain analysis. *: p<0.05. Data are represented as mean ± SE.
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play an integrative role at the interface between fronto-striatal loops involved in reward
processing and motor control (Graybiel and Grafton, 2015; Haber, 2016). In a subse-
quent analysis, we asked whether striatal tTIS modulates striatum to frontal cortex
communication during reinforcement motor learning. More specifically, we computed
effective connectivity (using the generalized psychophysiological interactions method
(McLaren et al., 2012)) between striatal and frontal regions classically associated with
motor and reward-related functions, and thought to be involved in reinforcement mo-
tor learning (Codol, Holland, et al., 2020; Sidarta et al., 2016). For the motor network, we
evaluated effective connectivity between motor parts of the striatum (i.e., dorso-lateral
putamen (dlPu) and dorsal caudate (dCa)) and two regions strongly implicated in
motor learning: the medial part of the supplementary motor area (SMA) and the part
of the primary motor cortex (M1) associated to upper limb functions (Fig. A.4A). For
the reward network, we assessed connectivity between parts of the striatum classically
associated to limbic functions (i.e., the NAc and the ventro-medial putamen (vmPu)
and two frontal areas involved in reward processing: the anterior cingulate cortex
(ACC) and the ventro-medial prefrontal cortex (vmPFC; Fig. A.4; (Bartra et al., 2013)).
The LMM ran with the fixed effects ReinfTYPE, tTISTYPE and NetworkTYPE showed
a significant effect of tTISTYPE (F(2, 2264.0)=5.42; p=0.0045), that was due to higher
connectivity in the tTIS80Hz condition with respect to tTISSham (p=0.0038; d=0.16) and
tTIS20Hz (at the trend level, p=0.069; d=0.11). There was no difference in connectivity
between tTIS20Hz and tTISSham (p=0.58; d=0.051). Hence, tTIS80Hz, but not tTIS20Hz,
enhanced effective connectivity between the striatum and frontal cortex during motor
training. This increase in effective connectivity with tTIS80Hz actually led to a connec-
tivity closer to the resting state (values closer to 0, see Methods). Put differently, while
the task induced a reduction in effective connectivity between striatum and frontal
cortex, tTIS80Hz disrupted this modulation by bringing connectivity back to the resting
state.

The LMM did not reveal any effect of ReinfTYPE (F(1, 2264.0)=0.010; p=0.92), Net-
workTYPE (F(1, 2264.0)=3.16; p=0.076) and no double interaction (note the trend for
a ReinfTYPE x NetworkTYPE effect though: F(1, 2264.0)=3.52; p=0.061). Yet, we did
find a significant ReinfTYPE x tTISTYPE x NetworkTYPE interaction (F(2, 2264.0)=4.87;
p=0.0078). Such triple interaction was related to the fact that tTIS80Hz increased connec-
tivity in the ReinfON condition in the motor network (ReinfON vs. ReinfOFF: p=0.0012;
d=0.33;Fig. A.4A), while it tended to have the opposite effect in the reward network
(p=0.063; d=-0.19; Fig. A.4B). This increase was not present in any of the two net-
works when either tTISSham or tTIS20Hz were applied (all p> 0.40). Moreover, in the
motor network, connectivity in the ReinfON condition was higher with tTIS80Hz than
with tTISSham (p<0.001; d=0.42) and tTIS20Hz (at the trend level; p=0.059; d=0.23, Fig.
A.4A). These data suggest that tTIS80Hz enhanced the neuromodulatory influence of
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the striatum on motor cortex during task performance, but only in the presence of
reinforcement. In the reward network, post-hocs revealed that connectivity in the Re-
infOFF condition was significantly higher with tTIS80Hz compared to tTIS20Hz (p=0.045;
d=0.25; Fig. A.4B), in line with the general effect of tTISTYPE on connectivity reported
above. This pattern of results suggests that the increase of connectivity from striatum
to frontal cortex observed with tTIS80Hz depends on the presence of reinforcement, in
particular in the motor network. Such reinforcement-dependent increase of connectiv-
ity may reflect the preferential effect of tTIS80Hz on striatal gamma oscillations69 in a
situation where these oscillations are already boosted by the presence of reinforcement
(Berke, 2009) (see Discussion).

In a subsequent analysis, we verified that these results did not depend on the spe-
cific frontal ROIs considered in the analysis (ROITYPE: M1 and SMA in the motor
network and ACC and vmPFC in the reward network). Importantly, we did not find
a tTISTYPE x ReinfTYPE x ROITYPE interaction neither in the motor (F(2,1112)=0.83;
p=0.44) nor in the reward network (F(2,1112)=0.61; p=0.54), suggesting that the main
connectivity results were consistent within a network and were not influenced by the
specific frontal ROI included in the analysis (see Supplementary materials for more de-
tails on this analysis). As an additional control, we verified that the effects of tTISTYPE
on connectivity could not be observed in a control network associated to language
(as defined by Shirer et al., 2012), which was unlikely to be involved in the present
task and did not include the striatum (see Methods). As expected, effective connec-
tivity within the language network was not modulated by ReinfTYPE (F(1, 547)=0.81;
p=0.37), nor by tTISTYPE (F(2, 547)=0.58; p=0.56), or by ReinfTYPE x tTISTYPE (F(2,
547)=0.45; p=0.64). Hence, tTIS and reinforcement-related changes in connectivity
were consistent within the considered fronto-striatal networks and not observed in a
control network unrelated to the task.

Notably, contrary to the BOLD results presented above, we did not find any correla-
tions between the effects of tTIS80Hz on connectivity and motor learning, neither in
the motor (robust linear regression: tTIS80Hz – tTISSham: R2=0.019; p=0.48; tTIS80Hz –
tTIS20Hz: R2=0.034; p=0.54) nor in the reward (tTIS80Hz – tTISSham: R2=0.037; p=0.46;
tTIS80Hz – tTIS20Hz: R2<0.001; p=0.75) network, suggesting some degree of indepen-
dence between the effect of tTIS80Hz on reinforcement motor learning and on effective
connectivity.

Overall, these results highlight the ability of tTIS80Hz, but not tTIS20Hz, to modulate
striatum to frontal cortex connectivity, depending on the presence of reinforcement.
However, the absence of correlation with the behaviour suggests that this effect may
not be directly associated to the detrimental effect of tTIS80Hz on reinforcement motor
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learning or that tTIS80Hz-related changes in striato-frontal communication were linked
to other aspects of reinforcement learning not captured by our task.

A.3.4 Neural effects of tTIS80Hz depend on impulsivity

Determining individual factors that shape responsiveness to non-invasive brain stim-
ulation approaches is a crucial step to better understand the mechanisms of action
but also to envision stratification of patients in future clinical interventions (Morishita
and Hummel, 2017). A potential factor that could explain inter-individual differences
in responsiveness to tTIS80Hz is the level of impulsivity. As such, impulsivity has been
associated to changes of gamma oscillatory activity in the striatum of rats (Donnelly et
al., 2014) and to the activity of fast-spiking interneurons in the striatum (Pisansky et al.,
2019; Schall et al., 2021), a neuronal population that is strongly entrained to gamma
rythms (Berke, 2009; van der Meer et al., 2010) and may therefore be particularly sen-
sitive to tTIS80Hz. In a subsequent exploratory analysis, we asked if the neural effects
of tTIS80Hz were associated to impulsivity levels, as evaluated by a well-established
independent delay-discounting questionnaire performed at the beginning of the ex-
periment (Kirby et al., 1999; Mitchell et al., 2005). Strikingly, a whole-brain analysis
revealed that impulsivity was associated to the effect of tTIS80Hz on BOLD activity
(with respect to tTIS20Hz) specifically in the left caudate nucleus (Fig. A.S7A, Fig. A.S7B,
Table A.S4). Moreover, the effect of tTIS80Hz on striatum to motor cortex connectivity
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reported above was negatively correlated to impulsivity both when contrasting tTIS80Hz

with tTISSham (Fig. A.S7C, left) and with tTIS20Hz (Fig. A.S7C, middle). Such correla-
tions were absent when contrasting tTIS20Hz with tTISSham (Fig. A.S7C, right), as well
as when considering the same contrasts in the reward instead of the motor network
(see Supplementary materials for more details). Taken together, these results suggest
that inter-individual variability in impulsivity might influence the neural responses to
striatal tTIS80Hz.

A.4 Discussion

In this study, we combined striatal tTIS with electric field modelling, behavioural and
fMRI analyses to evaluate the causal role of the striatum in reinforcement learning of
motor skills in healthy humans. tTIS80Hz, but not tTIS20Hz, disrupted the ability to learn
from reinforcement feedback. This behavioural effect was associated to modulation of
neural activity specifically in the striatum. As a second step, we show that tTIS80Hz, but
not tTIS20Hz, increased the neuromodulatory influence of the striatum on connected
frontal cortical areas involved in reinforcement motor learning. Finally, inter-individual
variability in the neural effects of tTIS80Hz could be partially explained by impulsiv-
ity, suggesting that this trait may constitute a determinant of responsiveness to high
gamma striatal tTIS. Overall, the present study shows for the first time that striatal
tTIS can non-invasively modulate a striatal mechanism involved in reinforcement
learning, opening new horizons for the study of causal relationships between deep
brain structures and human behaviour.

We investigated the causal role of the human striatum in reinforcement learning of
motor skills in healthy humans; a question that cannot be addressed with conventional
non-invasive brain stimulation techniques. In particular, by stimulating at different fre-
quencies, we aimed at dissociating striatal mechanisms involved in reinforcement and
sensorimotor learning. In line with our main hypothesis, we found that striatal tTIS80Hz

altered reinforcement learning of a motor skill. Such disruption was frequency- and
reinforcement-specific: learning was not altered with striatal tTIS20Hz in the presence
of reinforcement, or when striatal tTIS80Hz was delivered in the absence of reinforce-
ment. The rationale to stimulate at high gamma frequency was based on previous
work showing reinforcement-related modulation of gamma oscillations in the stria-
tum (Berke, 2009; Catanese et al., 2016; Donnelly et al., 2014; Kalenscher et al., 2010;
Sepe-Forrest et al., 2021; van der Meer et al., 2010; van der Meer and Redish, 2009)
and in the frontal cortex (Catanese et al., 2016; Del Arco et al., 2017; Rothé et al., 2011;
Yoshimoto et al., 2022). Several neuronal mechanisms may contribute to the detrimen-
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tal effect of tTIS80Hz on reinforcement motor learning. First, as tTIS80Hz consisted in a
constant high gamma oscillating field applied on the striatum, it may have perturbed
the encoding of reinforcement information into high gamma oscillations (Berke, 2009;
Cohen et al., 2009; Herrojo Ruiz et al., 2014; Sepe-Forrest et al., 2021; van der Meer
et al., 2010; van der Meer and Redish, 2009), preventing participants to learn the motor
skill based on different outcomes. Put differently, tTIS80Hz may specifically saturate
high gamma activity in the striatum preventing reinforcement-related modulations81.
Moreover, because reinforcement motor learning likely engages synchronised activity
in a network of regions including fronto-striatal loops, neuromodulation of a single
node of the circuit may alter synchronisation of activity in the network (Grover et al.,
2021) and the temporal coordination with interacting rhythms (Cohen et al., 2009).
Finally, because we did not have access to electrophysiological recordings of oscillatory
activity in the striatum, the applied stimulation was not personalised as it did not
take into account the individual high gamma frequency peak associated to reward
processing and the potential heterogeneity of gamma activity within the striatum
(Kalenscher et al., 2010). Hence, tTIS80Hz may have resulted in a frequency mismatch
between the endogenous high gamma activity and the externally imposed rhythm,
that could paradoxically result in a reduction of neuronal entrainment, in particular
when the frequency mismatch is relatively low (Krause et al., 2022). Importantly, in
contrast to striatal tTIS80Hz, we found that tTIS20Hz reduced learning, but only in the
absence of reinforcement. This result fits well with the literature linking striatal beta
oscillations to sensorimotor functions (Brown, 2007; Costa et al., 2006; Courtemanche
et al., 2003; Engel and Fries, 2010; Jenkinson and Brown, 2011; Kondabolu et al., 2016).
Taken together, an interpretation of these results is that different oscillations within
the striatum support qualitatively distinct motor learning mechanisms with beta ac-
tivity contributing mostly to sensory-based learning and high gamma activity being
particularly important for reinforcement learning. This being said, it is important to
note that because we do not have concurrent electrophysiological recordings within
the striatum, we cannot be sure that the effects of tTIS20Hz and tTIS80Hz were related
to frequency-specific interactions with beta or high gamma rhythms respectively, or
rather resulted from different broadband responses when stimulating at these fre-
quencies. Yet, these results still suggest that sensory- and reinforcement-based motor
learning rely on partially different neural mechanisms, in line with previous literature
(Areshenkoff et al., 2022; Mathis et al., 2017; Sidarta et al., 2016; Therrien et al., 2016;
Uehara et al., 2018; Vassiliadis et al., 2019).

Interestingly, striatal tTIS also impaired tracking performance during training, ir-
respective of the presence of reinforcement. This frequency-dependent reduction of
motor performance may be due to altered neuronal processing in the sensorimotor
striatum that may lead to less fine-tuned motor control abilities (Brucke et al., 2012).
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Importantly though, tTIS did not modulate the ability of participants to benefit
from real-time reinforcement feedback during motor performance. This suggests that
striatal tTIS80Hz altered the beneficial effects of reinforcement on learning (as evaluated
in Test conditions at Post-training), but not on motor performance (as evaluated during
Training). Such dissociation between the effects of striatal tTIS80Hz on reinforcement-
related gains in motor performance and learning may be explained by the fact that these
two phases of the protocol probe different processes (Abe et al., 2011; Galea et al., 2015;
Shmuelof et al., 2012; Soderstrom and Bjork, 2015; Spampinato et al., 2019; Vassiliadis,
Lete, et al., 2022). While improvement of motor performance with reinforcement relies
on rapid feedback corrections based on expected outcomes (Carroll et al., 2019; Codol,
Holland, et al., 2020; Codol et al., 2023; De Comite et al., 2022; Dhawale et al., 2019),
reinforcement gains in learning (i.e., probed in Test conditions without reinforcement)
may rather reflect the beneficial effect of reinforcement on the retention of motor
memories (Abe et al., 2011; Galea et al., 2015; Spampinato and Celnik, 2021; Spampinato
et al., 2019). This idea that mechanisms underlying performance changes in training
and retention phases are partially different is well supported by previous motor learning
literature6,8,96. For instance, in sensorimotor adaptation paradigms, the presence of
reward boosts motor memory retention but not the adaptation process itself (Galea
et al., 2015; Quattrocchi et al., 2018), and M1 transcranial direct current stimulation
modulates the effect of reward on retention but has no effect on the training phase
(Spampinato et al., 2019). Hence, a potential explanation for the present results is that
striatal tTIS80Hz did not disrupt rapid motor corrections based on recent outcomes
during training, but may rather alter the strengthening of the memory trace based
on reinforcements (Galea et al., 2015; Huang et al., 2011). Overall, these results are
compatible with the view that specific patterns of oscillatory activity in the striatum
are involved in motor control and learning processes31, and can be modulated with
electrical stimulation (Beliaeva et al., 2021; Johnson et al., 2020; Krause et al., 2019).

To better understand the neural effects and frequency-specificity of tTIS, we cou-
pled striatal tTIS and task performance with simultaneous fMRI acquisition. The imag-
ing results support the view that the effect of tTIS80Hz on reinforcement learning of
motor skills was indeed related to neuromodulation of the striatum. As such, when
considering averaged BOLD activity, we found a general increase of striatal activity
when reinforcement was provided (Bartra et al., 2013), but no effect of tTIS. Crucially
though, the detrimental effect of tTIS80Hz on reinforcement learning was related to a
specific modulation of activity in the caudate and putamen, providing evidence that
the present behavioural effects were indeed driven by focal neuromodulation of the
striatum (Fig. A.3). Interestingly, participants with stronger disruption of reinforcement
learning at the behavioural level were also the ones exhibiting stronger suppression
of striatal activity with tTIS80Hz (compared to tTIS20Hz), suggesting that tTIS-induced
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reduction of striatal activity is detrimental for reinforcement motor learning. Further
analyses showed that tTIS80Hz, but not tTIS20Hz, increased the neuromodulatory influ-
ence of the striatum on frontal areas known to be important for motor learning and
reinforcement processing (Averbeck and O’Doherty, 2022; Krakauer et al., 2019). More
specifically, tTIS80Hz disrupted the task-related decrease in connectivity observed with
tTISSham and tTIS20Hz, bringing connectivity closer to resting-state values. Interestingly,
this effect depended on the type of network considered (reward vs. motor) and on
the presence of reinforcement. Striatal tTIS80Hz coupled with reinforcement increased
connectivity between the motor striatum and the motor cortex while it tended to have
the opposite effect when considering the connectivity between limbic parts of the
striatum and pre-frontal areas involved in reward processing (Fig. A.4). This result may
reflect the differential influence of striatal tTIS on distinct subparts of the striatum,
depending on their pattern of activity during the task (Wessel et al., 2022). As such, a
recent study in non-human primates showed that tACS can have opposite effects on
neuronal activity based on the initial entrainment of neurons to the target frequency
(Krause et al., 2022). Hence, the present differential effects of tTIS80Hz on motor and
reward striato-frontal pathways may be due to different initial patterns of activity in
these networks in the presence of reinforcement. Electrophysiological recordings with
higher temporal resolution than fMRI are required to confirm or infirm this hypothesis.
Overall, the present neuroimaging results support the idea that the behavioural effects
of striatal tTIS80Hz on reinforcement learning are associated to a selective modulation
of striatal activity that influences striato-frontal communication.

The fact that we observed increased connectivity with tTIS80Hz and at the same time
a disruption of behaviour may appear contradictory at first glance. Yet, multiple lines
of evidence indicate that increases in connectivity are not necessarily beneficial for
behaviour. For instance, the severity of motor symptoms in Parkinson’s disease is asso-
ciated with excessive connectivity in the beta band and reduction of such connectivity
with treatment is associated to clinical improvement (Brown, 2007; Silberstein et al.,
2005). Moreover, there is evidence that excessive functional (Ma et al., 2016; Wang et al.,
2016) as well as structural (Hampton et al., 2017; Mosley et al., 2019) connectivity in
fronto-striatal circuits is associated to impulsivity. Hence, the increase in connectivity
observed with tTIS80Hz appears to be compatible with the behavioural findings. This
being said, contrary to the BOLD results, we did not find any correlation between the
effects of tTIS80Hz on connectivity and on reinforcement motor learning, suggesting
some degree of independence between these two effects. Future studies could aim at
determining if tTIS80Hz-related changes in striato-frontal communication are linked to
other aspects of reward processing, not captured by our reinforcement motor learning
task.
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From a methodological point of view, the present results provide new experimental
support to the idea that the effects of tTIS are related to amplitude modulation of
electric fields deep in the brain and not to the high frequency fields themselves, in line
with recent work (Grossman et al., 2017; Song, Zhang, et al., 2021; Wessel et al., 2022).
As such, the different behavioural and neural effects of striatal tTIS80Hz and tTIS20Hz

despite comparable carrier frequencies (centered on 2kHz) indicate that temporal
interference was indeed the driving force of the present effects. Moreover, disruption
of reinforcement motor learning with tTIS80Hz (relative to tTIS20Hz) was specifically
related to neuromodulation of the striatum, where the amplitude of the tTIS field was
highest according to our simulations (see Acerbo et al., 2022; Violante et al., 2022 for
recent validations of comparable simulations in cadavers experiments). Hence, we
believe that the frequency- and reinforcement-dependent tTIS effects reported here
cannot be explained by direct modulation of neural activity by the high frequency
fields. Yet, disentangling the neural effects of the low-frequency envelope and the
high frequency carrier appears as an important next step to better characterise the
mechanisms underlying tTIS (Mirzakhalili et al., 2020). We also note that the tTIS field
strengths achieved according to our simulations (in the range of 0.5-0.6 V/m) were
sufficient to induce behavioral and neural effects, in line with recent data (Violante et
al., 2022; Wessel et al., 2022) (see also von Conta et al., 2022). Determining the minimum
effective dose for tTIS is an important line of future research given recent simulation
results suggesting that stimulation via an amplitude modulation with high frequency
carrier signals (such as arising during tTIS) may require higher dosages compared to
conventional electrical stimulation with low frequencies (such as during tACS), likely
due to the low-pass filtering properties of neurons (Esmaeilpour et al., 2021; Negahbani
et al., 2018).

Finally, the strength of the behavioural effects of tTIS can be considered small to
medium (Cohen, 1988) (d=0.2-0.5). We note that these effect sizes are consistent with
studies applying other types of non-invasive brain stimulation in healthy young adults,
both in the context of motor learning (see Hashemirad et al., 2016 for a meta-analysis),
and reward tasks (e.g., Soutschek et al., 2018; Wischnewski et al., 2016), despite the
much longer stimulation time used in these studies (between 3 and 20 times longer).
Overall, albeit moderate, we believe that the present effect sizes are relevant and con-
sistent with what can be expected from the non-invasive brain stimulation literature.

174



A.5 Limitations

The present study includes some limitations that we would like to acknowledge. First,
at the imaging level, we did not find a significant effect of reinforcement at the whole-
brain level. This might be due to the short duration of the task (6x40s), combined with
the fact that we did not couple reinforcement to monetary incentives, a manipula-
tion known to strongly boost striatal activity in the context of motor learning18. Yet,
when considering BOLD activity in the striatal ROIs, we did find a significant effect of
reinforcement, suggesting that our experimental manipulation did increase striatal
activity but that the strength of the effect was insufficient to survive at the whole-brain
level. Second, we did not find any effect of tTIS when considering averaged BOLD
activity. Again, the short duration of the blocks may contribute to this non-significant
effect. Another possible interpretation is that the effect of tTIS on BOLD activity is not
uniform across participants as it likely depends on individual anatomy and function of
the targeted brain region, as observed for other non-invasive brain stimulation tech-
niques110. Consistently, we found a correlation between levels of impulsivity and the
neural effects of tTIS80Hz (both BOLD and connectivity, Fig. A.S7). Importantly though,
when including learning as a behavioral regressor we did find significant clusters of
correlation specifically in the striatum (Fig. A.3), suggesting that the behavioural effects
were indeed related to modulation of activity in the target region. Notably, this result
was significant when contrasting tTIS80Hz to the active control (tTIS20Hz), but not to
tTISSham. Overall, we believe that the fMRI data does provide interesting support that
the behavioural effects of the stimulation were indeed related to modulation of neural
activity in the striatum, also in line with the present simulations on realistic head
models (Fig. A.1) and the connectivity results (Fig. A.4). This idea is also in agreement
with another recent study investigating the effects of tTIS on motor sequence learn-
ing52. Notably though, a limitation of the present dataset is the very short duration of
stimulation and imaging for each experimental condition, that may explain some in-
consistencies in the results. Hence, following this first proof-of-concept study showing
robust behavioural effects and related neural changes, future studies including longer
fMRI and stimulation sessions are required to further confirm these results.

Finally, within the present study the computational modelling was performed on a
realistic, detailed head model (i.e., the MIDA model59, see Methods). One limitation
of this approach is that the electric field simulations do not take individual structural
information into account. Such individual modeling would require information on
brain anisotropy, an aspect that is likely to significantly influence tTIS exposure44,111.
However, in the present study diffusion MRI to evaluate fractional anisotropy was
not acquired. Future studies including diffusion MRI data will allow for personalised
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modelling, paving the way for individualised tTIS informed by brain structure53.

A.6 Conclusion

The present findings show for the first time the ability of non-invasive striatal tTIS
to interfere with reinforcement learning in humans through a selective modulation
of striatal activity and support the causal functional role of the human striatum in
reinforcement motor learning. This deep brain stimulation was well tolerated and
compatible with efficient blinding, suggesting that tTIS provides the exciting option
to circumvent the steep depth-focality trade-off of current non-invasive brain stim-
ulation approaches in a safe and effective way. Overall, tTIS opens new possibilities
for the study of causal brain-behaviour relationships and for the treatment of neuro-
psychiatric disorders associated to alterations of deep brain structures.
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A.7 Methods

A.7.1 Participants

A total of 48 right-handed healthy volunteers participated in the study. 24 participants
were enrolled for the main tTIS study (15 women, 25.3 ± 0.7 years old; mean ± SE).
Another group of 24 volunteers participated in the behavioural control experiment (Fig.
A.S2, 14 women, 24.2 ± 0.5 years old). Handedness was determined via a shortened
version of the Edinburgh Handedness inventory (Oldfield, 1971) (laterality index =
89.3 ± 2.14% for the main study and 86.4 ± 2.51% for the control experiment). None
of the participants suffered from any neurological or psychiatric disorder, nor taking
any centrally-acting medication (see Supplementary Materials for a complete list of
exclusion criteria). All participants gave their written informed consent in accordance
with the Declaration of Helsinki and the Cantonal Ethics Committee Vaud, Switzerland
(project number 2020-00127). Finally, all participants were asked to fill out a delay-
discounting monetary choice questionnaire (Kaplan et al., 2016), which evaluates the
propensity of subjects to choose smaller sooner rewards over larger later rewards, a
preference commonly associated to choice impulsivity (Kirby et al., 1999; Mitchell and
Potenza, 2014).

A.7.2 Experimental procedures

The study employed a randomised, double-blind, sham-controlled design. Following
screening and inclusion, participants were invited to a single experimental session
including performance of a motor learning task with concurrent transcranial electric
Temporal Interference stimulation (tTIS) of the striatum and functional magnetic reso-
nance imaging (fMRI). Overall, participants practiced 6 blocks of trials, that resulted
from the combination of two reinforcement feedback conditions (ReinfTYPE: ReinfON
or ReinfOFF) with three types of striatal stimulation (tTISTYPE: tTISSham, tTIS20Hz or
tTIS80Hz).

Motor learning task

General aspects Participants practiced an adaptation of a widely used force-tracking
motor task (Abe et al., 2011; Steel et al., 2016) with a fMRI-compatible fiber optic grip
force sensor (Current designs, Inc., Philadelphia, PA, USA) positioned in their right
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hand. The task was developed on Matlab 2018 (the Mathworks, Natick, Massachusetts,
USA) exploiting the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) and
was displayed on a computer screen with a refresh rate of 60 Hz. The task required
participants to squeeze the force sensor to control a cursor displayed on the screen.
Increasing the exerted force resulted in the cursor moving vertically and upward in a
linear way. Each trial started with a preparatory period in which a sidebar appeared
at the bottom of the screen (Fig. A.1A). After a variable time interval (0.9 to 1.1 s), a
cursor (black circle) popped up in the sidebar and simultaneously a target (grey larger
circle with a cross in the middle) appeared, indicating the start of the movement period.
Subjects were asked to modulate the force applied on the transducer to keep the cursor
as close as possible to the center of the target. The target moved in a sequential way
along a single vertical axis for 7 s. The maximum force required (i.e., the force required
to reach the target when it was in the uppermost part of the screen; MaxTargetForce)
was set at 4% of maximum voluntary contraction (MVC) evaluated at the beginning of
the experiment. This low force level was chosen based on pilot experiments to limit
muscular fatigue. Finally, each trial ended with a blank screen displayed for 2 s before
the beginning of the next trial.

Trial types and reinforcement manipulation During the experiment, participants
were exposed to different types of trials (Fig. A.1A, Video S1). In Test trials, the cursor
remained on the screen and the target was consistently displayed in grey for the whole
duration of the trial. These trials served to evaluate Pre- and Post-training performance
for each block, without any disturbance. In ReinfON and ReinfOFF trials (used during
Training only), we provided only partial visual feedback to the participants in order to
increase the impact of reinforcement on learning (Izawa and Shadmehr, 2011; Mawase
et al., 2017; Vassiliadis et al., 2021; Vassiliadis, Lete, et al., 2022). As such, the cursor was
only intermittently displayed during the trial: it was always displayed in the first second
of the trial, and then disappeared for a total of 4.5 s randomly split on the remaining
time by bits of 0.5 s. The cursor was therefore displayed 35.7% of the time during these
trials (2.5 s over the 7 s trial). Importantly, contrary to the cursor, the target always
remained on the screen for the whole trial and participants were instructed to continue
to track the target even when the cursor was away.

In addition to this visual manipulation, in ReinfON trials, participants also trained
with reinforcement feedback indicating success or failure of the tracking in real time.
As such, participants were informed that, during these trials, the color of the target
would vary as a function of their performance: the target was displayed in green when
tracking was considered as successful and in red when it was considered as failure.
Online success on the task was determined based on the Error, defined as the abso-
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lute force difference between the force required to be in the center of the target and
the exerted force (Abe et al., 2011; Steel et al., 2016; Vassiliadis et al., 2021; Vassiliadis,
Lete, et al., 2022). The Error, expressed in percentage of MVC, was computed for each
frame refresh and allowed to classify a sample as successful or not based on a closed-
loop reinforcement schedule8. More specifically, for each training trial, a force sample
(recorded at 60 Hz, corresponding to the refresh rate of the monitor) was considered as
successful if the computed Error was below the median Error over the 4 previous trials
at this specific sample. Put differently, to be successful, participants had to constantly
beat their previous performance. This closed-loop reinforcement schedule allowed us
to deliver consistent reinforcement feedback across individuals and conditions (see
control analysis on success rates in the Supplementary materials), while maximizing
uncertainty on the presence of reinforcement, an aspect that is crucial for efficient
reinforcement motor learning (Dayan et al., 2014). Notably, in addition to this closed-
loop design, samples were also considered as successful if the cursor was very close
to the center of the target (i.e., within one radius around the center, corresponding to
an Error below 0.2% of MVC). This was done to prevent any conflict between visual
information (provided by the position of the cursor relative to the target) and reinforce-
ment feedback (provided by the color of the target), which could occur in situations
of extremely good performance (when the closed-loop Error cut-off is below 0.2% of
MVC).

As a control, ReinfOFF trials were similar to ReinfON trials with the only difference
that the displayed colors were either cyan or magenta, and were generated randomly.
Participants were explicitly told that, in this condition, colors were displayed randomly
and could be ignored. The visual properties of the target in the ReinfOFF condition were
designed to match the ReinfON condition in terms of relative luminance (cyan: RGB =
[127.5 242.1 255] matched to green: [127.5 255 127.5] and magenta: [211.7 127.5 255]
to red: [255 127.5 127.5]) and average frequency of change in colors (i.e., the average
number of changes in colors divided by the total duration of a trial, see Supplementary
materials).

Notably, in this task, Training trials differed from Test trials regarding not only the
color of the target (red/green or cyan/magenta in Training trials and grey in Test trials)
but also the visual feedback experienced (partial and full visual feedback in Training
and Test trials, respectively). This choice was motivated by several reasons. First, we
wanted to evaluate learning in the classical, unperturbed, version of the force-tracking
task (Abe et al., 2011; Steel et al., 2016), which is compatible with clinical translation.
Second, based on additional behavioural data on another group of participants (n =
24, see Fig. A.S2), we found that significant effects of reinforcement on learning were
observed only when training was performed with partial visual feedback (displayed on
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35.7% of the trial time, as in the present study), in line with previous results (Cashaback
et al., 2017; Izawa and Shadmehr, 2011). However, this additional study also revealed
very limited improvement of performance during training with partial visual feedback,
potentially due to ceiling effects on performance in this condition. Yet, the improve-
ment of performance when comparing the Pre and Post-training assessments strongly
suggested that practicing the task with partial visual feedback still induced significant
learning of the skill. Finally, the change in visual feedback between Training and Post-
training was the same in all experimental conditions; this aspect of the task is therefore
unlikely to explain the reinforcement as well as the stimulation effects reported here.

Even though our study focused on reinforcement motor learning, it is worth men-
tioning that other learning mechanisms such as error-based or strategic processes are
likely to be also engaged during the force-tracking task and may have recruited other
brain regions beyond the striatum (Spampinato and Celnik, 2021). Notably though,
our protocol was specifically designed to compare in the same individuals, learning
in ReinfON and ReinfOFF conditions while keeping the other parameters of the task
constant, to specifically isolate the contribution of reinforcement processes in motor
learning.

Motor learning protocol After receiving standardised instructions about the force-
tracking task, participants practiced 5 blocks of familiarization (total of 75 trials) with-
out tTIS. The first block of familiarization included 20 trials with the target moving in a
regular fashion (0.5 Hz sinusoid). Then, in a second block of familiarization, partici-
pants performed 35 trials of practice with an irregular pattern, with the same properties
as the training patterns (see below). Finally, we introduced the reinforcement manipu-
lation and let participants perform 2 short blocks (8 trials each) including ReinfON and
ReinfOFF trials. These four first blocks of familiarization were performed outside the
MRI environment. A last familiarization block (4 trials) was performed after installation
in the scanner, to allow participants to get used to performing the task in the MRI. This
long familiarization allowed participants to get acquainted with the use of the force
sensor, before the beginning of the experiment.

During the main part of the experiment, participants performed 6 blocks of trials
in the MRI with concurrent striatal tTIS (Fig. A.1B). Each block was composed of 4 Pre-
training trials followed by 24 Training and 8 Post-training trials. Pre- and Post-training
trials were performed in Test conditions, without tTIS and were used to evaluate motor
learning. Training trials were performed with or without reinforcement feedback and
with concomitant striatal tTIS and were used as a proxy of motor performance. Dur-
ing Training, trials were interspersed with 25 s resting periods every 4 trials (used for
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fMRI contrasts, see below). The order of the 6 experimental conditions was pseudo-
randomised across participants: the 6 blocks were divided into 3 pairs of blocks with
the same tTIS condition and each pair was then composed of one ReinfON and one
ReinfOFF block. Within this structure, the order of the tTISTYPE and ReinfTYPE condi-
tions were balanced among the 24 participants. Hence, this randomisation allowed
us to ensure that any order effect that may arise from the repetition of the learning
blocks would have the same impact on each experimental condition (e.g., 4 subjects
experienced tTIS80Hz - ReinfON in the first block, 4 other subjects in the second block,
4 in the third block etc.).

As mentioned above, the protocol involved multiple evaluations of motor learning
within the same experimental session. In order to limit carry-over effects from one
block to the following, each experimental block was associated to a different pattern of
movement of the target (Fig. A.S1). Put differently, in each block, participants had to
generate a new pattern of force to successfully track the target. To balance the patterns’
difficulty, they all consisted in the summation of 5 sinusoids of variable frequency
(range: 0.1-1.5 Hz) that presented the following properties: a) Average force comprised
between 45 and 55% of the MaxTargetForce; b) Absolute average derivative comprised
between 54 and 66 % of the MaxTargetForce/s; c) Number of peaks = 14 (defined as
an absolute change of force of at least 1% of MaxTargetForce). These parameters were
determined based on pilot experiments to obtain a relevant level of difficulty for young
healthy adults and consistent learning across the different patterns.

Transcranial Electric Temporal Interference Stimulation (tTIS) applied to the stria-

tum

General concept Transcranial temporal interference stimulation (tTIS) is an inno-
vative non-invasive brain stimulation approach, in which two or more independent
stimulation channels deliver high-frequency currents in the kHz range (oscillating at f1
and f1 + δf; Fig. A.1C). These high-frequency currents are assumed to be too high to ef-
fectively modulate neuronal activity (Grossman, 2018; Grossman et al., 2017; Hutcheon
and Yarom, 2000). Still, by applying a small shift in frequency, they result in a modulated
electric field with the envelope oscillating at the low-frequency δf (target frequency)
where the two currents overlap. The peak of the modulated envelope amplitude can be
steered towards specific areas located deep in the brain, by tuning the position of the
electrodes and current ratio across stimulation channels (Grossman et al., 2017) (Fig.
A.1C, Fig. A.1D). Based on these properties, tTIS has been shown to be able to focally
target activity of deep structures in rodents, without engaging overlying tissues (Gross-
man et al., 2017). Here, we applied temporal interference stimulation transcranially

181



via surface electrodes applying a low-intensity, sub-threshold protocol following the
currently accepted cut-offs and safety guidelines for low-intensity transcranial electric
stimulation in humans (Antal et al., 2017).

Stimulators The currents for tTIS were delivered by two independent DS5 isolated
bipolar constant current stimulators (Digitimer Ltd, Welwyn Garden City, UK). The
stimulation patterns were generated using a custom-based Matlab graphical user inter-
face and transmitted to the current sources using a standard digital-analog converter
(DAQ USB-6216, National Instruments, Austin, TX, USA). Finally, an audio transformer
was added between stimulators and subjects, in order to avoid possible direct current
accumulation.

Stimulation protocols During the 6 Training blocks, we applied three different types
of striatal tTIS (2 blocks each): a stimulation with a tTIS envelope modulated at 20Hz
(tTIS20Hz), a stimulation with a tTIS envelope modulated at 80Hz (tTIS80Hz) and a
sham stimulation (tTISSham). For tTIS20Hz, the posterior stimulation channel (TP7-TP8,
see below) delivered a 1.99 kHz stimulation while the anterior one delivered a 2.01
kHz (δf = 20 Hz). For tTIS80Hz, the posterior and anterior channels delivered 1.96 kHz
and 2.04 kHz, respectively (δf = 80 Hz). Hence in both conditions, the high frequency
component was comparable and the only difference was δf. During each block, tTIS
was applied for 5 minutes (6 x 50 s) during Training. Each stimulation period started
and ended with currents ramping-up and -down, respectively, for 5 s. tTIS was applied
only while participants were performing the motor task and not during resting periods
or Pre- and Post-training assessments. Finally, tTISSham consisted in a ramping-up (5
s) immediately followed by a ramping-down (5 s) of 2 kHz currents delivered without
any shift in frequency. This condition allowed us to mimic the sensations experienced
during the active conditions tTIS20Hz and tTIS80Hz, while delivering minimal brain
stimulation (Fig. A.S5). A trigger was sent 5 seconds before the beginning of each trial
in order to align the beginning of the task and the beginning of the frequency shift
after the ramp-up. Other tTIS parameters were set as follows: current intensity per
stimulation channel = 2 mA (baseline-to-peak), electrode type: round, conductive
rubber with conductive cream/paste, electrode size = 3 cm2 (see ContES checklist in
Supplementary materials for more details).

The stimulation was applied within the MRI environment (Siemens 3T MAGNETOM
Prisma; Siemens Healthcare, Erlangen, Germany) using a standard RF filter module and
MRI-compatible cables (neuroConn GmbH, Ilmenau, Germany). The technological,
safety and noise tests, and methodological factors can be found in Supplementary
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materials (Table A.S1) and are based on the ContES Checklist (Ekhtiari et al., 2022).

Modelling Electromagnetic simulations were carried out to identify optimised elec-
trode placement and current steering parameters. Simulations were performed using
the MIDA head model (Iacono et al., 2015), a detailed anatomical head model featuring
>100 distinguished tissues and regions that was derived from multi-modal image data
of a healthy female volunteer. Importantly, for brain stimulation modelling, the model
differentiates different scalp layers, skull layers, grey and white matter, cerebrospinal
fluid, and the dura and accounts for electrical conductivity anisotropy and neural ori-
entation based on diffusion tensor imaging (DTI) data. Circular electrodes (radius =
0.7 cm) were positioned on the skin according to the 10-10 system and the electromag-
netic exposure was computed using the ohmic-current-dominated electro-quasistatic
solver from Sim4Life v5.0 (ZMT Zurich MedTech AG, Switzerland), which is suitable
due to the dominance of ohmic currents over displacement currents and the long
wavelength compared with the simulation domain (Bossetti et al., 2008). Dielectric
properties were assigned based on the IT’IS Tissue Properties Database v4.0 (Hasgall
et al., 2018). Rectilinear discretization was performed, and grid convergence as well
as solver convergence analyses were used to ensure negligible numerical uncertainty,
resulting in a grid that included more than 54M voxels. Dirichlet voltage boundary
conditions, and then current normalization were applied. The electrode-head interface
contact was treated as ideal. tTIS exposure was quantified according to the maximum
modulation envelope magnitude formula from Grossman et al., (2017) (Grossman
et al., 2017). Then, a sweep over 960 permutations of the four electrode positions was
performed, considering symmetric and asymmetric montages with parallel (sagittal
and coronal) or crossing current paths, while quantifying bilateral striatum (putamen
[BNA regions 225, 226, 229, 230], caudate [BNA regions 219, 220, 227, 228] and nucleus
accumbens [BNA regions 223, 224]) exposure performance according to three metrics:
a) target exposure strength, b) focality ratio (the ratio of target tissue volume above
threshold compared to the whole-brain tissue volume above threshold, a measure
of stimulation selectivity), and c) activation ratio (percentage of target volume above
threshold with respect to the total target volume, a measure of target coverage). We
defined the threshold as the 98th volumetric iso-percentile level of the tTIS. From
the resulting Pareto-optimal front, two configurations stood out particularly: one that
maximised focality and activation (AF3 - AF4, P7 - P8) and a second one that accepts
a reduction of these two metrics by a quarter, while increasing the target exposure
strength by more than 50% (F3-F4, TP7-TP8). This last montage was selected, to ensure
sufficient tTIS exposure in the striatum (Wessel et al., 2022) (Fig. A.1C, Fig. A.1D).

183



Electrode positioning and evaluation of stimulation-associated sensations Based
on the modelling approach described above, we defined the stimulation electrode
positions in the framework of the EEG 10-10 system (Seeck et al., 2017). The optimal
montage leading in terms of target (i.e. the bilateral striatum) exposure strength and
selectivity, was composed of the following electrodes: F3, F4, TP7 and TP8. Their loca-
tions were marked with a pen on the scalp and, after skin preparation (cleaned with
alcohol), round conductive rubber electrodes of 3 cm2 were placed adding a conductive
paste (Ten20, Weaver and Company, Aurora, CO, USA or Abralyt HiCl, Easycap GmbH,
Woerthsee-Etterschlag, Germany) as an interface to the skin. Electrodes were held in
position with tape and cables were oriented towards the top in order to allow good
positioning inside the scanner. Impedances were checked and optimised until they
were below 20 kΩ (von Conta et al., 2022). Once good contact was obtained, we tested
different intensities of stimulation for each stimulation protocol in order to familiarise
the participants with the perceived sensations and to systematically document them.
tTIS Sham, tTIS20Hz and tTIS80Hz were applied for 20 seconds with the following in-
creasing current amplitudes per channel: 0.5 mA, 1 mA, 1.5 mA and 2 mA. Participants
were asked to report any kind of sensation and, if a sensation was felt, they were asked
to grade the intensity from 1 to 3 (light to strong) as well as give at least one adjective
to describe it (Fig. A.S5). Following this step, cables were removed to be replaced by
MRI-compatible cables and a bandage was added to apply pressure on the electrodes
and keep them in place. An impedance check was repeated in the MRI right before the
training and then again at the end of all recordings.

MRI data acquisition

Structural and functional images were acquired using a 3T MAGNETOM PRISMA
scanner (Siemens, Erlangen, Germany). T1-weighted images were acquired via the 3D
MPRAGE sequence with the following parameters: TR = 2.3 s; TE = 2.96 ms; flip angle
= 9°; slices = 192; voxel size = 1 × 1 × 1 mm, FOV = 256 mm. Anatomical T2 images
were also acquired with the following parameters: TR = 3 s; TE = 409 ms; flip angle =
120°; slices = 208; voxel size = 0.8 × 0.8 × 0.8 mm, FOV = 320 mm. Finally, functional
images were recorded using Echo-Planar Imaging (EPI) sequences with the following
parameters: TR = 1.25 s; TE = 32 ms; flip angle = 58°; slices = 75; voxel size = 2 × 2 × 2
mm; FOV = 112 mm.
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A.7.3 Data and statistical analyses

Data and statistical analyses were carried out with Matlab 2018a (the Mathworks, Nat-
ick, Massachusetts, USA) and the R software environment for statistical computing
and graphics (R Core Team 2021, Vienna, Austria). Robust linear regressions were fit-
ted with the Matlab function robustfit. Linear mixed models (LMM) were fitted using
the lmer function of the lme4 package in R (Bates et al., 2014). As random effects, we
added intercepts for participants and block. Normality of residuals, and homoscedas-
ticity of the data were systematically checked, and logarithmic transformations were
applied when necessary (i.e., when skewness of the residuals’ distribution was not
comprised between - 2 and 2 (Ryu, 2011) or when homoscedasticity was violated based
on visual inspection). To mitigate the impact of isolated influential data points on the
outcome of the final model, we used tools of the influence.ME package to detect and
remove influential cases based on the following criterion: distance > 4 * mean distance
(Nieuwenhuis et al., 2012). Statistical significance was determined using the anova
function with Satterthwaite’s approximations of the lmerTest package (Luke, 2017). For
specific post-hoc comparisons we conducted pairwise comparisons by computing esti-
mated marginal means with the emmeans package with Tukey adjustment of p-values
(Searle et al., 1980). Standardised effect size measures were obtained using the eff_size
function of the emmeans package (Ben-Shachar et al., 2020). The level of significance
was set at p<0.05.

Behavioural data

Evaluation of motor learning The main goal of the present study was to evaluate the
influence of striatal tTIS on reinforcement motor learning. To do so, we first removed
trials, in which participants did not react within 1 s after the appearance of the cursor
and target, considering that these extremely long preparation times may reflect signifi-
cant fluctuations in attention (Derosière et al., 2015). This occurred extremely rarely
(0.52 % of the whole data set). For each subject and each trial, we then quantified the
tracking Error as the absolute force difference between the applied and required force
as done previously (Abe et al., 2011; Vassiliadis et al., 2021; Vassiliadis, Lete, et al., 2022).
Tracking performance during Training and Post-training trials were then normalised
according to subjects’ initial level by expressing the Error data in percentage of the av-
erage Pre-training Error for each block. In order to test our main hypothesis predicting
specific effects of striatal tTIS on reinforcement motor learning, we performed a LMM
on the Post-training data with tTISTYPE and ReinfTYPE as fixed effects. We then also
ran the same analysis on the Training data, to evaluate if striatal tTIS also impacted on
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motor performance, while stimulation was being delivered. As a control, we checked
that initial performance at Pre-training was not different between conditions with
a LMM on the Error data obtained at Pre-training. Again, tTISTYPE and ReinfTYPE
were considered as fixed effects. Finally, another LMM was fitted with the fixed effect
tTISTYPE to verify that the amount of positive reinforcement (as indicated by a green
target) in the ReinfON blocks was similar across tTISTYPES.

fMRI data

Imaging Preprocessing We analyzed functional imaging data using Statistical Para-
metric Mapping 12 (SPM12; The Wellcome Department of Cognitive Neurology, Lon-
don, UK) implemented in MATLAB R2018a (Mathworks, Sherborn, MA). All functional
images underwent a common preprocessing including the following steps: slice time
correction, spatial realignment to the first image, normalization to the standard MNI
space and smoothing with a 6 mm full-width half-maximal Gaussian kernel. T1 anatom-
ical images were then co-registered to the mean functional image and segmented. This
allowed to obtain bias-corrected gray and white matter images, by normalizing the
functional images via the forward deformation field. To select subjects with accept-
able level of head movement, framewise displacement was calculated for each run.
A visual check of both non-normalised and normalised images was performed in or-
der to ensure good preprocessing quality. Finally, possible tTIS-related artifacts were
investigated based on signal to noise ratio maps (see below).

Signal to Noise Ratio Total signal to noise ratio (tSNR) maps were computed to check
the presence of possible artifacts induced by the electrical stimulation. The values were
calculated per each voxel by dividing the mean of the voxel time series by its standard
deviation. Spherical regions of interest were then defined both underneath the tTIS
electrodes and at 4 different locations, distant from the electrodes as a control. The
center of each spherical ROI was obtained by projecting the standard MNI coordinates
of each electrode on the scalp (Okamoto et al., 2004) toward the center of the brain. After
visual inspection of the ROIs, average tSNR maps were extracted within each sphere.
A LMM was used to compare the average SNR underneath the electrodes versus the
control regions and between stimulation protocols. The results of this analysis are
presented in Supplementary materials (Fig. A.S8).

Task-based BOLD activity analysis A general linear model was implemented at the
single-subject level in order to estimate signal amplitude. Eight regressors were in-
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cluded in the model: 6 head motion parameters (displacement and rotation) and
normalised time series within the white matter and the corticospinal fluid. Linear
contrasts were then computed to estimate specific activity during the motor task
with respect to resting periods. Functional activation was also extracted within spe-
cific ROIs individually defined based on structural images. More specifically, the
Freesurfer recon-all function was run based on the structural T1w and T2w images
(https://surfer.nmr.mgh.harvard.edu/). The BNA parcellation was derived on the indi-
vidual subject space and the selected ROIs were then co-registered to the functional
images and normalised to the MNI space. BOLD activity within the individual stri-
atal masks was averaged and compared between different striatal nuclei namely the
putamen (BNA regions 225, 226, 229, 230), caudate (BNA regions 219, 220, 227, 228)
and nucleus accumbens (BNA regions 223, 224). Comparison between conditions
were presented for uncorrected voxel-wise FWE, p=0.001 and multiple comparison
corrected at the cluster level to reduce False Discovery Rate (FDR), p=0.05.

Effective connectivity analyses As an additional investigation, we computed task-
modulated effective functional connectivity by means of the CONN toolbox 2021a
(www.nitrc.org/projects/conn, RRID:SCR_009550) running in Matlab R2018a (Math-
works, Sherborn, MA). An additional denoising step was added by applying a band-pass
filtering from 0.01 to 0.1 Hz and by regressing potential confounders (white matter, CSF
and realignment parameters). After that, generalized Psycho-Physiological Interactions
(gPPI) connectivity was extracted within specific pre-defined customised sub-networks:
a reward and a motor network. gPPI evaluates condition-specific changes in effective
connectivity, defined as the directed effect that one brain region has on another under
some model of neuronal coupling (Friston, 1994). In particular, gPPI considers a series
of equations in which activity in a ROI (pre-defined frontal areas in our case) depends
on a specific condition (the ‘psychological’ factor) and on activity in the seed region
(striatum here, the ‘physiological’ factor). By solving these equations, it is possible to
determine a coefficient that represents task-modulation of effective connectivity (Di
et al., 2021). Importantly, task-related changes in effective connectivity are expressed
relative to rest, and therefore values closer to 0 reflect a connectivity similar to resting
state.

The reward network was defined as following: two regions within the striatum,
namely the NAc (BNA regions 223 and 224) and the ventro-medial putamen (BNA
regions 225 and 226, left and right respectively), and two frontal areas, namely the ante-
rior cingulate (BNA regions 177, 179, 183 and 178, 180, 184, left and right respectively)
and the orbitofrontal cortex within the vmPFC (BNA regions 41, 45, 47, 49, 187 and 42,
46, 48, 50, 188 for left and right respectively). The motor network included the following
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areas: the dorso-lateral putamen (BNA 229, 230, for left and right respectively), the
dorsal caudate (BNA regions 227, 228 for left and right respectively) the medial part
of the SMA (BNA regions 9 and 10, left and right respectively) and the part of the M1
associated to upper limb function (BNA regions 57 and 58, left and right respectively).
Notably, we considered connectivity in the left and right motor and reward networks
regardless of laterality. These ROIs were selected based on the following rationale. First,
they are consistent with previous literature on reinforcement learning of motor skills
(Bowles et al., 2022; Codol, Galea, et al., 2020; Sidarta et al., 2016; Spampinato et al.,
2019). Second, there is structural and functional evidence for these fronto-striatal con-
nections (Draganski et al., 2008; Morris et al., 2016). Third, the frontal areas included
in the analyses are well-established hubs of the motor learning (M1 and SMA, see
Hardwick et al., 2013 for a meta-analysis) and reward networks (vmPFC and ACC, see
Bartra et al., 2013 for a meta-analysis). Finally, gPPI was also extracted within a control
language network, defined based on the functional atlas described by Shirer et al.(2012)
(Shirer et al., 2012).
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A.8 Supplementary material

A.8.1 Exclusion criteria

• Unable to consent

• Severe neuropsychiatric (e.g., major depression, severe dementia) or unstable
systemic diseases (e.g., severe progressive and unstable cancer, life threatening
infectious diseases)

• Severe sensory or cognitive impairment or musculoskeletal dysfunctions pro-
hibiting to understand instructions or to perform the experimental tasks

• Color blindness

• Inability to follow or non-compliance with the procedures of the study

• Contraindications for NIBS or MRI:

– Electronic or ferromagnetic medical implants/device, non-MRI compatible
metal implant

– History of seizures

– Medication that significantly interacts with NIBS being benzodiazepines,
tricyclic antidepressant and antipsychotics

• Regular use of narcotic drugs

• Left-handedness

• Pregnancy

• Request of not being informed in case of incidental findings

• Concomitant participation in another trial involving probing of neuronal plastic-
ity.
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A.8.2 ContES Checklist

Technological factors
Manufacturer of the Stimulator DS5 Isolated Bipolar Constant Current Stimulator (Digitimer)
MR Conditional Electrodes Round, 3 cm2 conductive rubber electrodes

Electrode Positioning

F3>F4
TP7>TP8
A bandage is wrapped around the head to apply pressure and keep the
electrodes in place.
Electrodes are oriented in order to have vertical cables entering parallel
to the MRI coil
Head was fixed with pillows to avoid movements

MR Conditional Skin-Electrode Interface
10-20 gel

One or two drops of saline were added when impedances were too high
Amount of Contact Medium (Paste/Gel/Electrolyte) One or two drops of saline were added when impedances were too high

Electrode Placement
Visualization

Pictures

RF Filter
NeuroConn DC-STIMULATOR MR RF filter module with MRI-compatible
cables and electrodes

Wire Routing Pattern

10 m ethernet cables between inner and outer box pass through a conduit
along the wall of the MRI room until reaching the back of the MRI. Cables
are then fixed with straps on the ground and on the wall of the MRI
machine in order to avoid loops until reaching the interior of the coil.
Cables between the head and the inner boxes were also fixed with straps
and they were oriented in order to exit the magnetic field direction as
soon as possible as indicated by the red arrows of the image below.

tES-fMRI Machine Synchronization/Communication

Stimulation was triggered by the stimulus delivery PC via parallel port to
BNC cable. The parallel port of the stimulus delivery PC was connected
to the DAQ controlling the stimulators.
Stimulus delivery PC, in turn, was also receiving the scanner trigger from
the scanner via USB port.
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Safety and noise tests
MR Conditionality Specifics for tES Setting Please refer to Section ªMethods-Imaging acquisitionº

tES-fMRI Setting Test - Safety Testing

Impedances were checked before and after the stimulation.
No temperature tests were performed during the experiment.
Intensity titration was performed prior to entering the MRI, testing in-
creasing currents (0.5, 1, 1.5 and 2 mA) and asking the subject to report
any type of sensation.
A sensation questionnaire was also performed at the end of the experi-
ment.

tES-fMRI Setting Test – Subjective Intolerance Reporting No intolerances were reported by any subject

tES-fMRI Setting Test - Noise/Artifact
Signal to Noise Ratio (SNR) analysis was performed on the fMRI images,
please refer to Section ªMethods-Signal to Noise Ratioº

Impedance Testing

Impedances were checked right after electrodes positioning outside the
scanner, before and after the stimulation inside.
One or two drops of saline solution were added if impedances were higher
than 20kΩ.

Methodological factors

Concurrent tES-fMRI Timing

For timings, please refer to the ªMethods-Stimulation protocolsº section
To mitigate the impact of potential carry-over effects on our experimental
results we used the following strategy:
1) We stimulated for short periods in each condition (5 minutes in-
terspersed with resting periods without stimulation; see ªMethods-
Stimulation protocolsº);
2) We imposed breaks ( 7-8 minutes) between each stimulation protocol;
3) We randomised the order of the Stimulation conditions

Imaging Session Timing
All sequences were performed with TI stimulation electrodes placed on
the subjects’ head.

tES Experience Report Please refer to ªResultsº section and to Fig. A.S5.

Table A.S1: ContES checklist as recommended in Ekhtiari et al., 2022 (Ekhtiari et al., 2022) for concurrent tES-fMRI studies.

A.8.3 Patterns of motion of the target used in the study

A.8.4 Additional behavioural experiment

To determine the optimal experimental parameters to study reinforcement learning
of motor skills, we performed an additional behavioural experiment, in the absence
of brain stimulation and imaging. In particular, we tested the relationship between
the amount of visual feedback available during Training and the benefits of reinforce-
ment in the force-tracking task. Another group of young healthy participants (n=24;
14 women, 24.2 ± 0.5 years old, independent from the subjects tested in the main
experiment) performed blocks of the task with ReinfON or ReinfOFF and with either
full visual feedback or only partial visual feedback (cursor displayed for 35.7% of the
total trial duration, as in the main study). Each learning block was composed of 30
trials (vs. 36 trials in the main study) and in addition to real-time closed-loop rein-
forcement feedback, participants also received endpoint feedback on their overall
performance after each trial during Training (i.e., indicating success or failure on the
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Figure A.S1: Patterns of motion of the target. For each block of training, participants had to learn a new pattern of motion of the
target. The patterns had similar mathematical properties and their relationship to a condition was randomised (see Methods for
more details).

trial). The LMM ran on the Post-training data revealed a significant effect of visual
feedback (F(1,788.33)=5.90; p=0.015), reinforcement (F(1,787.87)=11.64; p<0.001) and
a significant interaction between these two factors (F(1,788.03)=10.27; p=0.0014, Fig.
A.S2A). Interestingly, Tukey-corrected post-hoc tests showed that the interaction was
due to the fact that while reinforcement did not improve learning when Training was
performed with full visual feedback (p=0.88, d=0.014), it induced robust benefits when
training with partial visual feedback (p<0.001, d=0.46, Fig. A.S2B). This result is in line
with previous literature showing that reinforcement feedback is particularly beneficial
for motor learning when visual feedback is uncertain (Cashaback et al., 2017; Izawa
and Shadmehr, 2011). Based on the outcome of this additional study, we decided to
train participants with partial visual feedback in the present experiment to evaluate the
effect of tTIS in a version of the task that yielded significant reinforcement gains. No-
tably, this work also shows that the effect of reinforcement on motor learning observed
in the tTISSham and tTIS20Hz conditions (Fig. A.2) is reproducible.

A.8.5 Evolution of motor performance in the different conditions

The main analysis revealed a general effect of tTIS on motor performance during Train-
ing, irrespective of the presence of reinforcement. As a subsequent analysis, we also
asked whether the evolution of performance during Training depended on type of
striatal stimulation applied. We ran the same LMM as in the main study (see Results)
but with the addition of a continuous fixed effect Trial, allowing us to evaluate whether
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Figure A.S2: Results of an additional behavioural experiment (n = 24). A) Motor performance across training. Raw Error data
(expressed in % of Maximum Voluntary Contraction [MVC]) are presented on the left panel for the different experimental
conditions in bins of 3 trials. On the right, the two plots represent the Pre-training normalised Error in the Full visual feedback
and Partial visual feedback blocks (i.e., cursor displayed 35.7% of the time, as in the main experiment). Note the strong gains in
motor performance, especially with partial visual feedback but also the limited improvement of performance during training in
this condition. B) Motor learning. Averaged Error at Post-training (normalised to Pre-training) in the different experimental
conditions are shown, for the subjects included in the analysis (i.e., after outlier detection, n=23). Reduction of Error at Post-
training reflects true improvement at tracking the target in Test conditions (in the absence of reinforcement or visual uncertainty).
The LMM ran on these data revealed significant a significant effect of reinforcement feedback on learning when training with
partial, but not full, visual feedback. *: p<0.05. Data are represented as mean ± SE.
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Figure A.S3: Slopes of performance change during Training in the different stimulation conditions. Modeled performance change
for tTISSham, tTIS20Hz and tTIS80Hz throughout Training. The tTISTYPE x Trial interaction revealed that performance improved
more with tTISSham compared to tTIS20Hz and tTIS80Hz. Notably this effect was not modulated by the presence of reinforcement and
could not be explained by differences in intercepts.

the slope of performance change was different according to tTISTYPE. (Fig. A.S3). In-
deed, this analysis revealed a significant tTISTYPE x Trial interaction (F(2, 3399)=4.46;
p=0.012) that was due to different slopes in the tTISSham compared to the tTIS20Hz

(p=0.013) and tTIS80Hz (at the trend level, p=0.068) conditions. Evolution of perfor-
mance in the tTIS20Hz and tTIS80Hz conditions was not different (p=0.81). Notably, this
effect could not be explained by differences in initial performance (all p>0.21 when
comparing intercepts). Moreover, the effect of tTIS on motor improvement during
Training did also not depend on the presence of reinforcement (ReinfTYPE, tTISTYPE
and Trial: F(2, 3399)=0.51; p=0.60). Overall, this analysis shows that the detrimental
effect of striatal tTIS on motor performance is due to an impaired ability to improve
performance with practice and further confirms that tTIS did not modulate the ability
to use reinforcement feedback during Training.

A.8.6 Effect of visual and reinforcement feedback on motor performance

As a control, we asked whether the tTIS and reinforcement effects reported in Fig.
A.2 depended on the availability of visual information during Training. To do so, we
computed the normalised Error for phases with the CursorON or CursorOFF (taking
into account a lag of 0.25s, corresponding to the estimated visuo-motor delay in this
type of task for young healthy subjects (Lam and Zénon, 2021)) and analysed these data
in a LMM including the factors ReinfTYPE, tTISTYPE and CursorTYPE. As in the main
analysis, we confirmed the effect of ReinfTYPE (F(1, 6872)=344.87; p<0.001), tTISTYPE
(F(2,6872)=28.79; p<0.001) and the absence of interaction between these two factors
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Figure A.S4: Effect of visual and reinforcement feedback on motor performance. Pre-training normalised Error depending
on the presence of the cursor (CursorON or CursorOFF), and the presence of reinforcement feedback during Training. The
significant ReinfTYPE x CursorTYPE interaction was related to the fact that the benefits of reinforcement were stronger when
visual information was not available. Notably, this analysis takes into account a visuo-motor delay of 0.25s, as previously reported
during a similar task (Lam and Zénon, 2021). *: p<0.05. Data are represented as mean ± SE.

(F(2,6875.4)=0.49; p=0.61, Fig. A.S4). This analysis also revealed a CursorTYPE effect
(F(2,6875.3)=49.66; p<0.001) which was due to the fact that the Error was generally
higher in the absence visual information on the position of the cursor (d=0.17 ). Interest-
ingly, there was also a ReinfTYPE x CursorTYPE interaction (F(2,6872)=29.35; p<0.001):
while benefits of reinforcement were significant in both the CursorON (p<0.001, d=0.32)
and CursorOFF (p<0.001, d=0.58) conditions, the magnitude of the reinforcement-
related gains in performance were larger in the CursorOFF condition (t-test comparing
the gains: t(46)=2.74, p=0.0086). Moreover, post-hoc tests also revealed that the absence
of vision of the cursor was detrimental for performance in the ReinfOFF condition
(p<0.001, d=0.30) but not in presence of ReinfON (p=0.25, d=0.039). Hence, the presence
of reinforcement was particularly beneficial when visual information was not available,
in line with previous research (Cashaback et al., 2017; Izawa and Shadmehr, 2011) and
also in agreement with the results of our additional experiment (Fig. A.S2). Impor-
tantly, the LMM did not reveal any interaction between tTISTYPE and CursorTYPE
(F(2,6872)=0.49; p=0.31) and no triple interaction (F(2,6872)=1.53; p=0.22), confirming
that striatal tTIS had a global effect on motor performance during Training, which did
not depend on the presence of visual and reinforcement feedback.
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A.8.7 Control analyses of behavioural data

Pre-training performance

In order to verify that our main behavioural results were not influenced by poten-
tial differences in initial performance between conditions despite randomisation, we
analysed the Error at Pre-training between conditions. We did not find any tTISTYPE
(F(2,519.15)=1.64; p=0.20) or tTISTYPE x ReinfTYPE effect (F(2,519.99)=1.08; p=0.34),
suggesting that the main behavioural results could not be accounted for by differences
in initial performance between conditions. However, the LMM did reveal a ReinfTYPE
effect (F(1,519.15)=12.47; p<0.001), that was due to the fact that Pre-training perfor-
mance was generally better in ReinfOFF blocks. This effect, which was opposite to
our learning results (generally better learning with ReinfON), may be related to an
expectancy effect stemming from the repetitive structure of the reinforcement con-
ditions (see Methods). However, the absence of interaction with tTISTYPE is strongly
suggestive that this effect did not drive any of the main findings. Put together, these
data provide confidence that the differential effects of striatal tTIS on motor learning
depending on the presence of reinforcement were not the result of different initial
performance between conditions.

Success rate

Overall, the amount of positive reinforcement (i.e., when the target was green) aver-
aged 52.78 +/- 0.42% and was comparable across tTISTYPES (F(2,1702)=0.17; p=0.84),
suggesting that the closed-loop reinforcement schedule was successful at providing
similar reinforcement feedback despite differences in performance between condi-
tions. Hence, different success rates during training cannot explain the effect of the
different striatal tTIS conditions on motor learning.

Frequency of flashing

Analysis of the frequency of flashing in the different conditions did not reveal any
effect of tTISTYPE (F(2,3283)=0.85; p=0.43) nor any ReinfTYPE x tTISTYPE interaction
(F(2,3283)=0.19; p=0.82), suggesting that the behavioural effects of tTIS could not be
explained by a visual confound. However, this analysis did reveal a ReinfTYPE effect
(F(1,3283)=33.62; p<0.001) which was due to the fact that the average frequency in the
ReinfOFF condition (4.28 ± 0.097 Hz) was slightly but significantly higher than with
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ReinfON (4.08 ± 0.098 Hz; F(1,3283)=33.62; p<0.001). Notably, in absolute terms, this
difference represented only a difference of 1.4 change of color over the whole 7 s trial,
which we think is unlikely to explain the improvement of performance in the ReinfON
condition.

Order of the reinforcement conditions

Previous exposure to reinforcement feedback may improve subsequent learning
through reinforcement (Uehara et al., 2019). Thanks to our randomisation procedure,
the previous exposure to the ReinfON condition was equally counterbalanced in all
stimulation conditions, and should therefore not influence our main results. Still, we
performed an analysis to specifically investigate the effect of the previous exposure to
ReinfON. To do so, we split the participants depending on whether they experienced
ReinfON or ReinfOFF first (12 subjects per group) and performed a new LMM on the
Post-training data with the addition of a categorical factor GroupTYPE. In particular, if
the previous exposure to the ReinfON condition influenced following learning with
reinforcement, we would expect to see a GroupTYPE x ReinfTYPE interaction. The
analysis did not indicate any GroupTYPE effect on learning (F(1,21.96)=0.35; p=0.56),
neither did it reveal a GroupTYPE x ReinfTYPE (F(1,4)=0.72; p=0.44), or a triple inter-
action with tTISTYPE (F(2,1105.06)=1.75; p=0.17). Overall, this analysis suggests that
the order of the exposure to the reinforcement condition did not influence the present
findings.
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Figure A.S5: tTIS-related sensations. A) Magnitude of tTIS-related sensations. Magnitude of sensations reported before the
experiment for current amplitudes ranging from 0.5 to 2 mA for each tTISTYPE. The current amplitude used in the present
experiment was 2 mA. B) Types of tTIS-related sensations. Type of sensations as described by the participants, at 2 mA. Note that
subjects were allowed to describe their sensations with up to two different words.
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Figure A.S6: Whole-brain activity during reinforcement motor learning. Activation maps for the contrast task>rest in the tTISSham,
ReinfON condition showing activation of key areas of the reinforcement motor learning network including the putamen, thalamus,
cerebellum and sensorimotor network, especially on the left side. Significant clusters are shown for corrected voxel-wise family
wise error (FWE), p=0.05, and corrected cluster-based false discovery rate (FDR), p=0.05.
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A.8.8 Blinding integrity and tTIS-evoked sensations

A.8.9 Brain activity during reinforcement motor learning

Cluster-level Peak-level x y z Region
pFWE-corr qFDR-corr kE Puncorr pFWE-corr qFDR-corr T (ZE) Puncorr

<0.001 <0.001 135 <0.001 <0.001 0.005 12.63 6.84 <0.001 46 -62 4 Temporal_Mid_R
<0.001 <0.001 523 <0.001 <0.001 0.005 12.32 6.77 <0.001 -40 -8 62 Precentral_L

<0.001 0.021 10.62 6.33 <0.001 -34 -6 52 Postcentral_L
<0.001 0.021 10.43 6.28 <0.001 -36 -20 54 Precentral_L

<0.001 <0.001 335 <0.001 <0.001 0.018 11.08 6.46 <0.001 -8 -6 64 Supp_Motor_Area_L
0.003 0.145 8.21 5.56 <0.001 6 6 58 Supp_Motor_Area_R
0.003 0.145 8.20 5.55 <0.001 -4 -2 54 Supp_Motor_Area_L

<0.001 <0.001 44 <0.001 <0.001 0.021 10.65 6.34 <0.001 -10 -20 6 Thal_IL_L
<0.001 <0.001 162 <0.001 <0.001 0.021 10.36 6.26 <0.001 42 -6 56 Frontal_Mid_2_R

<0.001 0.042 9.48 5.99 <0.001 34 -4 58 Frontal_Sup_2_R
<0.001 <0.001 175 <0.001 <0.001 0.021 10.27 6.23 <0.001 -58 10 28 Precentral_L

<0.001 0.037 9.60 6.03 <0.001 -56 8 20 Frontal_Inf_Oper_L
0.019 0.490 7.32 5.21 <0.001 -48 2 16 Rolandic_Oper_L

<0.001 <0.001 601 <0.001 <0.001 0.024 10.06 6.17 <0.001 2 -74 -34 Vermis_7
<0.001 0.025 9.99 6.15 <0.001 -12 -70 -22 Cerebellum_6_L
<0.001 0.027 9.88 6.12 <0.001 12 -70 -20 Cerebellum_6_R

<0.001 <0.001 82 <0.001 <0.001 0.070 9.14 5.88 <0.001 56 10 26 Frontal_Inf_Oper_R
0.006 0.234 7.86 5.42 <0.001 56 10 38 Precentral_R

<0.001 <0.001 141 <0.001 0.001 0.092 8.89 5.80 <0.001 -34 -52 -24 Cerebellum_6_L
0.002 0.117 8.47 5.65 <0.001 -28 -62 -24 Cerebellum_6_L

<0.001 <0.001 76 <0.001 0.001 0.092 8.87 5.79 <0.001 -28 -52 56 Parietal_Sup_L
0.011 0.341 7.57 5.31 <0.001 -30 -44 48 Parietal_Inf_L

<0.001 <0.001 200 <0.001 0.001 0.092 8.77 5.76 <0.001 32 -48 -28 Cerebellum_6_R
0.013 0.382 7.49 5.28 <0.001 34 -40 -34 Cerebellum_6_R

<0.001 <0.001 36 <0.001 0.001 0.092 8.73 5.74 <0.001 16 -54 -18 Cerebellum_4_5_R
<0.001 <0.001 28 <0.001 0.001 0.101 8.63 5.71 <0.001 26 -58 -54 Cerebellum_8_R
<0.001 <0.001 62 <0.001 0.001 0.113 8.51 5.67 <0.001 38 -62 -16 Fusiform_R

0.002 0.117 8.45 5.64 <0.001 42 -72 -12 Occipital_Inf_R
<0.001 <0.001 21 <0.001 0.002 0.117 8.41 5.63 <0.001 -46 -68 4 Occipital_Mid_L
<0.001 <0.001 141 <0.001 0.002 0.130 8.33 5.60 <0.001 22 -56 50 Location not in atlas

0.002 0.130 8.30 5.59 <0.001 30 -48 48 Parietal_Sup_R
0.007 0.266 7.76 5.39 <0.001 36 -40 42 SupraMarginal_R

<0.001 <0.001 29 <0.001 0.004 0.170 8.09 5.51 <0.001 44 -50 -34 Cerebellum_Crus1_R
<0.001 <0.001 59 <0.001 0.004 0.178 8.04 5.49 <0.001 -22 -66 -52 Cerebellum_8_L
<0.001 0.006 12 0.003 0.004 0.190 7.99 5.47 <0.001 10 -16 8 Thal_MDl_R
0.001 0.043 6 0.028 0.009 0.319 7.63 5.33 <0.001 -22 -2 6 Putamen_L

<0.001 <0.001 34 <0.001 0.009 0.319 7.63 5.33 <0.001 18 -64 -54 Cerebellum_8_R
0.001 0.300 7 0.019 0.023 0.545 7.23 5.17 <0.001 20 2 62 Frontal_Sup_2_R
0.001 0.030 7 0.019 0.024 0.560 7.21 5.16 <0.001 52 12 8 Frontal_Inf_Oper_R
0.001 0.030 7 0.019 0.025 0.568 7.19 5.16 <0.001 -44 -36 40 Parietal_Inf_L

Table A.S2: Significant clusters and the respective local maxima in the tTISSham, ReinfON condition. Related to Fig. A.S6. Regions
were identified with the Automated Anatomical Labelling atlas 3 (AAL3 (Rolls et al., 2020)). Significant clusters were selected for
corrected voxel-wise family wise error (FWE), p=0.05, and corrected cluster-based false discovery rate (FDR), p=0.05.
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A.8.10 Correlation between effect of tTIS80Hz on reinforcement motor learn-

ing and modulation of whole-brain activity

Cluster-level Peak-level x y z Region
pFWE-corr qFDR-corr kE Puncorr pFWE-corr qFDR-corr T (ZE) Puncorr

0.003 0.005 157 <0.001 0.027 0.065 7.29 5.14 <0.001 10 18 0 Caudate_R
0.639 0.678 5.38 4.25 <0.001 0 0 10 Location not in atlas
0.921 0.757 4.89 3.98 <0.001 6 6 2 Location not in atlas

0.007 0.005 138 <0.001 0.693 0.678 5.30 4.21 <0.001 -16 14 6 Location not in atlas
0.923 0.757 4.88 3.98 <0.001 -22 14 -2 Putamen_L
1.000 0.810 4.26 3.60 <0.001 -18 8 -6 Putamen_L

Table A.S3: Significant clusters for the correlation between the behavioural and neural effects of tTIS80Hz (vs. tTIS20Hz). Related to
Fig. A.3B. Two significant clusters were found with several local maxima. Notably, the left cluster also encompassed a portion of
the left caudate (related to Fig. A.3). Regions were identified with the Automated Anatomical Labelling atlas 3 (AAL3 (Rolls et al.,
2020)). Significant clusters were selected for uncorrected voxel-wise family wise error (FWE), p=0.001, and corrected cluster-based
false discovery rate (FDR), p=0.05.

A.8.11 Control analysis on striatum to frontal cortex effective connectivity

The connectivity analysis showed that tTIS80Hz, but not tTIS20Hz, increased striatum
to frontal effective connectivity and that this effect depended on the type of network
considered (reward vs. motor) and on the presence of reinforcement (Fig. A.4). In this
analysis we considered effective connectivity between the motor striatum and M1
and SMA for the motor network and the limbic striatum with ACC and vmPFC for the
reward network, based on a large body of literature (Bartra et al., 2013; Draganski et al.,
2008; Hardwick et al., 2013; Morris et al., 2016) (see Methods for a detailed justifica-
tion of the ROIs). To verify whether our results depended on the specific frontal ROIs
included in the analysis, we performed a new analysis. More specifically, we decom-
posed connectivity in each network for each frontal cortical area (M1 and SMA in the
motor network and ACC and vmPFC in the reward network) and ran two separate
LMMs on each network with tTISTYPE, ReinfTYPE as well as ROITYPE (M1 or SMA for
the LMM run on the motor network and ACC or vmPFC for the reward network) as
fixed effects. Consistent with our initial findings, we found effects of tTISTYPE on both
LMMs (motor network: F(2,1089.7)=3.12; p=0.044 and reward network: F(2,1112)=6.78;
p=0.0012). Moreover, there was a significant tTISTYPE x ReinfTYPE interaction in the
motor network (F(2,1112)=3.36; p=0.035), which was at the trend level in the reward
network (F(2,1113.8)=2.37; p=0.094). Most importantly, these effects were not modu-
lated by ROITYPE in any network (tTISTYPE x ReinfTYPE x ROITYPE in motor network:
F(2,1112)=0.83; p=0.44, in reward network: F(2,1112)=0.61; p=0.54). This analysis sug-
gests that the main connectivity findings were not influenced by the specific frontal
ROIs considered in the analysis.
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A.8.12 Relationship between the neural and behavioural effects of tTIS80Hz

and impulsivity

Characterising individual factors that influence responsiveness to brain stimulation is
an important line of research both for fundamental neuroscience but also to determine
profiles of responders for future clinical translation. Based on previous literature linking
striatal gamma oscillatory mechanisms and impulsivity (Donnelly et al., 2014), we
explored the possibility that impulsivity influences responsiveness to striatal tTIS80Hz

(Fig. A.S7).

First, we exploited the BOLD data and asked if inter-individual variability in the
neural effects of tTIS80Hz during reinforcement motor learning (i.e., in the ReinfON
condition) was related to impulsivity at the whole-brain level. Impulsivity was evalu-
ated by a well-established independent delay-discounting questionnaire performed at
the beginning of the experiment (Kirby et al., 1999; Mitchell et al., 2005). Strikingly, this
analysis revealed that impulsivity was associated to the effect of tTIS80Hz (with respect
to tTIS20Hz) specifically in the left caudate nucleus (Fig. A.S7A, Table A.S4). No other
clusters were found. As such, the most impulsive participants exhibited an increase
of left caudate activity with tTIS80Hz (compared to tTIS20Hz) while the least impulsive
ones rather presented a decrease of BOLD signal, consistent with the idea that impul-
sivity modulates the neuronal responsiveness to tTIS (R2=0.47; p<0.001; Fig. A.S7B).
No significant clusters of correlation were found for the tTIS80Hz – tTISSham contrast,
neither for the control tTIS20Hz - tTISSham contrast. Hence, this analysis suggests that
the effect of tTIS80Hz on caudate activity depends on participants’ impulsivity.

As a second step, we aimed at evaluating the association between impulsivity and
the increased striatum to motor cortex connectivity observed with tTIS80Hz, in the
presence of reinforcement. Notably, such pattern of increased connectivity in fronto-
striatal circuits has been described as a pathophysiological mechanism in multiple
neuro-psychiatric disorders involving impulsivity (Hampton et al., 2017; Ma et al., 2016;
Mosley et al., 2019; Wang et al., 2016). Hence, we first asked if striatum to motor cortex
connectivity was related to impulsivity during reinforcement motor learning in the
absence of stimulation (i.e., in the tTISSham condition). Indeed, we found a significant
positive relationship between impulsivity and striatum to motor cortex connectivity
(robust linear regression: R2=0.10; p=0.0038), in line with previous results (Hampton
et al., 2017; Ma et al., 2016; Mosley et al., 2019; Wang et al., 2016). Then, we evaluated
whether the increase of connectivity observed with tTIS80Hz in the ReinfON condition
(Fig. A.4A) could be related to impulsivity. Indeed, we found that the effect of tTIS80Hz

on connectivity was negatively correlated to impulsivity both when contrasting tTIS80Hz

with tTISSham (R2=0.19; p=0.043, Fig. A.S7C, left) and with tTIS20Hz (R2=0.28; p=0.021,
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Fig. A.S7C, middle): participants with the largest increase in connectivity with tTIS80Hz

in the ReinfON condition were also the least impulsive ones. Such correlation was
absent when contrasting tTIS20Hz and tTISSham (R2=0.0031; p=0.31, Fig. A.S7C, right),
but also when considering the same contrasts in the reward instead of the motor
network (p=0.93 and p=0.86 for the tTIS80Hz-tTISSham and tTIS80Hz-tTIS20Hz contrasts,
respectively). Hence, striatum to motor cortex effective connectivity during the task
was positively correlated to impulsivity, but the change in connectivity induced by
tTIS80Hz was rather negatively associated with impulsivity. This may be due to a ceiling
effect in the most impulsive participants: exhibiting initially high levels of connectivity
may leave less room for further modulation by tTIS80Hz. These results suggest that
inter-individual variability in impulsivity might influence neural responses to striatal
tTIS80Hz.

Cluster-level Peak-level x y z Region
pFWE-corr qFDR-corr kE Puncorr pFWE-corr qFDR-corr T (ZE) Puncorr

<0.001 <0.001 254 <0.001 0.707 0.524 5.29 4.20 <0.001 -8 0 18 Location not in atlas
0.719 0.524 5.27 4.19 <0.001 -14 16 16 Caudate_L
0.971 0.620 4.72 3.88 <0.001 -16 16 0 Location not in atlas

Table A.S4: Significant clusters for the correlation between impulsivity and effects of tTIS80Hz on BOLD activity (vs. tTIS20Hz).
Related to Fig. A.S7A. One significant cluster encompassing the left caudate nucleus was found. Regions were identified with
AAL3 (Rolls et al., 2020).

As a last step, we verified if impulsivity was also predictive of the behavioural
effects of tTIS80Hz on reinforcement motor learning. We did not find any significant
correlation between impulsivity and the effect of tTIS80Hz on motor learning (tTIS80Hz –
tTISSham: R2=0.098; p=0.17 ; tTIS80Hz – tTIS20Hz: R2=0.11; p=0.21). Hence, impulsivity
was associated to the neural, but not the behavioural effects of tTIS80Hz.

Overall, we found that impulsivity was associated to tTIS80Hz-related BOLD changes
specifically in the left caudate and to changes of effective connectivity between the
motor striatum and motor cortex during reinforcement motor learning. Hence, a pos-
sibility is that the differences in endogenous striatal gamma-related activity that have
been associated to impulsive behaviour in animal models (Donnelly et al., 2014; Pisan-
sky et al., 2019; Schall et al., 2021), influence the neural effects of tTIS80Hz. If this is the
case, impulsivity could constitute a behavioural factor allowing to determine respon-
siveness to striatal tTIS80Hz. Conversely, an interesting avenue for future research could
aim at determining whether impulsivity can be modulated by striatal tTIS80Hz.

203



A.

TI80Hz>TISham

-0.5

0

0.5

B
O

LD
 c

ha
ng

e

-0.5

E
ffe

ct
iv

e 
co

nn
ec

tiv
ity

 c
ha

ng
e

p = 0.021
R2 = 0.28

p = 0.55
R2 = 0.014

p = 0.00061
R2 = 0.47

0

0.5

1

p = 0.043
R2 = 0.19

Impulsivity (log (k))

-10 -8 -6 -4 -2

-10 -8 -6 -4
Impulsivity (log (k))

-2

tTIS80Hz - tTISSham 
 tTIS80Hz - tTIS20Hz 

 tTIS20Hz - tTISSham 
 

Left caudate 

tTIS80Hz - tTIS20Hz 

B.

C.

Impulsivity (log (k))

-10 -8 -6 -4 -2

Impulsivity (log (k))

-10 -8 -6 -4 -2

Figure A.S7: Relationship between impulsivity and the neural effects of tTIS80Hz. A) Whole-brain correlation between the neural
effects of tTIS80Hz (with respect to tTIS20Hz) and impulsivity. Correlation between tTIS-related modulation of striatal activity
(tTIS80Hz – tTIS20Hz) during reinforcement motor learning (ReinfON) and individual impulsivity levels. A single significant cluster
of correlation was found in left caudate (uncorrected voxel-wise FWE: p=0.001, and corrected cluster-based FDR: p=0.05). B)
Correlation between left caudate activity and impulsivity. A positive correlation was found showing that participants with higher
levels of impulsivity exhibited stronger activation of the left caudate in the tTIS80Hz (with respect to tTIS20Hz). C) Correlations
between impulsivity and tTIS-related modulation of effective connectivity. Impulsivity was associated to the neural effects of
tTIS80Hz both when contrasting to tTISSham (left) and tTIS20Hz (middle), but was not correlated to the effect of tTIS20Hz (right).
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Figure A.S8: Total signal to noise ratio (tSNR). Total signal to noise ratio investigation. On the top panel, the average tSNR is
shown within spheres of 10mm radius underneath the 4 stimulation electrodes (F3, F4, TP7 and TP8) and underneath other 4
locations more distal from the electrodes (C3, C4, O1 and O2). A significant higher tSNR was found underneath the electrodes
with respect to the distal locations (F(1,1122)=249.25, p<0.001). This indicates that there was no reduction of the tSNR due to the
presence of electrical current. On the bottom panel, the location of the spheres from where the average tSNRs were extracted: F3
and F4 in red in the first image from the left, TP7 and TP8 in red on the second image from the left, C3 and C4 in blue on the third
image from the left, O1 and O2 in blue on the forth image from the left.

A.8.13 Imaging quality control

A threshold of 0.5 was chosen to discard subjects showing more than 40% of voxels with
framewise displacement FD higher than this threshold. In the current study cohort, no
subject exceeded the limit value, thus the whole dataset could be used. Furthermore,
successful cleaning of the data was ensured by visual checking the preprocessing re-
sults. In particular, good registration between anatomical and functional images and
normalization to standard space were checked. Signal to noise ratio analysis showed sig-
nificantly higher tSNR values underneath the stimulating electrodes (F(1,1122)=249.25,
p<0.001; Fig. A.S5). Moreover, an additional analysis showed that this effect was not
influenced by the tTISTYPE (SphereLOCATION x tTISTYPE: F(2,1118)=0.0169, p=0.98).
This result suggests that the stimulation did not introduce additional noise to the MR
images. In summary, all controls confirmed the good quality of the imaging data.
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B.1 Abstract

Background: There is still no effective upper-limb motor rehabilitation strategy for
severely impaired chronic stroke patients, who account for around 25% of the stroke
population. The AVANCER proof-of-concept clinical trial tackles this issue by proposing
an intensive treatment with a personalized-dosage cumulative intervention exploiting
multiple non-invasive neurotechnologies.

Methods: The therapy is administrated in two sequential interventions, lasting as
long as the patient shows motor improvement, for a minimum of 11 sessions each.
The first interventional phase is based on a brain-computer interface governing an
exoskeleton and multi-channel functional electrical stimulation to perform full upper-
limb movements. The second phase adds anodal transcranial direct current stimulation
delivered to the motor cortex of the lesioned hemisphere. Clinical, electrophysiological,
and neuroimaging examinations are performed before, between and at the end of the
two interventions (T0, T1 & T2). Here, we report the results from the first patient of the
study.

Results: The primary outcome of the study (i.e., 4-point improvement in the Fugl-
Meyer assessment of the upper extremity) was met in the first patient with an increase
from 6 to 11 points from T0 to T2. This improvement was paralleled by changes in
motor-network function and structure. Brain functional changes were observed in
resting-state and transcranial magnetic stimulation-evoked electroencephalography;
structural and task-related functional changes were determined by magnetic resonance
imaging (MRI) measures.

Conclusions: Results from the first completed patient are promising, showing fea-
sibility, safety, and potential efficacy of this novel personalized approach acting syn-
ergistically on the nervous and musculoskeletal system. Combining analyses of the
multimodal data may provide detailed insights into the mechanisms underlying the
improvements and information to predict treatment response and outcome.

208



B.2 Introduction

Effective therapeutic approaches for patients after a stroke, such as constrained in-
duced movement therapy, require residual hand function, which about 25% of patient
do not regain after six months post stroke (Hendricks et al., 2002) leaving the op-
tions for more severely affected chronic patients scarce. Intensive training matched
with appropriate neurotechnologies and personalized strategies might offer a reha-
bilitative prospect for this specific patient group (Coscia et al., 2019). The AVANCER
proof-of-concept clinical trial (clinicaltrials.gov NCT04448483) aims at exploiting the
combination of neurotechnologies together with a personalized cumulative interven-
tion design to reduce upper-limb motor impairment in severely impaired chronic
stroke patients. Neurotechnologies allow to directly interact with the nervous system
and to perform movements even when no residual movement is present. Given the
different targets and working principles of each technology, we aim at using multiple
devices, hierarchically introduced, to leverage on their individual strength and obtain
synergistic, additive effects. Maximization of gains from the therapy is achieved with
a personalized dosage. The complete rationale for the development of this approach
and the protocol are described in detail in (Bigoni et al., 2022). Secondary goals of this
trial extend to the study of the neurorehabilitation process through multimodal assess-
ments, including electrophysiology and neuroimaging. We here describe the results
from the first patient finishing the intervention to provide information on the feasibility
and safety of the study. Moreover, we provide first insights into neural correlates that
are potentially associated to the observed behavioural changes.

B.3 Methods

B.3.1 Patient

A patient in their 70s with no severe cognitive impairment impairment (Montral Cog-
nitive Assessment score equal to 24) was included in the study in March 2021 upon
signing an informed consent. She had a first-ever ictal accident one year prior to her in-
clusion that led to a lesion in the left basal ganglia spreading from the pars opercularis
of the frontal lobe to the tail of the left caudate nucleus (Fig. B.S1 lesion in red). Before
starting the trial and while actively participating in AVANCER, she attended two home-
based physiotherapy and one occupational therapy session per week; each session
lasted 45 minutes. According to the clinical reports, she was in a stable impairment
stage in terms of motor and cognitive functions.
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B.3.2 Interventional phases

The protocol included two sequential and cumulative interventional phases (IP1 and
IP2) consisting of a minimum of 11 rehabilitation sessions per interventional phase.
Each IP was continued until the patient reached a plateau in the motor improvement
recorded every second session with a short version of the Fugl-Meyer assessment of the
upper extremity (FM-UE) assessed every second session (Bigoni et al., 2022; Fugl-Meyer
et al., 1975). Specifically, from the 11th session onwards, if the current FM-UE score
was higher than the median of the last three scores (i.e., 9th, 7th, and 5th session), two
more sessions were added to the therapy. If the current FM-UE was equal or lower than
the median of the last three scores a plateau in recovery was considered reached. Both
IPs used a BCI to trigger a hand-exoskeleton and seven-channel functional electrical
stimulation (FES) for both simple movements and functional exercises covering the
full upper-limb. IP2 introduced, in addition to what was done in IP1, 20 minutes
of anodal tDCS targeting the motor cortex of the lesioned hemisphere prior to the
rehabilitation. Long-term effects of tDCS are expected to increase excitability and
support neuroplastic effects (Hummel and Cohen, 2006; Nitsche and Paulus, 2000).
One therapy session lasted between 2.5 to 3 hours and for each session the therapist in
charge chose the target exercises according to the patient need.

B.3.3 Clinical scales

The patient was assessed at five time points: at baseline, before starting IP1 (T0), at the
change from IP1 to IP2 (T1), at the end (T2) and 3 months after (follow-up) the end
of IP2. During these visits the patient was evaluated by a blinded assessor on motor
and cognitive domains (Table B.1, Bigoni et al., 2022). The primary outcome measure
was the FM-UE for which an increase of at least 4 points was considered a relevant
improvement for this severely impaired patient group (Bigoni et al., 2022; Page et al.,
2012). No threshold was defined for the other scales.

B.3.4 Neural correlates

BCI therapies act on the contingency between brain motor engagement and periph-
eral feedback (Soekadar et al., 2015). We therefore expect to observe a modulation
of the sensorimotor rhythm and network, which can be studied under different as-
pects using multiple modalities. Resting-state EEG (rsEEG) recordings, neuronavigated
transcranial magnetic stimulation (TMS)-EEG and anatomical, structural (sMRI) and
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functional magnetic resonance imaging (fMRI) scans were performed at T0, T1 and T2
(Bigoni et al., 2022). Spectral features of spontaneous brain activity and brain asym-
metry indices were drawn from rsEEG. TMS allowed to study both the peripheral and
the brain responses to the stimulation of the lesioned motor cortex, through the eval-
uation of motor evoked potential (MEPs) and TMS-evoked potentials (TEPs) using
EEG. Indirect electrophysiological measures were retrieved from the BCI classifier
performance and feature selection based on the power spectral density at the elec-
trode level in the sensorimotor rhythm. MRI scans comprised structural, including
diffusion weighted imaging, and functional images acquisition. The former allowed
computation of fractional anisotropy (FA), as an index of structural integrity, whilst
functional images measured blood oxygenation level dependent (BOLD) activity in
a block design experiment, during a visuo-motor task using a force gripper (Bigoni
et al., 2022; Wessel et al., 2020). Detailed pipelines used for analyses are reported in
Section B.7 and in Bigoni et al., 2022. The analysis of these key features, widely used
in the stroke field, aims at showing if behavioral outcomes are associated with brain
plasticity. If plastic changes are occurring, we compare them with the trends observed
in the stroke recovery literature.

The detailed description of the AVANCER clinical trial protocol can be found at
Bigoni et al., 2022. The study was approved by the ethics committee of the Canton of
Vaud (no. 2019-00094) and Swissmedic (no. 10000577).

B.4 Results

The patient completed 13 IP1 (from April 28th, 2021 to June 12th, 2021) and 11 IP2 (from
June 29th, 2021 to August 11th, 2021) sessions. No adverse events were reported at any
visit.

B.4.1 Motor improvements

The patient reached the primary outcome with a 5-point increase in the FM-UE from
T0 to T2. The improvement was seen in the first FM-UE exercise (i.e., voluntary move-
ments within synergies) and was mostly retained at the follow-up (Table B.1). In partic-
ular, in the latter, a point was gained in the hand mass flexion, which was null before;
however, no functional distal improvement was observed. Motor improvements were
also recorded using the Medical Research Council scale of the upper limb, specifically
in the flexion of fingers, wrist, and elbow, and in shoulder abduction and adduction
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(Table B.1). An additional positive index was obtained from the gripper task performed
in the MRI, ranging from absence of force at T0 to fully controlled grip-and-release
sequences at T2 (Fig. B.1C). Kinematics results for this patient were not available for
T0 and T1 due to the patients’ request and technical difficulties, respectively.
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Figure B.1: Modulation of motor-network function and structure. A) Evolution of abnormal brain asymmetries in resting-state
oscillatory patterns from T0 to T2. Top: topographies of the five frequency bands power showing asymmetries at T0 before
beginning the intervention. Bottom: evolution of the Electrode Directional Asymmetry (EDA) from T0 to T2, quantifying the
asymmetry for each frequency band ant time point, see Supplementary Material. B) Evolution of TMS-evoked potentials at the
whole brain level, from a local and monophasic response (T0) to distributed and complex dynamics (T1-T2); the bold curve
corresponds to the average of the electrodes near the stimulation site. On the right, topographies are presented for the time regions
of activity peaks. C) The first column shows regions activated during the visuo-motor gripper task (corrected FEW, p=0.05, and
corrected FDR); the second column depicts the grip force evolution over time during three trials per time point. At the top, a
drawing of the hand holding the gripper used during the visuo-motor task and the image with the two circles shown to the patient
during MRI. D) at the top, tractography projections on a coronal slice with visible lesion; at the bottom, evolution of the fractional
anisotropy (FA) within the CST over the timepoints. FA is shown for the affected hemisphere (orange), the unaffected hemisphere
(blue) and the ration between affected and unaffected (green).
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B.4.2 Patient’s perception of intervention

The patient frequently reported to her physiotherapists to enjoy the therapy and to
perceive some unprecedented improvements in conducting her daily life activities; she
also stated "I feel my arm suppler and it is easier for me to take my arm out of a sleeve".
Moreover, by the end of the intervention she was able to put on and off her arm actively
on the wheelchair’s armrest and felt a better sensibility (mirrored by an increase in the
Rivermead Assessment of Somatosensory Performance (Winward et al., 2002), Table
B.1) together with a decreased fatigue along sessions (reflected by an increased number
of exercises - from 30 to 110).

B.4.3 Neural correlates of improvements

In addition to clinical motor improvements, longitudinal changes were observed in
electrophysiological and neuroimaging readouts, with modulation of the sensorimotor
rhythm during motor tasks and at rest.

During the interventions, the offline accuracy of the BCI classifier based on the
power spectral density increased longitudinally from 70% (accepted minimum) to
85%. The most relevant features for discriminating movement intention from baseline
became more lateralized along the two interventions, and shifted from low frequency
(theta, 4-8 Hz) to higher frequency bands (alpha, 8-12 Hz, and beta, 12-30 Hz, Fig. B.S2).
Neural oscillation modulations were also found in spontaneous brain activity at rest.
First, we observed abnormal asymmetries within all frequency bands at T0, except for
alpha as can be appreciated from the topographies in Fig. B.1A, top. Notably, the brain
oscillations power over the lesioned motor cortex sensors dropped from beta to theta
frequencies. These asymmetries and shift towards low frequencies decreased along
time points, quantitatively shown in Fig. B.1A, bottom, the modulation being stronger
in high frequencies (beta and gamma bands).

TMS over the lesioned motor cortex failed to evoke MEPs on the affected limb at any
time point. However, an increase in TEPs complexity was observed over time points,
with the increase of both the number of signal deflections and the spatial spread of the
EEG activity at significant time regions in healthy subjects (e.g., P60) (Ahn and Fröhlich,
2021) (Fig. B.1B). fMRI data showed an increase of activation in both hemispheres after
treatment, especially in the motor cortices (Fig. B.1C). Structural data exhibited an
increase of the FA of the cortico-spinal tract (CST) in the affected side, especially from
T0 to T1 (Fig.B.1D).
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BASELINE T0 T1 T2
FOLLOW

UP
MOCA (30) 24 - - - -
AST (12) 12 - - - -
APHASIA (15) 15 - - - -
NIHSS (42) 7 - - - -
CIRS (48) 7 - - - -
MOTRICITY INDEX OF LOWER LIMBS (52) 33 - - - -
FM-UE (66) 6 9 11 10
MAS (4) ² 11 11.5 9 10
FINGERS FLEXOR/EXTENSOR 2/0 2/0 1/0 1/0
WRIST FLEXOR/EXTENSOR 3/0 3/0 3/0 2/0
ELBOW FLEXOR/EXTENSOR 1+/1+ 1/0 1+/1 1+/1
SHOULDER ABDUCTION/ADDUCTION 0/1 0/1+ 0/1 0/1+
SHOULDER INNER/OUTER ROTATION 1/0 2/0 1/0 1/0
SHOULDER ANTEROVERSION/RETROVERSION 0/1 0/2 0/1+ 0/2
ARAT (54) - 3 3 3 3
RASP (216) - 40 65 55 60
MRC (5) - - 3/0
FINGERS FLEXORS/INTRINSIC 0/0
MUSCLES OF THE HAND 2/5
ELBOW FLEXION/EXTENSION 0/0 3/0
WRIST FLEXION/EXTENSION 0/0 1/3
SHOULDER ABDUCTION/ADDUCTION 0/0
BDI (63) ² - 5 5 10 7
SIS (100) (AVERAGE) - 47.1 51.4 46.9 56.1
PHYSICAL PROBLEMS - 0 0 12.5 12.5
MEMORY - 90.6 93.6 81.2 93.8
MOOD - 91.7 91.7 77.8 58.3
COMMUNICATION - 92.9 96.4 85.7 96.4
DAILY ACTIVITES - NA 39.6 45.8 52.1
MOBILITY - 35 55 42.5 50
MOVE HAND - 0 0 0 0
ACTIVITIES - 19.4 22.2 22.2 86.1
SELF-EVALUATION (72) ² - - 13 18 -
MULTIDIMENSIONAL FATIGUE INVENTORY (100) - 80 82 74 85
GENERAL 18 19 16
PHYSICAL 14 14 12
ACTIVITIES 11 14 13
MOTIVATION 17 15 13
MENTAL 20 20 20
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Table B.1: Clinical scales across time points. maximum of each scale is reported in brackets; ² indicates inverse relationship be-
tween value and motor outcome (the lower the value the better the outcome). The patients was taking the following medicaments:
Tramadol, Lisinopril and Trambex constantly throughout participation in the trial. Abbreviations: MOCA=Montreal Cognitive
Assessment (Nasreddine et al., 2005), AST= apraxia screening of TULIA (Vanbellingen et al., 2011), APHASIA= Language screening
test for aphasia (Nader, 1976), NIHSS=NIH Stroke Scale (Ortiz and L. Sacco, 2014), CIRS=cumulative illness rating scale (Linn
et al., 1968), FM-UE= Fugl-Meyer of the upper extremity (Fugl-Meyer et al., 1975), MAS=Modified Ashworth Scale (Bohannon
et al., 1987), ARAT=Action Research Arm Test (Van der Lee et al., 2001), RASP=Rivermead (Winward et al., 2002), MRC=medical
research council scale, BDI=Beck Depression Index (Beck et al., 1961), SIS=Stroke Impact Scale (Duncan et al., 1999).

B.5 Discussion

The results from the first patient of the AVANCER clinical trial are promising. Primarily,
reduction of motor impairment was mirrored by the improvement in motor scales’
scores. Dose personalization and hierarchical use of neurotechnologies, both pillars
of the trial’s design, appeared to have played an important role in reducing impair-
ment and enhancing residual motor functions: although a plateau in the recovery
was achieved in IP1, continuation of the intervention with additional tDCS further
increased the FM-UE score. The increased motivation of the patient, also reflected
by the MFI score (Table B.1), suggests that although this is an intensive and complex
treatment, patients can stay motivated. Moreover, the intervention does not interfere
with the standard therapy, which was equally intensive, and the patient successfully
participated in both. Interestingly, the patient showed motor improvements not only
proximally, but also distally. The improvement at the hand level is small and not func-
tional; however, it is relevant on two levels: first, it shows how the training, which
strongly involved the hand, enhanced hand and wrist movement, and second, mini-
mal, yet present movement could allow the patient in participating in other trials and
therapies that do require residual hand movement. All these elements, together with
the absence of adverse events and the positive reporting of the patient, suggest that
the trial is safe and feasible.

Results from electrophysiology and imaging data were also auspicious. First, the
decrease in power spectral interhemispheric asymmetry in rsEEG can be seen as an
index of brain functional improvement. Interhemispheric balance in rsEEG is typical
of healthy adults and a stronger symmetry has been found as a biomarker of recov-
ery and motor rehabilitation in both (sub-) acute and chronic patients (Mane et al.,
2019; Sebastián-Romagosa et al., 2020; Snyder et al., 2021). The asymmetry decrease is
supported by the indirect measure of the BCI classifier selected features for a motor
task. Specifically, the latter suggests that the imbalance was originating from both
contralesional over activation and inhibition of ipsilesional activity in the alpha and
beta bands. Second, the longitudinal increase in TEP complexity that we observed
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may underline functional reorganization processes within motor networks. The initial
low complexity of the TEP in T0 was in line with the results reported by Tscherpel
et al., 2020, in which severely affected patients presented very simple responses. More
complex responses, similar to healthy adults, have been reported for mildly impaired
patients and for (sub-) acute patients, who showed more motor function recovery (Hor-
dacre et al., 2019; Pellicciari et al., 2018; Tscherpel et al., 2020). Motor task-based fMRI
results support a functional reorganization of the motor network underlying the motor
task. Moreover, structural data showed a longitudinally increase of the affected CST FA.
Given the small size of this increase and the presence of only one subject, this measure
should be taken with caution. Nonetheless, such increase has already been reported
in neurorehabilitation of chronic stroke patients and could be explained by axonal
sprouting and synaptogenesis (Zolkefley et al., 2021). The latter could result from the
BCI training that creates a contingency between brain activation and sensorimotor
feedback (Soekadar et al., 2015). Discrepancy between MEP presence and increase in
CST integrity is not surprising given the improved yet severe impairment of the patient;
on the contrary it supports the idea that in absence of MEP, CST FA ratio correlates
exponentially with functional potential (Stinear et al., 2007).

B.5.1 Limitations

This report only presents the results from the first patient of the study; group analyses
must be waited for to be able to draw clear conclusions in terms of outcomes like safety,
feasibility, and efficacy. Furthermore, AVANCER has a within-subject 2:1 study design,
where patients are their own control. Specifically, one third of patients undergoes a
three-month observational period prior to beginning the therapy. This patient was
not part of the observational group, but her physicians confirmed she was in a stable
state. Moreover, the trial design does not include a control arm where patients are
given standard therapy in the same quantity, without any additional assistance and
guidance from neurotechnologies. However, this patient was attending three standard
therapy sessions per week before and while participating in the clinical trial. Three
standard sessions correspond to the same amount of time of the actual rehabilitation
duration of the AVANCER (i.e., patient governing the BCI to trigger movements, with-
out preparation and calibration). In addition, we leverage on the literature on stroke
recovery and neurorehabilitation where no effective treatment strategy for severely
impaired chronic patients is present. The combination of these aspects suggests that
improvement may be possible if intensive treatment is combined with personalized
neurotechnologies.
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B.6 Conclusion

The first results of the AVANCER proof-of-concept clinical trial hold potential for up-
per limb motor rehabilitation in severely impaired chronic stroke patients, for whom
to date there is no rehabilitation strategy available. The first patient results suggest
feasibility for the study together with safety. Outcomes from clinical scales and mul-
timodal assessments will have to be further analyzed at the group level to provide, if
any, evidence for the present concept and to gain further insights into rehabilitation
mechanisms underlying the effects of the present innovative therapy approach.
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B.7 Supplementary material

Image preprocessing

Structural diffusion images were analysed using FSL (Smith et al., 2004) and MRtrix3
(Tournier et al., 2019) software. As a first step, denoising was applied through the
MRtrix3 function dwidenoise, followed by Gibbs ringing artefact removal (Kellner et al.,
2016). Motion, susceptibility induced fields, eddy-current induced distortions, and bias
field were computed and images were then corrected (Andersson and Sotiropoulos,
2016). Finally, fractional anisotropy maps were extracted by fitting a diffusion tensor
model to the corrected data. Average values were extracted within the CST, at the
level between the mesencephalon and the cerebral peduncle (Montreal Neurological
Institute coordinates, z=-25 to -20) (Schulz et al., 2017). Functional images acquired
during both visual and motor task were preprocessed using the software Statistical
Parametric Mapping 12 (SPM12; The Wellcome Department of Cognitive Neurology,
London, UK ) in MATLAB R2018a (Mathworks, Sherborn, MA). Images were slice time
corrected and realigned with respect to the first acquired image. Normalization to
MNI space and smoothing with a 6 mm full-width half-maximal Gaussian kernel were
then applied. The deformation field used to normalize the functional data was obtain
via T1 anatomical image segmentation performed on the co-registered structural
image to the mean functional image. A visual check in order to ensure quality check
was performed on all coregistered, normalized and smoothed images and framewise
displacement was computed to assess motion levels. Changes in activity during the
motor or visual task with respect to rest periods were estimated by building a general
linear model. Six motion parameters and normalized time series in the white matter
and the corticospinal fluid were also included as confounds. Contrasts between the
motor and visual tasks were computed to extract motor-related activity only.

EEG signal processing

EEG data were processed with MATLAB (The MathWorks, USA), using Fieldtrip toolbox
(Oostenveld et al., 2011).

Resting-state EEG The 3 minutes of continuous data from the resting-state condition
were first band-pass filtered between 1 and 50 Hz and split into fixed 2-second epochs.
Bad trials and channels were then visually detected based on atypical characteristics
of the signal dynamics, such as absolute maximum amplitude and variance (using the
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summary approach of the ft_rejectvisuaº Fieldtrip’s function), and removed. Additional
noise from ocular movements, muscular contractions and/or other electrical defects
were then cleaned from the signal using independent component analysis (ICA, using
fastica). The ICA-cleaned signal was visually inspected on last time to discard any
remaining noisy channels or trials, and bad channels were reconstructed using their
average neighbouring signal. Finally, the clean EEG dataset was re-referenced using
average reference.

The spectral power (3-50 Hz) was computed from the clean EEG signal using multi-
tapers (based on discrete prolate spheroidal sequences) and then normalized within
each frequency band of interest in respect to the sum of power across the whole spec-
trum. The asymmetry index regarding power difference across hemispheres in each
frequency band was computed using the Electrode Directional Asymmetry (EDA)
(Snyder et al., 2021). In short, EDA computes the signed difference (normalized in
%) between the normalized power of the homologous electrodes in the ipsilesional
hemisphere and the normalized power of the homologous electrodes in the contrale-
sional hemisphere. The advantage of EDA lies in its ability to directly inform on the
directionality of the asymmetries, towards ipsi or contralesional hemispheres.

TMS-EEG coupling TMS-EEG signals were processed according to the method pub-
lished in Rogasch et al., 2014, which is based on two rounds of independent component
analysis (ICA) (see e.g.Raffin et al., 2020 for the detail of the procedure). In short, data
were epoched around the TMS pulse, using a -1 to +1 s time window of interest. Bad
channels were visually discarded, and signal containing the TMS stimulation artifact
was cut out in the -5 to +15 ms period surrounding the pulse. Two rounds of indepen-
dent component analysis (ICA) were then applied in order to remove noise sources
from the signal, such as muscle and decay artifacts, and artifacts related to ocular
activity. In between the two ICA, the signal was spline interpolated over the -5 to +15
ms period, band-pass filtered (1-80 Hz), re-referenced using the average reference, and
cleaned from bad trials. TEPs were finally computed for each time point (T0 to T2) by
averaging the EEG signal across trials, using a baseline normalization (z-score) over
the -500 to -5 ms period.
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Figure B.S1: T1 MRI scan of the patient in the three planes. In red is highlighted the lesion.
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Figure B.S2: R2 coefficients power discriminating trials when the patient was asked to move the affected hand and trials when
the patient was asked to remain at rest. The right hand was the impaired limb and thus, the BCI classifier used the ipsilesional
and midline channels, in this figure the first 9 rows (From FC3 to CPz).The classifier looked at frequency bins between 6 and 30
Hz to fully cover the alpha and beta bands, both important in the sensorimotor rhythms. Interventions 1-13 belong to the first
interventional phase (i.e., only BCI to trigger exoskeleton and multiple-channel FES) and from 14 to 24th, interventions belong to
the second interventional phase where anodal tDCS is delivered to the ipsilesional M1 prior to rehabilitation. The classifier was
trained at every session with new training data. The latter was always gathered before applying the stimulation.
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